
1.  Introduction
The regional climate of East Asia is influenced by several atmospheric circulation systems, including the 
mid-latitude westerly winds, the East Asian Winter Monsoon (EAWM), and the East Asian Summer Monsoon 
(EASM). Changes in the westerlies and the Siberian-Mongolian High, the latter of which influences low-level 
winds associated with the EAWM, have previously been considered as mechanisms linking abrupt climate changes 
in the North Atlantic and East Asia, at least over the last ∼60 thousand years (Kyr) (e.g., Kang et al., 2022; Sun 
et al., 2012; Zheng et al., 2017). For example, it has previously been suggested that shifts in Atlantic Meridional 
Overturning Circulation (AMOC) at least partially controlled atmospheric circulation over East Asia during 
the late Pleistocene (Vandenberghe et al., 2006). As such, numerous studies have attempted to characterize the 
timing and magnitude of shifts in these wind systems over the last several tens of thousands of years using various 
archives in Asia (e.g., Kang et al., 2022; Safaierad et al., 2020; Sun et al., 2012).

Wind is an important driver of dust emissions and transport, and as such records of dust activity in East Asia 
can provide insight into changes in the regional monsoonal systems and the westerlies. The EAWM (Kang 
et al., 2015, 2022), EASM (Yang & Ding, 2008) and Northern Hemisphere westerlies (Y. Li et al., 2016) have 
all previously been invoked to explain patterns of East Asian dust deposition and grain size during the late 
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Plain Language Summary  Dust storms occur frequently throughout Central and East Asia today. 
Several driving factors, particularly related to the East Asian Summer Monsoon, the East Asian Winter 
Monsoon (EAWM), and the westerlies, can influence dust production and transport in these regions, both in 
the modern and during the past. Uncovering the dominant factor(s) can assist in furthering our understanding 
of atmospheric circulation over Asia during climates both similar and different from today. Here, we collected 
sediments from a crater lake (Lake Tuofengling (TFL)) located in northeastern Asia and reconstructed dust 
inputs over the past 25 thousand years. We found that the dust delivered to TFL sediments is mainly sourced 
from the Mongolian Plateau associated with transport via winds related to the EAWM. Further in-depth 
analysis indicates that shifts in ice volume and Atlantic Ocean circulation may be important drivers for the 
EAWM, at least over the past 25 thousand years.
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Pleistocene. On a broader scale, some existing records show correspondence between changes in AMOC, Asian 
atmospheric circulation, and dust deposition on the Chinese Loess Plateau (CLP) and in northeast Iran (Kang 
et al., 2022; Safaierad et al., 2020; Sun et al., 2012). As a result, reconstructions of Asian dust, specifically from 
regions impacted by monsoon systems and the westerlies, may provide insight into changing characteristics of the 
atmospheric conditions as well as their linkage to North Atlantic climate. One such area is northeastern China, 
which lies at the northernmost margin of the EASM and is influenced by the EAWM and the westerlies as well. 
Considering the location, archives containing dust from northeastern China could provide crucial constraints on 
the relationship between the climate of East Asia and the broader Earth System.

Peatland and lake sediments from northeastern China have been used to trace the source of dust and its tempo-
ral variability in relation to external forcing(s) (Fialkiewicz-Koziel et  al.,  2022; Pratte et  al.,  2019; Zaarur 
et al., 2020; Zhou et al., 2023; Zhu et al., 2013). A 14 Kyr-long dust flux record from the Hani peatland displays 
a sharp increase in dust deposition during the late Holocene compared to the middle and early Holocene, which 
the authors suggest implies modulation by variations in the EASM (Pratte et al., 2019). A low-resolution record 
of Nd and Sr isotopes from Lake Sihailongwan indicates that changes in the isotope composition of the sedi-
ments could be related to either the El Nino Southern Oscillation, or to delays in the onset of EASM precipitation 
(Zaarur et al., 2020). Additionally, rare earth element (REE) ratios of Motianling peatland sediments in Aershan 
in the Great Hinggan Mountains resemble dust samples from the Gobi and northern Chinese deserts, pointing 
to transport via the westerlies and EAWM-related winds (Fialkiewicz-Koziel et al., 2022). Finally, Nd and Sr 
isotope measurements from Lake Tianchi indicate that the Hulun Buir Sandy Land (HBSL) is the main source 
of dust to the area during the Holocene, and the reconstructed dust flux shows an overall decreasing trend of 
aridity from the early to mid-Holocene (Zhou et al., 2023). While the aforementioned datasets have attempted 
to provide constraints on the drivers of terrestrial inputs to various archives, the response of dust activity to 
changes in EAWM intensity, and potentially North Atlantic climate, from a northeastern China perspective 
is still not well studied, ultimately hindering our understanding of Asian dust dynamics since the last glacial 
period. Considering the results of these previous studies, remote impacts of the North Atlantic climate change 
on atmospheric circulation over East Asia, and in turn regional dust variability, can be assessed using proxies 
for dust provenance.

