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Abstract Fast late Miocene global cooling since ~7 Ma accompanied by less changeable atmospheric
CO, levels revealed by existing proxy reconstructions has suggested an intriguing tectonic-climate link
that remains controversial. Here, we present late Cenozoic clay mineral records of the silicate weathering
intensity from the Chinese Loess Plateau and northeastern Tibetan Plateau to demonstrate a remarkable
increase in silicate weathering intensity at ~9-7 Ma induced by enhanced monsoon. This change caused
CO, consumption ranging from 0.18 to 1.8 x 10" mol C yr™" over the East Asian monsoon region,
accounting for 0.2%-2% of the modern continental silicate weathering flux, thus providing an additional
atmospheric CO, sink. Moreover, we propose that this additional sink may have contributed to the large
atmospheric CO, consumption and fast global cooling in the late Miocene, which ultimately caused the
onset of the Northern Hemisphere glaciation at ~7 Ma.

1. Introduction

The interactions between tectonics and climate related to the Tibetan Plateau (TP) uplift, Asian monsoon
circulation, Cenozoic global cooling, and atmospheric CO, consumption are intriguing issues that have
been discussed since the late 1980s (Raymo, 1988), but the tightness of these links and the magnitudes
of their importance have been widely debated over 3 decades (e.g., Caves Rugenstein et al., 2019; Clift
et al., 2008; France-Lanord & Derry, 1997; Lenard et al., 2020; Macdonald et al., 2019; Park et al., 2020;
Raymo & Ruddiman, 1992). In particular, a new compilation of globally distributed sea surface temperature
records reveals that fast late Miocene cooling occurred synchronously in both hemispheres at ~7-5.4 Ma
and that this period of rapid cooling was superimposed on the late Miocene long-term gentle cooling trend
(Hebert et al., 2016). If a tight temperature-CO, link did exist, as seen in an Eocene greenhouse world (An-
agnostou et al., 2016, 2020), a hypothesized decline in atmospheric CO, levels between ~8 and 6 Ma seems
likely to have occurred (Bolton & Stoll, 2013; Cerling et al., 1997). However, this decline is not only largely
missing from the late Miocene existing atmospheric CO, reconstructions (Beerling & Royer, 2011) but also
inconsistent with the relatively stable CO, input from volcanic degassing, as suggested by the invariable
sea floor spreading rate (Muller et al., 2008). Therefore, the fact that atmospheric CO, reconstructions do
not show a similar drop in global temperatures means that either the CO, reconstructions are yet to be
accurate and high enough resolution to resolve such a drop, which requires an additional atmospheric CO,
consumption process prior to ~7 Ma accounting for this drop, or other feedbacks such as a very low Earth
climate sensitivity in a late Miocene cooling world (e.g., Farnsworth et al., 2019; Hansen et al., 2013; Rohling
et al., 2012) may be in play. Until now, the driving force of this late Miocene rapid cooling at ~7-5.4 Ma
remains unclear.

The late Miocene evolution of the East Asian monsoon climate was assumed to be primarily driven by
global cooling, Antarctic glaciation, and the tectonic uplift of the TP (e.g., An et al., 2001; Ao et al., 2016;
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Clift et al., 2014; Miao et al., 2011; Tada et al., 2016; Zoura et al., 2019). Thus, the East Asian monsoon re-
gion provides an ideal case for revealing intriguing and complex tectonic-climate interactions. For example,
many previous studies have investigated Asian monsoon development with changes in Neogene moun-
tain exhumation, silicate weathering, and the associated CO, consumption (e.g., Clift et al., 2008, 2014;
Lu et al., 2020; Van Hoang et al., 2010; Wan et al., 2012). In particular, the Chinese Loess Plateau (CLP) in
north China, an area that is very sensitive to variations in the East Asian summer and winter monsoons,
has accumulated long, continuous eolian sequences within the large platforms on the eastern portion of
the plateau (An et al., 2001). These eolian sequences consist of upper Quaternary loess-paleosol deposits
and lower Red Clay sequence that are composed of less-altered materials transported from arid areas in the
northern TP and inland Asia (e.g., Z. Chen & Li, 2013; Nie et al., 2014; Y. Sun et al., 2008). Generally, the
less-altered eolian material was further weathered in the CLP region, which led to a significant loss of base
cations. Thus, these eolian sequences are useful archives for reconstructing the evolution of the East Asian
monsoon (e.g., An et al., 2001; Y. Sun et al, 2015). The onset of eolian Red Clay accumulation on the CLP
at ~8 Ma (Qiang et al., 2001; Song et al., 2001) may support an enhancement of the East Asian monsoon
circulations since then. However, a quantitative estimate of the magnitude of monsoon climate-regulating
CO, consumption by enhanced silicate weathering and its potential global impact at ~8 Ma has never been
investigated, which is mainly due to the lack of long-term reliable silicate weathering records from which
to reconstruct the changes in the magnitude of the silicate weathering intensity (SWI) and to quantitatively
estimate the flux of the “additional” CO, sink over East Asia.

The East Asian summer monsoon (EASM) provides a majority of the moisture for the entire CLP and
the eastern portion of the northeastern TP (e.g., F. Chen et al., 2008; Z. Li et al., 2015; Zan et al., 2015),
while the East Asian winter monsoon and the westerlies transport dust from the arid Asian inland to the
downwind northeastern TP and CLP regions since at least ~9-7 Ma (An et al., 2001; M. Fan et al., 2006;
Nie et al., 2014; Y. Yang et al., 2017). Furthermore, the 9-7 Ma mountain building in the northeastern TP
(e.g., Lease et al., 2007; J. Li et al., 2014; Saylor et al., 2018; Yang et al., 2019; D. W. Zheng et al., 2006) also
exposed a large amount of fresh upper crustal rocks that were transported to adjacent drainage basins by
rivers and to the downwind CLP region by wind. Provenance studies also suggest that the northeastern
TP acts as a dominant source area for Neogene fluvial-lake sediments in adjacent fluvial basins (e.g., Fang
et al., 2016; S. Liu et al., 2019; Yang et al., 2019) and eolian deposits on the CLP (e.g., Bird et al., 2020; Z.
Chen & Li, 2013). Silicate minerals in these fluvial and eolian sequences can be weathered, which involves
the removal of base cations (e.g., Ca, Na, K, and Mg) and the concomitant formation of clay minerals (Nes-
bitt & Young, 1982). The degree of alternation of silicate minerals (i.e., the SWI) is controlled by the silicate
mineral supply (physical erosion rate) and climatic parameters (pCO,, temperature, rainfall, etc.) (e.g., Ras-
mussen et al., 2011). The accumulation and preservation of these weathering products in fluvio-lacustrine
and eolian sequences could, in turn, be used to investigate the erosion and weathering processes related to
regional tectonic uplift and climate change. Therefore, evaluating the degradation of silicate minerals and
the assemblages of newly formed clay minerals is a useful tool for revealing the late Cenozoic East Asian
monsoon evolution and the associated carbon consumption processes. In this study, we present two records
of the late Cenozoic regional SWI based on clay mineral assemblages in the East Asian monsoon region,
with one retrieved from a fluvial sequence (12.2-5.1 Ma) in the Linxia Basin on the northeastern TP (also
within the area of the western CLP) and the other from a typical eolian Red Clay-loess/paleosol sequence
(6.2-0 Ma) in the eastern CLP (Figure 1). This suite of clay records can eliminate much of the uncertainty
from different proxies across a broad region (e.g., Fang et al., 2019). By using these records, we attempt to
obtain a first-order estimate of the changes in the SWI and the silicate weathering flux over East Asia and
assess the potential role of silicate weathering in regulating the global climate as a geological CO, sink.

2. Setting and Stratigraphy

The Linxia Basin, situated on the northeastern TP, is a sub-basin of the larger Paleocene-Miocene basin
complex known as the Longzhong Basin (Figure S1). Several eastward-trending ranges of the NW-trending
Qilian Shan Mountains stretch into and extend below the Longzhong Basin, thus separating the western
part of the Longzhong Basin into several sub-basins, such as the Xining, Lanzhou, and Linxia basins (Fig-
ure 1b). The Linxia Basin has elevations of approximately 1,800-2,600 m above sea level (asl), with the
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Figure 1. The study locations and regional settings. (a) Locations of the Heilinding (HLD) section in the Linxia Basin
and the Chaona (CN) section in the eastern Chinese Loess Plateau (CLP) to the east of Liupan Mountain (Mt.). Three
locations of red soil (red squares; Dongting Lake region [DTL]; Jiujiang [JJ]; Xuancheng [XC]) are marked. Bold arrows
show the East Asian summer monsoon (EASM) and winter monsoon (EAWM). The modern Asian summer monsoon
limit is shown by a green dashed line (Chen et al., 2008). The southern and northern climatic boundary of the East
Asian monsoon region is marked by the Qinling Mountains (Mts.)-Huai River Line, as shown by an orange dashed
line. (b) Location map showing the study sites with respect to the northeastern Tibetan Plateau (TP) and the CLP. The
locations of eolian sections (red diamonds; Baishui [BS]; Lingtai [LT]; Xifeng [XF]; Zhuanglang [ZL]) are also marked.
(c)-(d) Correlations between the smectite/(illite + chlorite) ratio and mean annual temperature (MAT) and mean
annual precipitation (MAP) (1981-2010) for modern Yellow River fluvial sediments (blue squares in Figure 1a). Clay
mineral ratios are calculated from Zhao et al. (2018), and meteorological data (with one o error when applicable) are
from nearby meteorological stations from the China Meteorological Data Service Center. Black and blue lines are linear
fits of meteorological data and the 95% confidence limits, respectively.