Here, we provide a new record of major element and Nd-Sr isotope compositions from a crater lake in north-
eastern China spanning the past ∼25 Kyr. Lake Tuofengling (TFL) is situated at the northern limit of the EASM 
and downwind of the EAWM, making it an ideal archive to record dust variations impacted by these monsoonal 
systems. We propose that the observed Nd and Sr isotope and dust flux variations reflect changes in the strength 
of the EAWM in northeastern China. The correspondence between our dust flux reconstruction and broader 
shifts in the climate system (i.e., ice sheets and AMOC) provides evidence for synchronous changes in dust storm 
activity and ice volume as well as North Atlantic climate over the past 25 Kyr BP.

2.  Methods
2.1.  Sediment Archive

Lake TFL (47°27′39″N, 120°38′22″E, 1275 m a.s.l.) is located in the Arxan-Halaha volcanic field in the central 
part of the Great Khingan Mountain Range, Yiershi Town, Arxan City, Inner Mongolia, northeastern China 
(Figure 1a). The crater lake is a small, hydrologically closed lake formed during the late Pleistocene. It sits atop a 
scoria cone composed of scoriaceous pyroclastic deposits (Ho et al., 2013; Y. Zhao & Fan, 2012).

Lake TFL is situated at the northern limit of the EASM and downwind of low-level winds associated with the 
EAWM (Figure 1b). The presence of large subtropical deserts in and around Central and East Asia, capable of 
releasing substantial amounts of dust particles into the atmosphere, make East Asian sedimentary sequences 
potential records of regional atmospheric circulation systems.

A 12.55 m-long sediment core was retrieved in June 2017 from the center of Lake TFL at a water depth of about 
32 m using a 55 mm diameter percussion corer (Figure 1c). The upper 6.2 m of the core is black in color, with 
substantial organic material. A gradual color transition occurs from black to gray-yellow between 6.2 and 7.5 m. 
The section below 7.5 m is gray-yellow in color. The core was subsampled continuously at 1 cm intervals. The 
sediment subsamples were freeze-dried and then weighed for the determination of dry bulk density (Text S1 in 
Supporting Information S1).
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Figure 1.  Location of Lake Tuofengling (TFL) as well as sample locations cited in this study as well as dust source discrimination of Lake TFL sediments using major 
element geochemistry and Nd-Sr isotopes. Arrows indicate monthly 850 hPa winds for January averaged from 1948 to 2014 (data are taken from www.esrl.noaa.gov/
psd/) (a). Red solid dots denote Lake TFL. The other dots show the locations cited in this study. Lake SHL, Lake Sihailongwan; GL, Gulang loess; JY, Jingyuan loess; 
EAWM, East Asian Winter Monsoon; EASM, East Asian Summer Monsoon. (b) Topographic map showing Lake TFL and its adjacent region. (c) Lake TFL and 
its catchment. (d) Plot of K2O/Al2O3 versus TiO2/Al2O3 molar ratios for the samples from Lake TFL in northeastern China and Hani peat (Pratte et al., 2019), Lake 
Sihailongwan (Zaarur et al., 2020), the Hulun Buir Sandy Land (HBSL) (Xie et al., 2018), North Mongolian Plateau (NMP) (W. Zhao, 2015), North Margin of Tibetan 
Plateau (NMTP) (Lin et al., 2020), Southern Mongolian Plateau (SMP) (W. Zhao, 2015) and the local volcanic rocks (Ho et al., 2013; Y. Zhao & Fan, 2012). The 
red, green, black and black lines indicate the end member mixing lines between local volcanic rocks and remote dust from the NMP, the SMP, the average Mongolian 
Plateau, and the NMTP, respectively, with 10% increments denoted. The element concentrations of potential source areas are provided in the Table S2 in Supporting 
Information S1. (e) Comparisons of ƐNd(0) and  87Sr/ 86Sr composition of Lake TFL samples with regional lake and peatland records as well as potential source regions. 
Potential sources of Asian dust include the deserts from the NMTP (<75 μm; Taklamakan desert, Qaidam basin, Badain Jaran and Tengger desert (Chen et al., 2007; G. 
Li et al., 2009)); Ordos Plateau (OP), including Hobq and Mu Us (Chen et al., 2007; G. Li et al., 2009); NMP (W. Zhao et al., 2015); SMP (Biscaye et al., 1997; Bory 
et al., 2003; W. Zhao et al., 2015); HBSL (Chen et al., 2007; Xie et al., 2018). Regional records include Lake Sihailongwan (Zaarur et al., 2020), Motianling peatland 
(Fialkiewicz-Koziel et al., 2022) and Lake Tianchi (Zhou et al., 2023). The black and blue lines indicate the endmember mixing lines between local volcanic rocks 
(Ho et al., 2013; Y. Zhao & Fan, 2012) and remote dust from the MP and NMTP, respectively, with 10% increments denoted. Local volcanic rocks, MP and NMTP 
endmember isotopic compositions and element concentrations are provided in the Table S3 in Supporting Information S1.
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2.2.  Chronology