surrounding mountains at elevations of approximately 3,000-4,000 m asl. The basin is bounded by the
Maxian Shan Mountains to the north, the Laji Shan and Jishi Shan Mountains to the west and the West
Qin Ling Mountains to the south and open to the western CLP to the east (Figure S1; Fang et al., 2016).
Cenozoic sediments with thicknesses up to 1,600 m fill the basin, and they consist mainly of red beds of
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Figure 2. Lithology, magnetostratigraphy and clay mineral distributions in the HLD and CN sections. Dashed lines show the correlations of the observed
magnetic polarities (HLD section, Fang et al., 2016; CN section, Song et al., 2001) with the Geomagnetic Polarity Time Scale (GPTS; Ogg, 2012). Blue dots mark
the locations of the samples along the sections. Paleocurrent directions are plotted on rose diagrams. n refers to the number of measurements. Note that the
paleocurrent direction plotted around the conglomerate layer at ~324 m (where fossil mammal Platybelodon is found) at the HLD section is measured from the
corresponding Platybelodon-bearing conglomerate layer at the nearby LG section (Figure S1; Zhang et al. 2019). I/S denotes the illite/smectite mixed layer. CN,

Chaona; HLD, Heilinding.

fluvio-lacustrine mudstones and siltstones in the center and thick strata of gray to reddish-brown conglom-
erates and sandstones on the margins. The Linxia Basin is between the northeast TP and the western CLP.
The Liupan Shan, situated at the center of the CLP, consists of a series of NNW-ESE-oriented ranges that
separate the CLP into western and eastern parts.

The 824.7-m-thick fluvial Heilinding (HLD) composite section (35°22.5’N, 103°19.1’E, 2,406 m asl) in the
southern margin of the Linxia Basin includes an HLD outcrop, the top HZT drilling core, and the bottom
HZ drilling core. The magnetostratigraphy of the HLD section was well constrained by two kinds of mam-
mal fossils, a lower Platybelodon fauna and an upper Hipparion fauna, which have been found in a con-
glomerate bed at a depth of 322 m and in a sandstone bed at a depth of 143 m below the surface, respectively
(Figure 2; Fang et al., 2016). This study focused on the upper 347 m-thick sediments (HLD outcrop and HZT
drilling core) ranging between 12.2 and 1.8 Ma. The depth-to-age correlation was performed by linear inter-
polation using average sediment accumulation rates between the main magnetic polarity boundaries. The
chosen interval is characterized by mudstones and siltstones interbedded with some layers of sandstones
and conglomerate lenses and exhibits upward coarsening (Figure 2). Notably, the section contains abundant
layers of paleosols between 347 m and 236 m and fewer paleosols above 236 m.

The eolian Chaona (CN) section (35°12'N, 107°7’E, 1,463 m asl) consists of a 175-m-thick upper part contain-
ing a loess-paleosol sequence and a 125-m-thick lower part containing a Red Clay sequence characterized
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by reddish soils and calcareous nodules (Figure 2). Detailed magnetostratigraphy has constrained the for-
mation of the loess-paleosol sequence between 2.6 and 0 Ma and that of the Red Clay sequence between
8.1 and 2.6 Ma (Song et al., 2001). The lower unit of the Red Clay (6.2 to ~8 Ma) on the eastern CLP is
assumed to be a water-reworked deposit that was transported over a short distance from formerly deposited
(probably eolian) clastic sediments and weathering materials by alluvial and slope processes, as suggested
by morphological, grain size and geochemical properties (Guo et al., 2001). This water-reworking process is
probably linked to fault activity in the Liupan Mountains since ~8 Ma (D. W. Zheng et al., 2006). However,
the post-6.2 Ma Red Clay sequences are typical in situ eolian deposits, as shown by similar macromor-
phological features and identical variations in magnetic susceptibility across the eastern CLP region (Guo
et al., 2001). Here, we only study the portion higher than 259 m (<~6.2 Ma). The modern climate of the two
study sections was determined from nearby meteorological stations. The MAP and MAT of Hezhen City,
which is ~7 km northeast of the HLD section in the Linxia Basin, are 5.8°C and 592.7 mm, respectively, and
they reasonably reflect the average climatic conditions of this section. The MAT and MAP of Lingtai City,
which is ~37 km east of the CN section, are values of 9.4°C and 586.4 mm, respectively, and they are used to
represent the conditions of this section. The precipitation between June and September associated with the
EASM accounts for ~60%-70% of the precipitation in all of the above sections (Figure S2).

3. Materials and Methods

A total of 165 samples from the HLD section (with an ~60 kyr resolution on average), two local late Qua-
ternary eolian loess samples from the Linxia Basin, and 63 samples from the CN section (with an ~100 kyr
resolution on average) were chosen for the clay mineral analysis. The clay fraction (<2 um) was separated
from the bulk samples according to Stokes’ Law after the removal of organics by diluted H,O, in a water
bath at 50°C for over 8 h until the solution nearly dried out. Then, 10% (v/v) acetic acid was added to re-
move carbonate in a water bath at 50°C for at least 6 h. The residual acetic acid and free ions were washed
with deionized water to help the deflocculation of clays with the occasional addition of 1-2 ml NH;-H,0.
The clay sample was prepared using pipetting before the X-ray diffraction (XRD) analysis. The air-dried
(AD), ethylene glycol-saturated (EG), and heated XRD patterns for each sample were used in clay mineral
identification and semiquantitative calculations (see details in Yang et al., 2019). In brief, each sample was
suspended and deposited onto glass slides and allowed to air-dry at room temperature. After performing the
XRD analysis on the AD samples, they were treated with ethylene glycol vapor for 24 h and heated at 450°C
for 2 h after ethylene glycol solvation. Then, each sample included the AD, EG, and heated XRD patterns.
To assess the bulk mineralogy of the CN section, six samples (four loess-paleosol samples and two Red Clay
samples) were chosen to determine major mineral types using XRD analysis. The XRD patterns were meas-
ured using a Rigaku D/MAX-2000 diffractometer (Cu, Ka, 1.5406 A, 40 kV, 100 mA, step 0.02°, 10°/min) at
the Micro Structure Analytical Laboratory, Peking University.

Clay mineral identification and semiquantitative estimates were performed with Jade 6.5 software by using
diagnostic peak parameters (e.g., position, height, and area) of the 001 basal reflections for each clay min-
eral (Moore & Reynolds, 1997). The distinction between kaolinite and chlorite is based on the (002) peak
(3.58 A) of kaolinite and the (004) peak (3.54 A) of chlorite. The smectite proportion in mixed-layered illite/
smectite (I/S) was estimated following the method described in Reynolds (1980). K-saturation and progres-
sive heating treatments were further employed to identify vermiculite minerals from chlorite (Barnhisel &
Bertsch, 1989). Specifically, the ~1.42 nm decrease in peak intensity and 1.0 nm increase in peak intensity
after K* saturation and the collapse of the 1.41 nm peak in the K-air diffractogram toward 1.0 nm during
progressive heating collectively identify the presence of vermiculite minerals. For bulk samples, quartz,
plagioclase, K-feldspar, and calcite were identified using 4.26 A (100), 3.18 A (040), 3.23 A (002), and 3.03 A
(104), respectively. Relative contents of each mineral are calculated by using K-value method with a refer-
ence material of corundum (Moore & Reynolds, 1997).

To assess the correlation between the element and clay mineral assemblage in the CN section and the
elemental comparability between the CN section and Baishui (BS) section with previously reported ele-
mental composition (S. Xiong et al., 2010), we also measured the major elements of 43 bulk samples in the
CN section after the removal of carbonate with 10% (v/v) acetic acid at room temperature for at least 12 h
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with occasional oscillation. The acid residual samples were digested by pressurized acid digestion using a
mixture of HNO;/HF in a Teflon digestion vessel (Y. Yang et al., 2015). The digestant was diluted to ~50 ml
for analysis using ultrapure water. The major elements were determined by ICP-OES (Leeman Labs Prodi-
gy-H) at the Institute of TP Research, Chinese Academy of Sciences. Standard samples (GSR-1 and GSR-2)
and blank samples were used for quality control. Replicate analyses of samples show the relative standard
deviations for all elements <2%.

4. Results

The major minerals in bulk samples of the CN section are quartz, plagioclase, K-feldspar, clay + mica with
varying contents of calcite (Figure S3), which is similar to those for the HLD section (Y. Yang et al., 2016).
The clay minerals in the HLD and CN sections show similar compositions with high proportions of I/S and
illite, less chlorite and kaolinite, and a limited amount of smectite and vermiculite (Figures 2 and S4). Here,
we group I/S and smectite as “total smectite” because I/S is often considered the diagenetic transformation
product of smectite illitization in old sequences (Chamley, 1989). Total smectite and illite are the dominant
clay minerals and collectively account for 87% in the HLD section, 88% in the CN section, and ~80% in local
loess in the Linxia Basin on average. In addition, a small amount of vermiculite minerals (generally <10%)
appear in the post-3 Ma eolian sediments in the CN section and the post-7.2 Ma HLD section sediments
(Figure 2).

Generally, the (I/S + smectite)/(illite + chlorite) ratio in the HLD section exhibits a relatively stable trend
before 8-9 Ma and a significant rise since ~8 Ma, followed by a relatively high value at 6-2.6 Ma and a
monotonic decrease since 2.6 Ma, eventually approaching the modern loess composition (Figure 3). The
ratio in the CN section shows a consistent evolution and value range with those of the HLD section since
6.2 Ma. More specifically, a temporal peak between 3.4 Ma and 2.6 Ma and a persistent decrease since
2.6 Ma are obvious in the two sections (Figure 3). The Na,05/Al,0; ratio in the CN section ranging from 0.04
to 0.13 shows a consistent evolution with the (I/S + smectite)/(illite + chlorite) ratio since 6.2 Ma (Figure 3).

5. Discussion
5.1. Validity of Clay Minerals as SWI Proxies

Chlorite and illite reflect weak silicate weathering in cold and/or arid environments, whereas smectite,
vermiculite, I/S, and kaolinite indicate strong silicate weathering under humid temperate climates (Cham-
ley, 1989), which is consistent with the clay mineral distribution in China (Y. Xiong & Li, 1990). In both
study sections, the kaolinite contents are generally <10%, with an average of 5%-6% (Figure 2), suggesting
that kaolinite cannot be used as a convincing indicator of a strong SWI. The most widespread clay diagen-
esis in sedimentary basins is the illitization of smectite, which always yields lower smectite proportions
and higher illite proportions in I/S with increasing burial depth (e.g., Chamley, 1989). The lack of a down-
ward increase in the illite content (Figure 2) and a downward decrease in the smectite proportion in I/S
(Figure S5) in both sections suggests limited diagenetic effects. Because smectite, I/S and illite account
for >80% of the clays in both sections, the (I/S + smectite)/(illite + chlorite) ratio is the best candidate for
tracing changes in the SWIL. The smectite/(illite + chlorite) ratios of the modern fluvial sediments in the
Yellow River drainage basin (Zhao et al., 2018), which drains North China and spans distinct climatic and
lithological regimes, also exhibit first-order climatic control (Figures 1c and 1d; Table S1). This may suggest
that the impact of provenance changes on the clay mineral assemblage was low because the long Yellow
River drains different lithological units across a broad swath of China (see major distributed strata in S.
Xiong et al., 2010). In this regard, the variation in the (I/S + smectite)/(illite + chlorite) ratio (here, the term
“I/S + smectite” indicates the total smectite content before diagenetic alteration during burial) in the two
sections reflects long-term changes in the SWI at a regional scale, which is also proven to be a useful proxy
of the SWI and paleoenvironment in the northeastern TP during the early Cenozoic (Fang et al., 2019) and
even in NE China during the Late Cretaceous (Y. Gao et al. 2015).
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Generally, the SWI in source area weathering is mainly controlled by physical erosion and climatic condi-
tions. The former determines the duration of time that fresh rock is exposed within the weathering profile,
and the latter controls the weathering reaction dynamics. Thus, intense physical erosion in tectonically
active regions is expected to reduce the silicate weathering duration time in source areas under relatively
stable climatic conditions. Moreover, when weathering products and fresh rock fragments are transported
to the deposition area (e.g., floodplains), they may be subject to weathering again. This so-called secondary
weathering is quite common and significant in a large drainage basin with a long transfer time through the
floodplain, e.g., in the Ganga basin (Lupker et al., 2012). Floodplain weathering should be fully considered
in the HLD section in the Linxia Basin because the abundant paleosols throughout the section suggest
significant floodplain weathering with soil development. This type of secondary weathering also exerts a
dominant control on the eolian material weathering on the CLP. The total duration time for weathering
profile development in both the catchment and deposition areas (e.g., the floodplain in the HLD section
or the eolian accumulation area on the CLP) should be considered one of the major factors controlling the
smectite/(illite + chlorite) ratio. It is reasonable to exclude the impact of transport between the source area
and the deposition area because the transport in the two study regions was insufficient for silicate weather-
ing. For the HLD section sediments in the Linxia Basin, the fluvial transport paths from the catchment (the
west Qinling Mountains, as suggested by the unique northeastward paleocurrent during the Neogene, Fang
et al., 2016) to the basin were quite short (a few tens of kilometers), and for the eolian sediments settling in
the Linxia Basin or on the eastern CLP, the climate of the source area and the pass-through area was nor-
mally arid (An et al., 2001; Guo et al., 2002), and the transfer by wind was quick.

5.2. Intensified Weathering in the East Asian Monsoon Region

Before ~8 Ma, the SWI in the Linxia Basin was less variable, indicating a relatively stable regime in terms
of uplift and denudation. This conclusion is supported by the generally low sedimentation rate (Figure 3d,
Fang et al., 2016) and the stable provenance evidenced by the low degrees of variability in the bulk Nd
isotopic values in the Linxia Basin (Figure 3e). With an increase in the sedimentation rate at ~8 Ma in the
Linxia Basin (Figure 3e), a slight provenance change is suggested by the bulk Nd isotope data (Figure 3f)
(Y. Yang et al., 2017). The SWI since ~8 Ma in the Linxia Basin cannot be explained by provenance chang-
es. First, the paleocurrent direction measured from the two conglomerate layers where two kinds of fossil
mammals are found in the HLD section (Figure 2) and the nearby LG section (Figure S1) indicate an unam-
biguously dominant southeasterly flow direction from ~12 to ~6 Ma, which is consistent with the dominant
southeasterly flow over the Neogene across the Linxia Basin (Figure S1, Fang et al., 2016). The paleocurrent
analyses thus suggest a dominant source in the southwest delivering materials into the basin by river, which
may confirm a relatively steady provenance regime for river transport at ~9-8 Ma. Instead, the carbonate
Sr-Mg-Ca elemental concentrations and Sr isotopes in the HLD section imply that such provenance change
at ~8 Ma may have been caused by the extrabasinal eolian dust input by strong westerlies and/or East Asian
winter monsoon (Y. Yang et al., 2017). In this regard, a generally drier climate in the upwind region seems
likely to yield wind-blown dust with less weathered material into the Linxia Basin, which is inconsistent
with the concurrent rise in the SWI. Moreover, a recent study in the Xining Basin, ~200 km northwest of
the Linxia Basin (Figure 1b), has shown that the provenance control on SWI indices seems remarkable for
various element ratio-based indices, even in the <2 um fraction but has less of an impact on clay mineral
assemblages (Yang et al., 2019). The limited impact of the provenance on the clay mineral assemblage may

Figure 3. Age profile of (I/S + smectite)/(illite + chlorite) ratios for the study sections and its comparisons with other
records. (a—c) (I/S + smectite)/(illite + chlorite) ratios for the HLD section in the Linxia Basin and the CN section

in the eastern CLP as well as the Na,0/Al,0; ratio for the CN section in our study; (d) change-point analysis (W.
Taylor, 2000) of (I/S + smectite)/(illite + chlorite) ratios for the HLD section at ~9-7 Ma. (e) Sedimentation rates in the
HLD section (Fang et al., 2016) and the CN section (Song et al., 2001); (f) exq values of the bulk sediments in the HLD
section in the Linxia Basin (Y. Yang et al., 2017) and those of the bulk samples of the Lingtai (LT) eolian section on the
CLP (Figures 1b, Z. Chen & Li, 2013). The change-point analysis in (d) shows that a significant clay ratio change from
1.2 to 2.1 occurred at 7.86 Ma (within a 95% confidence range of 7.8-8.1 Ma) with 100% confidence. The yellow shaded
area marks the increase in the (I/S + smectite)/(illite + chlorite) ratios at ~9-7 Ma, and the gray bold line marks the
boundaries of Pliocene/Quaternary and Loess-paleosol/Red Clay at ~2.6 Ma. CLP, Chinese Loess Plateau; CN, Chaona;
HLD, Heilinding.
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be explained by the fact that the main parent minerals of newly formed clays (e.g., feldspars and micas) are
widespread in various lithologies of the upper continental crust. The clay mineral distributions in modern
soils globally and in China also support first-order climatic control (Chamley, 1989; Y. Xiong & Li, 1990).
In addition, given the provenance change at ~8 Ma in the Linxia Basin, however, an input of recycled
materials with a high SWI transported by river or by wind should also be considered because those mate-
rials may lead to an apparent rise in the (I/S + smectite)/(illite + chlorite) ratio in the HLD section. The
(I/S + smectite)/(illite + chlorite) ratio in the MJZ section in the Xining Basin shows a significant decrease
and generally becomes lower than those in the Linxia Basin at ~8 Ma (Figure 4a, Yang et al., 2019). Xining
and Linxia Basins are both subbasins of a larger Paleocene-Miocene basin complex named the Longzhong
Basin in the eastern portion of the northeastern TP (Zhai & Cai, 1984); thus, they generally share similar
geological settings. Both basins have also experienced a large amount of extrabasinal eolian dust input since
at least ~8 Ma (Ruan et al., 2019; Y. Yang et al., 2017). If recycled materials with a high SWI have dominated
over the region since ~8 Ma, a concurrent rise of (I/S + smectite)/(illite + chlorite) ratios in the Xining and
Linxia Basins can occur. However, a decrease in (I/S + smectite)/(illite + chlorite) ratios and the overall
lower values of the ratios in the Xining Basin than those in the Linxia Basin since ~8 Ma suggest that the
sediments in the HLD section sourced either from the catchment or extrabasinal dust are composed of rare
recycled materials with a high SWI.