Eleven freeze-dried samples (five terrestrial plant material samples, two insects, three bulk sediment samples, 
and one organic sediment sample) were taken from the core for radiocarbon dating via accelerator mass spectrom-
etry (AMS) at the Beta Analytic Laboratory (USA). The results were converted to calendar age based on IntCal13 
(Reimer et al., 2013). Ages are expressed in years before present (BP), where “present” is defined as calendar year 
1950. The Bayesian age model was produced using the 11 AMS  14C dates and the “BACON” program following 
the method of Blaauw et al. (2018) with the “R” software (R Development Core Team, 2010). The age model for 
Lake TFL demonstrates that the core spans the past ∼25,000 calendar years. All radiocarbon data are listed in 
Table S1 in Supporting Information S1 and shown in Figure S1 in Supporting Information S1.

2.3.  Elemental Geochemistry and Nd-Sr Isotopes

A total of 34 bulk samples were processed for elemental geochemistry and Nd-Sr isotopes. Samples were 
freeze-dried and powdered using an agate mortar and pestle. Organic matter and carbonate in the samples were 
removed using 10% H2O2 and 10% HCl, respectively. About 200 mg of decarbonated dry lake sediments powder 
was placed in Teflon® vessels (50 mL) along with 3 mL of concentrated HNO3 and 1 mL of concentrated HF. 
The vessels with the sample powders were heated in an oven for 48 hr at 180°C in an Acid Digestion Bomb. After 
cooling, the solutions were evaporated to near dryness on a hotplate. The remaining solutions were then diluted 
with 2% HNO3 and transferred to centrifuge tubes. A portion of the digested samples were run for major elements. 
Specifically, selected major element (Na, Mg, Al, K, Ca, Fe, Ti, and Mn) measurements were completed on an 
Agilent Technologies 7500ce Q-ICP-AES at the Nanjing Institute of Geography and Limnology, Chinese Acad-
emy of Sciences (NIGLAS). The remaining fraction of the dissolved samples digested was used for Nd-Sr isotope 
analysis. Chemical separations were performed in a Class 100 clean lab. Nd-Sr isotopes were measured using a 
Neptune Plus MC-ICP-MS at the State Key Laboratory of Palaeobiology and Stratigraphy (SKLPS) in Nanjing 
Institute of Geology and Palaeontology, Chinese Academy of Sciences (NIGPAS). For Sr isotopes, in-run mass 
bias was corrected by normalizing measured isotopes to  86Sr/ 88Sr = 0.1194. In-run mass bias for Nd isotopes was 
corrected by normalizing measured isotopes to  146Nd/ 144Nd = 0.7219. Nd isotope ratios are reported as εNd(0), the 
deviation in parts per 10,000 from the “chondritic uniform reservoir” value of  143Nd/ 144Nd = 0.512638 (Jacobsen 
& Wasserburg, 1980). Detailed Nd-Sr isotopes measurements procedures are provided in Text S2 in Supporting 
Information S1.