Considering the abundant soil development in the floodplain in the HLD section, we assume that the chang-
es in the upper and lower envelopes of (I/S + smectite)/(illite + chlorite) (Figure 3c), as a first-order approx-
imation, correspond to changes in the SWI in the deposition area (floodplain) and catchment (mountain
range), respectively. Thus, the consistent increase in the SWI for the floodplain and mountain range from
~9 to 7 Ma in the Linxia Basin could be recognized as a combination of the concurrent strengthening of
silicate alteration in the deposition area and in the catchment. This is not surprising because the catchment
of the Linxia Basin is relatively small, and thus, the source and sinks are generally in the same hydroclimate.
The finding of enhanced silicate weathering is also evidenced by the gradual disappearance of chlorite at
~9-7 Ma and the subsequent appearance of vermiculite (Figures 2 and 4b). Because vermiculite is a com-
mon alteration product of chlorite, we favor the explanation that enhanced weathering accounted for this
change. A provenance change in which a source of fresh eroded chlorite became unavailable at ~9-7 Ma
in the Linxia Basin seems unlikely since chlorite is widely seen in the less humid Xining Basin at 12-5 Ma
(Yang et al., 2019) to the northwest of the Linxia Basin and the more humid western CLP at 12-5 Ma (Fig-
ure 4c) and eastern CLP at 6.2-2.6 Ma (Figure 2) to the southeast of the Linxia Basin. Given the significant
tectonic activity in the northern TP at ~8 Ma (e.g., Lease et al., 2007; J. Li et al., 2014; Saylor et al., 2018;
D. W. Zheng et al., 2006), the rapid exhumation corresponding to mountain uplift at ~8 Ma in the Linxia
Basin (Fang et al., 2016) may yield an overall enhanced erosion rate in the catchment, which can shorten
the weathering duration and thus reduce the SWI. However, this potential erosion-induced SWI decrease
is overwhelmed by the climate-induced SWI increase. The increase in the SWI in the fluvial HLD section
in the Linxia Basin also corresponds to a decrease in physical weathering proxies based on the increase in
relative amounts of chlorite and illite in the eolian ZL section in the western CLP since ~8-9 Ma (Figure 4c;
Y. Sun et al., 2015). Magnetic mineral and evaporite records in the Qaidam Basin on the northeastern TP
and magnetic susceptibility in the western CLP also confirm a wetter period at ~8.5-7 Ma (Nie, Garzione,
Su, Liu, & Zhang, 2017). Clay records in both the HLD fluvial and ZL eolian sections clearly suggest cli-
mate-enhanced silicate weathering since ~9-8 Ma that could be well correlated at a regional scale, which

Figure 4. Silicate weathering intensity evolution in the northeastern TP and the CLP. (a) Variations in the ratio of

(I/S + smectite)/(illite + chlorite) in the HLD section in the Linxia Basin, the CN section in the eastern CLP and

the MJZ section in the Xining Basin as shown by the locally weighted scatterplot smoothing (LOWESS, smoothing
factor = 0.15, Cleveland, 1979) fittings through individual data point data (Data set S1); (b) the contents of chlorite and
vermiculite in the HLD section; (c) relative abundances of chlorite and illite (chlorite/quartz and illite/quartz ratios) in
the Zhuanglang (ZL) eolian section on the western CLP; (d) the stacked sea surface temperature (SST) anomalies for
the Northern Hemisphere (NH), Southern Hemisphere (SH) and tropics (Herbert et al., 2016), and (e) marine) benthic
oxygen isotope values (Zachos et al., 2001). Note that the dashed lines in (a) denote the error envelopes of the LOESS
fittings. The yellow and blue shaded areas mark enhanced silicate weathering in the East Asian monsoon region at
~9-7 Ma and global cooling at ~7-5.4 Ma, respectively. CLP, Chinese Loess Plateau; CN, Chaona; HLD, Heilinding; TP,
Tibetan Plateau.
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Figure 5. Schematic diagram showing our proposed new carbon sink mechanism that may have driven late Miocene
global cooling. The blue text in the boxes shows the results of our study.

implies a greatly enhanced EASM since ~9-8 Ma because the EASM provides a majority of the moisture
for the study region.

In principle, the primary factors controlling late Miocene development of the East Asian monsoon climate
are global cooling (e.g., Miao et al., 2011), Antarctic glaciation (Ao et al., 2016) and the tectonic uplift
of the TP (e.g., An et al., 2001; Tada et al., 2016; Zoura et al., 2019), especially the rise and growth of the
northern TP, as revealed by climate models (e.g., An et al., 2001; Tada et al., 2016; R. Zhang et al., 2012).
The driving force of the significantly enhanced EASM is unlikely to be global cooling, which should have
weakened the SWI. The progress of Antarctic ice sheet growth has been previously proposed to explain
the long-term magnetic enrichment of eolian deposits, especially the significant enrichment since ~ 6 Ma
in the CLP (e.g., Ao et al., 2016). However, this mechanism also seems unlikely because the ice sheet in
western Antarctica formed at ~6 Ma (Zachos et al., 2001), which is significantly later than the onset of
the enhanced East Asian monsoon systems at ~9-8 Ma (see records in Figures 4b and 4c). The uplift
and growth of the northern and eastern parts, and even the entirety, of the TP approximately 8-9 Ma
have been widely reported (e.g., Lease et al., 2007; J. Li et al., 2014; Molnar, 2005; Saylor et al., 2018; D.
W. Zheng et al., 2006). In particular, the uplift of the northern TP could significantly enhance the EASM
circulation, thus extending the monsoon front farther inland and strengthening the monsoon rainfall
in the northern East Asian monsoon region (R. Zhang et al., 2012). This uplift-induced EASM enhancement
is mainly caused by the surface sensible heating of the northern and central TP that can induce a low-level
cyclonic anomaly around the TP, thus strengthening the northward advance of warm advection from the
south of the TP (Tang et al., 2013). The dominance of the uplift of the TP on the formation of a modern-like
climate regime in East Asia is also supported by a recent climate modeling study (Zoura et al., 2019), which
highlighted that the primary control on the Asian hydroclimate is the topography of the TP rather than CO,
changes and ice sheet formation, although the latter two factors are also important (R. Zhang et al., 2018).
Thus, the increases in the SWI in the HLD and ZL sections at ~9-7 Ma suggest a significant uplift-forced
intensification of the EASM (Figure 5)
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It should be noted here that an enhanced EASM, as documented in the Linxia Basin and the eastern CLP re-
gion at ~9-7 Ma, does not conflict with the records of regional drying (e.g., Jiuxi Basin, Ma et al., 2005; Xin-
ing Basin, Yang et al., 2019) and dust deposition (Linxia Basin, M. Fan et al., 2006; Y. Yang et al., 2017; CLP,
Qiang et al., 2001; Song et al., 2001) because the uplift of the northern TP has also facilitated Asian inland
drying and Asian dust emission and transport (e.g., Ruddiman & Kutzbach, 1990; X. D. Liu & Dong, 2013;
Y. Sun et al., 2015; H. Sun & Liu, 2018). For example, the synchronous increases in the SWI (Figure 4a)
and dust input in the Linxia Basin (Y. Yang et al. 2017) at ~8 Ma suggest a synchronous intensification of
the EASM-derived moisture and the EAWM or westerlies-derived dust settling, which can reasonably be
regarded as the environmental consequence of the TP uplift. Moreover, on a regional scale, the regional clay
records of the SWI in the Linxia and Xining Basins show a divergent evolution since ~8 Ma (Figure 4a).
This regional weathering contrast (Figure 4a) can be explained from a perspective that invokes the effects of
mountain range uplift on both erosion and climate (Figure S6) as follows: 1) precipitation increases on the
windward side and decreases on the leeward side of a mountain located on the moisture path and 2) strong
erosion in tectonically active regions results in a lower SWI of eroded materials. Specifically, the intensified
precipitation on the CLP and the windward side of the northeastern TP is thus assumed to be caused by the
enhancement of the EASM, and this increase in precipitation would have induced enhanced pedogenesis
and strong silicate weathering on the CLP and Linxia Basin. Notably, the Linxia Basin is open eastward to
the west of the CLP, allowing monsoon moisture penetration (Figure 1b). However, the monsoon precipita-
tion in the Xining Basin may have decreased greatly because of the high mountain barrier located along the
path of the monsoon (e.g., the rapid uplift of the Laji and Jishi Mountains between the Linxia and Xining
Basins ~8 Ma, Lease et al., 2007; Saylor et al., 2018), potentially causing a drying trend in the Xining Basin.
On the other hand, the tectonic uplift along with rapid erosion caused a lower degree of weathering profile
development in the catchment areas of the Linxia and Xining Basins, resulting in a weaker alteration of sili-
cate minerals. This tectonic-derived erosion effect may be pronounced in the Xining Basin but overwhelmed
by the increase in monsoon precipitation in the Linxia Basin, regardless of an increase in the sedimentation
rate (Figure 3e), as mentioned. Such topography-induced hydroclimate divergence is also documented in
the Pamir region, where distinct west-east hydroclimate differences were established during the late Oligo-
cene when the relief of the Pamir-Tian Shan is higher than 75% of the modern elevation (Wang et al., 2020).

5.3. Enhanced CO, Consumption in the CLP

The increase in the SWI in the Linxia Basin in the western CLP and the northeastern TP at ~9-7 could be
regarded as a weathering response to the significantly enhanced EASM over East Asia. To obtain a first-or-
der estimate of the long-term CO, consumption flux associated with the enhanced silicate weathering flux,
the CO, consumption increase per unit weight material associated with this enhanced silicate weathering
(Agjp, mol C kg"l) should first be assessed. Ag; can be determined from the difference in the soil composition
in the areas impacted by monsoon enhancement at ~8 Ma. However, Ag cannot be directly evaluated by
the chemical composition of the HLD fluvial sediments because the bulk chemical compositions of these
fluvial sediments are dominantly influenced by the frequently altered sedimentary facies with distinct grain
sizes (Figure 2) instead of by catchment weathering alone. The best method for determining regional sil-
icate depletion is to use the eolian Red Clay sequence over the eastern CLP because this Red Clay mainly
represents in situ weathering of wind-blown material with relatively uniform bulk mineral and chemical
compositions and a stable sedimentation rate. Given that plagioclase and K-feldspar and mica minerals are
the main parent minerals for silicate weathering in the eolian CN section (Figure S3), the weathering of
plagioclase (An,) and precipitation of secondary clay minerals (kaolinite) via water and soil CO, (Winnick
& Maher, 2018) could be represented by

1.66Cag,Nag gAl; 5Si, 505 + 2C0O; (g) +3H,0 <> ALLSi,05(OH), + 0.33Ca** +1.33Na*

. . @
+2.66Si0, (aq) + 2HCO;3
Similarly, the K-feldspar weathering to kaolinite could be represented by
2KAISi;03 + 2CO, (g) + 3H,0 <> Al,Si,05 (OH)4 +2K*4Si0, (aq) +2HCO3 2)
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Figure 6. Correlation between oxide/Al,O; and the well-used index of silicate weathering intensity (SiO,/Al,05) in modern and paleo-weathering profiles.
(a) Loess/paleosol and Red Clay sequences on the eastern Chinese Loess Plateau (CLP) (data from S. Xiong et al., 2010) and (b) granite weathering profiles in
southern East China (data from Fu et al., 2019). Note that K, Na, Ca, and Mg all exhibit uniform depletion with increasing weathering intensity (increases in
Si0,/Al,0;) in the weathering profiles but show complex gain/loss patterns in the loess/paleosol and Red Clay sequences.

The muscovite weathering to kaolinite could be represented by
2KA138i30,0 (OH), + 2C0, (g) + 5H,0 > 3A1,81,05 (OH), +2K " + 2HCO;3 (3)

It should be noted that there are several ways of expressing these reactions. The above three examples
are highly generalized because of the complex nature of feldspars and clay minerals and the formation of
many intermediate minerals within various environmental conditions. For example, in the less humid CLP
region, K-feldspar may not directly degrade into kaolinite due to the limit of water availability and probably
transform to muscovite:

3KAISi;0g +2C0; (g) +2H,0 <> KALSi;0,0(OH), +2K* +68i0, (aq) + 2HCO3 (4)

Regardless of the complexities during silicate weathering, for any silicate weathering reaction in the upper
crust, the amount of long-term atmospheric CO, consumption could be quantitatively estimated by the
amount of base cation depletion in primary minerals (e.g., Ca, Na, K, and Mg). For Equations 1-4, 2 mol
of CO, are consumed in all reactions but 1 mol of CO, will be returned to the ocean-atmosphere system
during carbonate precipitation in the ocean, thus only 1 mol of CO, is finally buried via silicate weathering
at the geological timescale. Ay can therefore be calculated based on stoichiometry from the overall differ-
ence in the Red Clay base cations before and after monsoon-enhanced silicate weathering at ~8 Ma, that
is, Agq = ACa + AMg + AK + ANa. This method is based on differences in the ratios of the major cations to
Al,0; following France-Lanord and Derry (1997) and assumes that Al is stable during weathering.

The validity of the Ay calculation depends on the assumption that stronger silicate weathering will lead to
a greater depletion of base cations. This assumption is always true within modern weathering profiles. As
seen in modern granite weathering in southern East China (Fu et al., 2019), the degree of base cation deple-
tion (oxide/Al,03) is positively correlated with the SWT indices (e.g., Si0,/Al,03, Ruxton, 1968) (Figure 6b).
However, this relationship is not always observed in sedimentary profiles, even in the in situ weathering
archives of Red Clay and loess/paleosols. For example, a close examination of the bulk composition of
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Figure 7. Schematic diagram of Na,0/Al,O; versus SiO,/Al,O; showing
the weathering and sorting effects on the chemical composition of eolian
sediments. A weathering trend resulting from the transformation of albite
to clay can be illustrated by the orange arrow from circle 1 to circle 2,
which is parallel to the albite and clay connection. The addition of quartz
yields an increase in SiO,/Al,O; but no change in Na,0/Al, 05 as shown by
the bold blue arrow. Strong wind sorting (solid green arrow from circle 1 to
circle 3) can be regarded as a combined result of an addition of quartz (Si
enrichment, dashed blue arrow from circle 1 to circle 4) and a decrease in
clay content (Na enrichment, dashed orange arrow from circle 4 to circle
3). The Na/Si enrichment ratio can thus be used to estimate the magnitude
of the sorting effect on Na,0/Al,0; ratio changes.

eolian Red Clay and the loess/paleosol sequence in the nearby BS sec-
tion in the eastern CLP (Figure 1, S. Xiong et al. 2010) reveals that this
relationship is only obvious for Na, less obvious for K, and undetectable
or even inverted for Ca and Mg (Figure 6a). These findings suggest that a
simple calculation using the overall difference in the chemical composi-
tion (including Na, K, Ca and Mg) between the Red Clay and parent rock
cannot yield a reliable Ag;. The Na,0/Al,0; ratio in the Red Clay and
loess/paleosol sequence exhibits a coherent and uniform evolution with
Si0,/AL0; (Figure 6a), regardless of the potential effects of differences
in provenance and diagenesis between the two types of eolian sequences
(loess/paleosol and Red Clay). The Na,O/Al,Os; ratio is thus suggested to
be a suitable tool to scale Ag; (Figure 5).

However, SiO,/Al,0; can not only mirror silicate depletion during the
weathering profile, as demonstrated above but can also trace the sorting
effect (normally with quartz enrichment), as shown by the excellent rela-
tionship between SiO,/Al,0; and median grain size (r*=0.91,n =319, S.
Xiong et al., 2010). Therefore, the sorting effect on the Na,0/Al,0; ratio
needs to be considered before using this ratio to estimate Ag;. We have de-
veloped a bivariate graph of Na,0/Al,0; versus SiO,/Al,0;, which could
reveal the changes in the relative proportions of these elements within
albite, clays and quartz (Figure 7). Because albite is the only Na-bearing
silicate mineral that can be weathered in the eolian sequences at the CLP
(Figure S3), we assume that weathering can only induce the transforma-
tion of albite into clay and that the proportion of quartz remains constant
due to its high stability. Strong wind sorting results in an increase in the
relative proportions of quartz to albite since albite is less stable during
transport and a decrease in the clay proportion due to grain size differ-
entiation. Thus, for a parent rock with a given proportion of these three
minerals (circle 1 in Figure 7), the transformation of albite into clay yields
a clear weathering trend (see weathering reaction Equation 1 character-

ized by Na depletion and Al enrichment; arrow from circle 1 to circle 2). Strong winds can result in an
obvious sorting trend (arrow from circle 1 to circle 3) characterized by an increase in the quartz proportion
due to its high stability (Si enrichment, arrow from circle 1 to circle 4) and a decrease in the clay proportion
relative to albite (Na enrichment, arrow from circle 4 to circle 3). The Na,0/Al,0; ratio change caused only
by the sorting effect can be measured by the change magnitude of Na enrichment relative to that of Si en-

richment (Figure 7).

We use our constructed model to analyze the sorting effect on the Na,0/Al,0; ratio in the eolian sequence
in the CLP (S. Xiong et al., 2010). For loess/paleosol samples with high SiO,/Al,O; ratios >~4.9, a weak
change in the Na,0/Al,0; ratio is observed. In contrast, for the loess/paleosol samples with SiO,/Al,0;
< ~4.9, a significant inverse relation between SiO,/Al,0; and Na,0/Al,0; is observed (Figure 8), and this
relation can be extrapolated to encompass all Red Clay samples. Furthermore, the K,0/AlO; ratios of all
loess/paleosol and Red Clay samples also display a two-stage trend involving a relatively stable trend when
Si0,/AL0; > ~4.3 (mostly loess/paleosol samples) and an inverse relation between SiO,/Al,0; and Na,O/
Al,03; when SiO,/Al,0; < ~4.3 (mostly Red Clay samples). However, the inverse relation for SiO,/Al,05
versus K,0/AlLO; occurs at a SiO,/Al,0; ratio of ~4.3, which is considerably lower than ~4.9 for SiO,/AlL,0;
versus Na,0/Al,0s. These observations indicate a very limited sorting effect on changes in the Na,0/AlL,0;
ratio. First, the inverse relations of SiO,/Al,0; versus K,0/Al,O; and Na,O/Al,O; that occur at distinct SiO,/
ALO; ratios can be well explained by the different weathering resistances of Na- and K-bearing minerals
since Na-bearing plagioclase is more easily weathered than K-bearing potash feldspar and muscovite. This
can also be indicated by the relation of SiO,/Al,0; versus Na,0/K,0, where Na,0/K,0 ratios exhibit a
consistent decrease with decreasing Na,0/Al,0; ratio when SiO,/AlL,O; < ~4.9 but display a constant value
when SiO,/Al,05; > ~4.9 (Figure 8). Such distinct patterns of Na-K differentiation clearly suggest a domi-
nant impact of weathering rather than sorting on plagioclase/K-feldspar differentiation, as also indicated in

YANG ET AL.

14 of 26



V oad |
AGU

Paleoceanography and Paleoclimatology 10.1029/2020PA004008
K-feldspar Plagioclase Strong sorting
weathering, weathering
0.25
<
\69&(\9 Quartz enrichment
], L@ e(\ N,
o \l\' Q\'\(\ (@) V.
o 1 @ o oi20 8 —o®  K,0/AlO,
o~ 02 & [eg) o
<
o, Quartz enrichment
4 N
7
5 0.15 - o o0
© — 2 Na,O/ALO,
ON oy © o o
<
2~ 0.1 —
2 Sorting-induced less
Na-K differentiation
>
0.05 -
0.7 - °
- - ! Na,O/K,0
06 -
o
o' 05
S,
S 04 7 o Loess-paleosols
03 - e© Red Clay
02 LA B BLL L LN BN B LA B
4 42 44 46 48 5 52 54 56

Si0,/Al,0,

Figure 8. Distinguishing the sorting and weathering effects on chemical composition for the loess/paleosol and Red
Clay sequences in the CLP. The bold blue lines denote the LOWESS fittings of those data, and the vertical dotted lines
mark a break point at SiO,/Al,0; = 4.32 for the K,0/Al,O; data set and a starting point at SiO,/Al,O; = 4.90 for the
obvious persistent decreases of Na,O/Al,03 and Na,O/K,0 along with decreasing SiO,/Al,0; based on a change-point
analysis (W. Taylor, 2000). Note that the nearly constant Na,0/Al,0;, K,0/Al,0; and Na,0/K,0 ratios when SiO,/Al,05
values are high suggest very limited Na,0/Al,0; and K,0/ALO; changes and less Na-K differentiation during strong
sorting, which corresponds to the high Si but low Na enrichment indicated in Figure 7. See details in the text.

previous studies investigating the effects of chemical weathering and sorting on bulk composition and min-
eralogy (e.g., Nesbitt & Young, 1996; Nesbitt et al., 1997). This is mainly due to the more ready alteration of
plagioclase than K-feldspar, although both display near-identical hardness and cleavage properties (Nesbitt
et al., 1997). Second, since strong winds always produce intense sorting, when a pronounced sorting effect
is observed in samples with high SiO,/Al,O; ratios, the less changeable Na,0/Al,0; (Figure 8) suggests
a very low magnitude of Na enrichment relative to Si enrichment (Figure 7). The low Na/Si enrichment
ratios indicate that wind sorting in the eolian sequence in the CLP was dominantly characterized by a
change in the proportion of quartz relative to the proportions of other silicates and by a very limited Na,O/
Al,O5 change. This profound sorting effect is mainly linked to the degree of quartz enrichment, which was
evidenced by the uniform grain size parameters derived from the bulk and quartz samples from the loess/
paleosol sequences (Y. Sun et al., 2006). Instead, a comparison of the grain size parameters of the bulk and
quartz samples from the Red Clay sequence that formed in more humid settings reveals distinct results. The
distinct grain size parameters of the bulk and quartz samples in the Red Clay sequence indicate more pro-
nounced pedogenic processes (Y. Sun et al., 2006), suggesting that weathering rather than sorting is more
important in controlling the geochemistry of eolian sediments.
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Figure 9. Correlation between Na,0/Al,0; and CO, consumption in the parent rock endmember and soils. (a) Correlation between Na,0/Al,0; and CO,
consumption for loess and paleosol samples in northern East China and three average compositions of typical red soil datasets in southern East China. The
upper crust composition of central East China (S. Gao et al., 1998) is chosen as the parent rock. The loess and paleosol data are from the carbonate-free samples
from the uppermost Pleistocene loess and paleosol samples in the Xifeng (XF) section (Figure 1b; number XFC85 and XFC149 in Liang et al., 2009). The red
soil data are from typical Quaternary red earth datasets along the Yangtze River (Figure 1;J. X. Zhang et al., 2007; Hong et al., 2013) and average compositions
of the three subtypes of red soils covering all of southern China, including red earth, yellow earth and laterite (CNEMC, 1990). These data form an excellent

fit line with 95% confidence (pink shading area). The difference in CO, consumption (Ag; = 0.62 mol kg™") between a relatively weak weathering stage (olive
dashed line) and a strong one (blue dashed line) can thus be estimated by the upper and lower limits of the Na,O/Al,Oj; ratios in the eolian sequence (e.g., the
Na,0/Al,0; ratios of 0.15 and 0.06 in the BS section and 0.13 and 0.04 for the CN section, respectively) (see Figure 10). (b) Test of the dependence of Ay on the
parent rock composition using different upper crust compositions (S. Gao et al., 1998; Rudnick & Gao, 2003; S. R. Taylor & McLennan, 1985; Wedepohl, 1985).
The bold lines show linear fits for loess/paleosol and Red Clay data based on different parent rock compositions; the related parameters for each fit can be seen
in Tables S3 and S4. Double-headed arrows mark the A values derived from the difference in CO, consumption using Na,O/Al,Oj; ratios of 0.15 and 0.06 in the
BS section for each parent rock endmember. BS, Baishui; CN, Chaona.

After excluding the sorting effect, we then reconstructed the Na,0/Al,0; ratio versus Ay relationship for
typical soils based on the composition difference between soils and parent rocks in East China (Table S2).
The data are based on the chemical compositions of typical latest Pleistocene loess and paleosol samples in
the CLP (Figure 1, Liang et al., 2009), the three typical Quaternary red soil datasets along the Yangtze River
(Figure 1, DTL, n = 123; JJ, n = 44; XC, n = 18) (Hong et al., 2013; J. X. Zhang et al., 2007), and the aver-
age compositions of the top A horizon of three subtypes of red soils (red earth, 77 locations; yellow earth,
37 locations; and laterite, 7 locations; CNEMC, 1990) covering the entirety of southern China. The upper
crust composition of central East China (termed “CEC” in S. Gao et al., 1998; includes the Yangtze craton,
the North China craton and the Qinling orogen between these cratons) was calculated by averaging the
exposed rock types according to their thickness and exposure area and includes sedimentary cover and the
underlying metamorphosed crystalline basement. The CEC composition is thus the best candidate for rep-
resenting the average compositions of parent rocks exposed within the critical zone over this broad region.
The constructed Na,0/AlL,O; ratio and Ag; relationship exhibit an excellent linear distribution (correlation
coefficient, r = —0.996 for a linear fit) (Figure 9a), suggesting a wide usability for Ay estimation.

We further assessed the correlation of the two silicate weathering indices Na,0/Al,0; and (I/S + smectite)/
(illite + chlorite) (Figure 5). The Neogene rapid uplift of the northeastern TP is thought to have played a crit-
ical role in the generation and transport of riverine detritus into adjacent fluvial basins (S. Liu et al., 2019)
or of eolian dust to the downwind CLP (e.g., Bird et al., 2020; Z. Chen and Li, 2013). For the latter case, re-
worked Yellow River-derived northeastern TP sediments or old loess deposits provide a major eolian supply
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Figure 10. Comparison of the Na,O/Al,Oj; ratio of bulk samples with clay assemblages in the eolian sections on the CLP. (a) Age profiles of the Na,0/Al,0;
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of the CLP (e.g., Licht et al., 2016; Nie et al., 2015). The roughly same provenance regime and the consistent
evolution and value range of the (I/S + smectite)/(illite + chlorite) ratio between the CN and HLD sections
since 6.2 Ma (Figure 3a), may suggest a comparable degree of silicate depletion between the western and
eastern CLP regions. The magnitude of change in the (I/S + smectite)/(illite + chlorite) ratio between 9 and
7 Ma in the HLD section could therefore be roughly the same as that of the clay ratio for the entire CN Red
Clay and loess/paleosol sequences (Figures 3a and 4a). Thus, the consistency between the (I/S + smectite)/
(illite + chlorite) ratio and Na,0/Al,O; ratios within the Red Clay and loess/paleosol sequence (Figure 10)
suggests that the variability in the Na,O/ALO; ratio can be used to estimate that of the (I/S + smectite)/
(illite + chlorite) ratio in both sections. This evaluation will yield a maximum value of Ay, because other
potential effects (e.g., sorting, although this factor is insignificant as discussed above) may amplify the var-
iability in the original Na,0/Al,0; ratio derived from in situ weathering.

The Na,0/Al,0; ratios in both the CN and BS sections correlate well with the (I/S + smectite)/(illite + chlo-
rite) ratio in the CN section (Figures 10b and 10c), suggesting a regional consistency of SWI around the CLP
region. The Na,0/Al,0; ratio in both eolian sections exhibits a difference of 0.09 between the minimum
and maximum values (0.06 and 0.15 for the BS section and 0.04 and 0.13 for the CN section, respectively)
(Figure 10a). Based on the reconstructed Na,0/Al,0; and A relationship (Figure 9a), the Na,0O/Al,0;
difference yields a A value of 0.62 mol C kg™' (Figure 5). To test the dependence of the Ay value on the
parent rock composition, we also employed three commonly used values for the upper crust (Rudnick &
Gao, 2003; S. R. Taylor & McLennan, 1985; Wedepohl, 1995) to generate additional Na,0/Al,0; and A
relationships (Figure 9b; Tables S3). The four different recommended values of the upper crust have Na,0O/
Al,05 values ranging from 0.20 to 0.26 and can effectively fit the loess/paleosol and data (with r values be-
tween —0.990 and —0.998). These endmembers produce a very narrow range of Ag; values between 0.56 and
0.64 mol C kg™', with a mean of 0.61 + 0.3 mol C kg™', corresponding to the Na,0/Al,0; difference of 0.09
in the BS section (Table S4). The consistent Ay; values derived from these parent rock endmembers indicate
that the Ay estimate does not rely heavily on the parent rock endmember composition. Furthermore, based
on the calculations using the four endmembers, the absolute CO, consumption values range from 0.37 to
0.6 mol C kg™' for a Na,0/Al,0; value of 0.06 and from 1.00 to 1.18 mol C kg™ for a Na,0/Al0; value
of 0.15 (the double-sided arrows in Figure 9b). Such relatively large differences in the absolute CO, con-
sumption values from different endmembers further suggest that our Ay, calculation relies mainly on the
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compositional difference produced by the degree of weathering intensity and not on the compositions of the
parent rocks (which may have distinct Na/Al ratios in various upper continental settings), thus highlighting
the validity of applying this Na/Al-based method to the broad East Asian region.

Given a median bulk density of 2 g cm™ for the Red Clay (Y. Sun & An, 2002) and an average deposition
rate of 2.3 cm kyr™ for the Red Clay deposits in the CN section with less varied sedimentation rates in
the section (Song et al., 2001, Figure 3), a total area of 6.4 X 10" m? for the CLP and a calculated mean
Ag value of 0.61 mol C kg™" yield a CO, consumption flux of 0.18 x 10" mol C yr~'. This amount of
CO, consumption accounts for ~0.2% of the current continental silicate weathering sink (Figure 5; global
CO, consumption rates from silicate weathering are 8.70 X 10" mol C yr_1 from Gaillardet et al., 1999, or
7.85 x 10" mol C yr™! from a new analysis of Moon et al., 2014). The above estimate is based on the as-
sumption that eolian material settled over an area covering the entire CLP at ~9-8 Ma. This assumption
is reasonable since the complete Quaternary loess-paleosol sequence is commonly underlain by the eolian
Red Clay formation in the eastern CLP (e.g., Ding et al., 2001; T. S. Liu, 1985) and even in the western CLP
(e.g., Zan et al., 2018). Although there are generally poor preservation conditions for Red Clay accumula-
tion in the western CLP where fluvial systems are fully developed in this tectonically active setting, a recent
study suggests that a great amount of eolian material has settled in the Linxia Basin since ~9-8 Ma (Y. Yang
et al., 2017). Here, the estimated CO, consumption flux of the CLP region should be considered as a lower
limit for the northern part of the East Asian monsoon region (north of the Qinling Mountains-Huai River
Line that marks the climatic boundary of the East Asian monsoon region, Figure 1a) because the tectoni-
cally active western CLP adjacent to the northeastern TP at ~8 Ma can provide more materials subjected to
weathering than the eastern CLP.

5.4. The Upper Limit Estimate of CO, Consumption in Southern East China

Although the eolian Red Clay and loess/paleosol sequence is mainly located in the eastern CLP, it provides
a unique case for directly evaluating the paleo-weathering profile changes in response to the monsoon
climate throughout East Asia because it has not experienced any re-mobilization (e.g., Guo et al., 2001).
Here, we underline the potential wide applicability of the eolian composition at the CLP to the assessment
of regional weathering conditions because many controversial records linked to the Asian monsoon and
weathering conditions are reconstructed by sediments that are transported to the final deposition site after
weathering. The fine-grained eolian sediments in the CLP are well-mixed less-altered materials from a
broad semi-arid and arid region that have been further weathered in the CLP region, thus yielding an inval-
uable archive of in situ weathering conditions mainly driven by monsoon precipitation.

Before the Ay, value derived from the eolian sequence can be applied to the monsoon region in southern
East China (south of the Qinling Mountains-Huai River Line, Figure 1a), we need to further consider fac-
tors that are essential to the weathering comparability between the two regions, such as lithology of parent
rock and soil residence time. First, for the lithology of parent rock, there is a generally good correspondence
of major elements between various independent estimates of the composition of upper continental crust
globally (Rudnick & Gao, 2003), suggesting a relatively constant major elemental and mineralogical com-
position over a large spatial scale. The relationship between the estimated Ag; versus Na,0/Al,O; in various
upper continental crust endmembers (Figure 9b) indicates that A, relies less on the elemental composi-
tions of a specific parent rock but more on the change in the magnitude of silicate depletion. In addition,
major and trace elemental features of the Red Clay and loess/paleosols are also identical to those of upper
continental crust (e.g., Ding et al., 2001), suggesting that the Ay value derived from the CLP can be used
to estimate the large-scale bedrock weathering in southern East China. Second, for the soil residence time
that is mainly controlled by the sedimentation rate of eolian deposits in the CLP and bedrock denudation
rate in southern East China, the southern East China and eastern CLP regions are both generally charac-
terized by topographically low and tectonically stable regions relative to the TP during the late Cenozoic.
In particular, the "’Be-based erosion rate varies from 2 to 5 cm kyr™" in low-elevation areas in South China
(Chappel et al., 2006), which is within a similar range of sedimentation rates as the eolian sequence on the
CLP, 1-3 cm kyr ™" for Red Clay and 6-8 cm kyr ™" for loess/paleosols in the CN section.
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Given the available weathering comparability, however, the enhanced EASM at ~8 Ma, as suggested by our
records in the CLP and northeastern TP in the northern East Asian monsoon region, is contradicted by the
sedimentary archives in the South China Sea (Clift et al., 2014; Wan et al., 2007a). The less-altered material
(with alow chemical alteration index but high chlorite and K/Al ratios) that appeared in the post-~8 Ma sed-
iments in the South China Sea was previously assumed to be caused by a weakened EASM (Clift et al., 2014;
Wan et al., 2007a, 2010), which is inconsistent with our SWI records. In an alternative view, however, the
less-altered material might reflect a strong eolian input of high contents of illite and chlorite caused by the
intensified East Asian winter monsoon since ~8 Ma rather than a weak EASM (Wan et al., 2007b), which
can be supported by the enhanced Asian dust input into the Japan Sea (Shen et al., 2017) and North Pacific
Ocean (Rea et al, 1998) since ~8 Ma. In addition, an enhanced EASM may also induce changes in erosion
and transport regimes in the source-to-sink systems over southern East China, thereby leading to less-al-
tered material accumulation in the South China Sea. In this scenario, however, such weakened weathering
intensity may possibly occur with a higher erosion flux, thereby yielding net CO, consumption. Consider-
ing the above substantial uncertainties, the following estimates based on an assumption that the stronger
EASM at ~9-7 Ma involves the entire southern East Asian monsoon region can be regarded as an upper
limit of CO, consumption over southern East China.

Modern southern East China is characterized by exoreic drainages where erosional detritus is carried by
rivers to the ocean. The erosion rates in this area exhibit a large range of between 250 and >1,000 t km? yr™"
(Walling & Webb, 1983). The >6,000 km long Yangtze River drains variable landscapes with different cli-
mates in southern East China, thereby providing an ideal basis for estimating the area-averaged erosion
rate for the entire study area. Although how much bedload reaches the ocean is debatable, many large
rivers presumably have very small bedloads compared to suspended loads (Milliman & Meade, 1983). We
therefore assume that the suspended load produced over the broad study area, to the first-order, exhibits
the same magnitude as that in the Yangtze drainage basin. The sediment suspended load of the Yangtze
River was 0.48 x 10" kg-yr™" prior to the early 1980s (Milliman & Syvitski, 1992), providing an upper limit
of the erosional flux over the Yangtze drainage basin when agricultural use is considered. Except for the
delta plain and proximal subaqueous delta during the Holocene, the Yangtze River-derived sediment can
be transported to an elongated (~800 km) distal subaqueous mud wedge. This distal mud wedge yields an
annual sediment load of 2.4 x 10" kg yr™" for the past 7,000 years, which is approximately half the cur-
rent annual Yangtze sediment discharge (J. P. Liu et al., 2007). Although the impact of agricultural use is
hard to assess, the distal mud wedge, as one of the reservoirs of the Yangtze sediment, has yielded such a
remarkably high sediment load, suggesting that the present sediment suspended load of the Yangtze River
is a reliable approximation (within an order of magnitude) of that in a “natural” condition. This is contrary
to the Yellow River drainage basin, where the Yellow River sediment load was an order of magnitude lower
before humans began farming the loess hills of northern China (Milliman et al., 1987).

The present sediment suspended load of the Yangtze River can be extrapolated to the entire study area (in-
cluding 15 provinces and autonomous regions of southern East China), with a total area of ~2.6 X 10”2 m?,
ultimately yielding a suspended load of 0.66 x 10" kg yr~'. However, the sediment budget at ~8 Ma is not
clear because, until now, the reconstructed late Cenozoic sediment budgets for the major basin systems of
East Asia have yielded distinct results in terms of long-term change (Clift, 2006; Métivier et al., 1999) and gla-
cial-interglacial variation during the Quaternary (Clift et al., 2004; Clift, 2006; Métivier & Gaudemer, 1999).
Since ~9 Ma, both sedimentation rate models exhibit a similar stepwise increase in sediment accumulation
rate (Figures 11a), although they show very distinct Quaternary mean values, with ~0.05 x 10" kg yr™*
for Clift et al. (2004), who included the Pearl River mouth/South China marginal basins and Yangtze/East
China marginal basins, to ~0.6 X 10"* kg yr~* for Métivier et al. (1999), who included the Pearl River mouth,
East China Sea, Yellow Sea, Bohai, and Okinawa basins. The large-scale capture of sediment onshore for
the Yangtze system or the distinct glacial-interglacial change in erosion flux (Clift et al., 2006) may account
for this inconsistency. The stepwise increase in sediment accumulation rate in East Asia marginal sea is
also consistent with the average Asian mountain erosion rate that was analyzed by the low-temperature
thermochronometry since ~8 Ma (Figures 11b; data from Herman et al., 2013), thus confirming the validity
of relative change in sedimentation rate of East Asia marginal sea. However, the low-temperature thermo-
chronometry data are mainly from bedrocks around the TP and its margins, therefore a mean of mountain
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Figure 11. Estimated CO, consumption flux by silicate weathering in southern East China since ~8 Ma. (a) The
relative change in sedimentation rate in East China normalized by mean values in the Quaternary. The black and blue
lines in (a) are based on the East China Platform data set (Métivier et al., 1999) and integrative flux of the Pearl River
and East China Sea basins (Clift et al., 2004), respectively. (b) Mountain erosion rate at Asia since ~8 Ma using low-
temperature thermochronometry (data are from Herman et al., 2013; the curve shows arithmetic means of 8-6 Ma,
6-4 Ma, 4-2 Ma, and 2-0 Ma time periods, from 60 to 140°N and 20 to 45°E). (c) The erosion flux of the southern East
China monsoon region, which is reconstructed by our estimated modern physical erosion flux of ~0.66 x 10" kg-yr™
for the southern East Asian monsoon region by multiplying the relative variation of the sedimentation rate in (a). (d)
The estimated CO, consumption flux by silicate weathering (e) and its comparison with (f) the stacked SST anomalies
for the Northern Hemisphere (NH), Southern Hemisphere (SH) and tropics (Herbert et al., 2016), (g) marine benthic
oxygen isotope values (Zachos et al., 2001), and (g) atmospheric CO, concentrations (Beerling & Royer, 2011). Purple
lines in (g) mark the lower and upper limits of the reconstructed CO, concentration by various proxies.
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erosion rate at ~8—6 Ma (~0.4 mm yr~") (Figures 11b) cannot be directly used to estimate the erosion rate
over the broad southern East China.

There are large floodplains in East Asia, in which the floodplain area of 541.9 x 10° km” for the Yangtze
River is comparable to the large Ganga & Brahmaputra systems with a floodplain area of 716.9 x 10° km?
(Wittman et al., 2020). Here, the equilibrium time of a sediment-routing system is used to characterize the
time that it takes for this system to respond to a perturbation and then return to a steady state (Beaumont
et al., 2000). The maximum equilibrium time for erosional and depositional processes in most sedimentary
systems is commonly ~10° years (e.g., Romans et al., 2016). Because of the sufficient buffering capacity
of extensive floodplains, the huge floodplains in East China will exhibit a longer equilibrium time at 10°-
10° years compared with the climatic oscillations at 10* years (e.g., Castelltort & Van Den Driessche, 2003;
Covault et al., 2013; Métivier & Gaudemer, 1999). Our estimated present-day average sediment discharge is
thus considered to have remained constant throughout the Quaternary for East China. Based on the relative
changes in sedimentation rate in both budget models for the East Asian monsoon region (Figures 11a), the
sediment accumulation rate since ~9 Ma for monsoon-influenced southern East China could be construct-
ed based on the relative variations multiplied by our present estimated erosion flux of ~0.66 x 10" kg-yr™"
(Figures 11c). Using the sedimentation budget model of Clift et al. (2004), the upper limit of the sedimen-
tation rate estimate at ~8 Ma is 0.26 X 10'* kg yr™" (Figures 11c), which is approximately 40% of the present
erosion flux in modern southern East China.

Overall, a A value of 0.61 mol C kg™" for upper crust weathering over southern East China yields a CO,
consumption flux for southern East China ranging from ~1.0 X 10" mol C yr™* (using the model of Métiv-
ier et al., 1999) to ~1.6 X 10" mol C yr™* (using the model of Clift et al., 2004) (Figures 11d) at ~8 Ma. The
upper limit of the estimated CO, consumption flux for the entire East Asia monsoon region (including the
CLP and southern East China) is thus ~1.8 x 10" mol C yr™', accounting for 2% of the current continental
silicate weathering sink (Figure 5; Gaillardet et al., 1999; Moon et al., 2014).

5.5. Implications

The estimated CO, consumption flux caused by enhanced silicate weathering in the East Asian monsoon
region at ~8 Ma ranges from 0.18 x 10" mol C yr ™" to ~1.8 X 10" mol C yr™', which corresponds to 0.2%-2%
of the current continental silicate weathering sink (Figure 5; Gaillardet et al., 1999; Moon et al., 2014). The
carbon cycle should remain in a close balance (Berner & Caldeira, 1997). A modeling study further suggests
that only a sustained 0.25%-0.5% increase in the silicate weathering rate globally with the varying strength
of silicate weathering feedback is necessary to explain the long-term decline in the atmospheric CO, content
over the Cenozoic (Caves et al., 2016; Caves Rugenstein et al., 2019). Our study thus suggests that the CO,
sink arising from enhanced silicate weathering over the East Asia monsoon-influenced region likely has
a significant role in the global carbon cycle because this climate-induced carbon sink represents an addi-
tional flux that can be incorporated into the existing global carbon budget since ~8 Ma. This emerging at-
mospheric CO, consumption mechanism differs from the long-existing mechanism, in which high erosion
rates in tectonically active southern TP regions produce overall high silicate weathering fluxes and organic
carbon burial rates (e.g., France-Lanord & Derry, 1997; Raymo et al., 1988). Compared with the southern TP
region, the majority of the East Asian monsoon-influenced region was generally topographically low and
tectonically less active under a crustal extension setting caused by the westward subduction of the Pacific
Plate beneath the eastern edge of the Eurasian continent since the Mesozoic (L. G. Fan et al., 2019; Y. Zheng
et al., 2013). This region could thus be reasonably regarded as being within a uniformly stable and low-ero-
sion regime. In this regard, the increase in silicate weathering in East Asian monsoon regions could have
acted as a potential geological sink for atmospheric CO, because the increase in the SWI caused by strong
monsoon precipitation likely induced an increase in the silicate weathering flux.

Such enhanced weathering of the upper continental crust by the East Asian monsoon likely caused a rap-
id reduction in atmospheric CO, and a series of related feedback effects, e.g., an increase in continental
weatherability that is regarded as a primary control of Neogene cooling (Caves Rugenstein et al., 2019) by
involving a large area of less-altered eolian and fluvial deposits in the CLP. The maximum period of late Mi-
ocene global cooling, as evidenced by a remarkable decline in global sea surface temperature at ~7-5.4 Ma
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(Figures 4d and 11e), supports a significant decline in the atmospheric CO, level (Herbert et al., 2016),
which is difficult to discern in most existing pCO, reconstructions due to their significant uncertainties
(Figures 11g, Beerling & Royer, 2011). Our study thus illustrated a new atmospheric CO, consumption
mechanism (Figure 5), providing evidence that the CO, sink at ~9-7 Ma related to the intensification of the
East Asian monsoon likely contributed to a lowering of atmospheric CO,, which led to the maximum global
cooling (Herbert et al., 2016) and development of the Northern Hemisphere ice sheet (Larsen et al., 1994)
since ~7 Ma (Figure 5). The uplift of the TP has promoted CO, consumption not only through a strong ero-
sion-driven generally low SWI but also through high silicate weathering flux in the tectonically active pla-
teau region, as suggested by many previous studies (e.g., France-Lanord & Derry, 1997; Raymo & Ruddiman
et al., 1992), as well as through intensifying the monsoon precipitation-driven enhanced intensity and flux
of silicate weathering over the East Asian monsoon region, as shown by our study.

6. Conclusions

The chemical weathering processes on the northeastern TP and the adjacent western CLP region have
exhibited a significant increase in the SWI at ~9-7 Ma. Based on the Na/Al-clay mineral assemblage cor-
rection, our study presents the first quantitative estimate of the maximum CO, consumption flux by en-
hanced silicate weathering over the East Asian monsoon-influenced region at ~8 Ma. The estimated flux of
~0.18 x 10" mol C yr™" for the lower limit of the CLP region and ~1.6 x 10" mol C yr™" for the upper limit
for southern East China collectively yield a total CO, consumption flux in the entire East Asian monsoon
region ranging from ~0.18 x 10" mol C yr™* to ~1.8 x 10" mol C yr™', which accounts for 0.2%-2% of the
modern continental silicate weathering flux. Our study suggests that the uplift-driven reorganization of
the climatic pattern in tectonically less active East Asia might have played a significant role in the lowering
of atmospheric CO,, late Miocene global cooling and development of the Northern Hemisphere ice sheet
starting at ~7 Ma. Given the considerable uncertainties in climatic reconstructions and sediment budgets,
accurately estimating the flux of the climate-induced carbon sink and assessing its significance to the global
carbon cycle need to be further verified using more precise geological archives.
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