3.  Results and Discussion
The upper continental crust (UCC)-normalized (Rudnick & Gao, 2014) concentrations of major elements in the 
Lake TFL sediments exhibit lower values (except for K2O and P2O5) than the local mafic alkali olivine basalt 
and olivine tholeiite (Figure S2 in Supporting Information S1) (Ho et al., 2013; Y. Zhao & Fan, 2012). In fact, 
the deviation of UCC-normalized patterns of Lake TFL major element concentrations from the local parent 
material suggests mixing between the local basalts (Ho et al., 2013; Y. Zhao & Fan, 2012) and another more 
distally-derived component (Figure S2 in Supporting Information S1). The Al2O3/TiO2 ratio of TFL Lake sedi-
ments ranges from 12.7 to 19.4, within the range of 8 and 21, suggesting a mix between local mafic rocks and 
material more felsic in composition (Girty et al., 1996). Because the lake has no inlet or outlet, the felsic material 
is most likely windblown aeolian dust derived from semi-arid and arid regions upwind. The North Mongolian 
Plateau (NMP), South Mongolian Plateau (SMP), and HBSL are the most likely potential source regions, as the 
dust emitted from these two regions could be transported to Lake TFL via the EAWM (Chen et al., 2007; W. Zhao 
et al., 2015) (Figure 1b). TiO2/Al2O3 and K2O/Al2O3 molar ratios are compared to aid in identifying the source 
regions of material deposited in Lake TFL sediments. Using the TiO2/Al2O3 and K2O/Al2O3 molar ratios of these 
potential source areas and our samples, we find that the lithogenic fractions of Lake TFL could distribute along 
mixing lines between the NMP endmember and local volcanic rocks as well as the SMP and local volcanic rock, 
with the two Mongolian Plateau (MP) sources dominating in each case (Figure 1d). For simplicity and complete-
ness, we consider the NMP and SMP as a combined MP source for the remainder of our analysis and discussion.

To test our hypothesis for the provenance of the felsic fraction of Lake TFL sediments based on major element 
ratios, we use Nd and Sr isotopes, which have been shown to be effective indicators of sediment provenance 
(Chen et al., 2007; Grousset & Biscaye, 2005). The Nd and Sr isotope records varied markedly over the past 
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∼25 Kyr BP (Figures 1e, 2a and 2b). The εNd(0) values of our samples range 
between −6.72 and −2.35, while the  87Sr/ 86Sr ratios range between 0.708256 
and 0.713075 (Figure 1e; Supplementary Dataset). εNd(0) values and  87Sr/ 86Sr 
ratios of Lake TFL sediments exhibit negative correlations. Additionally, the 
Nd and Sr isotope compositions of the sediments are distinctly different from 
those of the basaltic rocks surrounding the lake (Ho et al., 2013; Y. Zhao & 
Fan, 2012). Specifically, εNd(0) values are lower, while  87Sr/ 86Sr ratios are 
much higher.

The negative correlation between the Nd and Sr isotope composition of 
the silicate fractions of Lake TFL sediments also suggests binary mixing 
between the local mafic bedrocks and a dust with more evolved composition 
that likely originates from upwind desert areas (Figure 1e). A large database 
of Nd and Sr isotopes of detrital sediment from various size fractions (<63, 
<10, and <2 μm) exists for both the HBSL and the Mongolian Gobi desert 
(i.e., the MP) (Chen et  al.,  2007; G. Li et  al.,  2009; Xie et  al.,  2018; W. 
Zhao et al., 2015). The local Halaha volcanic rocks are characterized by high 
εNd(0) values and less radiogenic  87Sr/ 86Sr ratios (Ho et al., 2013; Y. Zhao 
& Fan, 2012). Aeolian dust transported from the Mongolian Gobi desert is 
also a potential source with low εNd(0) values and radiogenic  87Sr/ 86Sr ratios 
(Chen et al., 2007; G. Li et al., 2009; Xie et al., 2018; W. Zhao et al., 2015). 
Binary mixing between local volcanic debris and remote aeolian dust from 
the Mongolian Gobi desert (here we use the average isotope values of the 
SMP and NMP, but not the HBSL) can account for the negative Nd-Sr 
isotope correlation of Lake TFL sediments (Figure  1e). This finding is 
consistent with our interpretations of the TiO2/Al2O3 and K2O/Al2O3 molar 
ratios, which can also be used to distinguish sediment source areas (Hao 
et al., 2010; Peng et al., 2016). Based on these observations, it is clear that the 
felsic end member of the Lake TFL sediments is derived mainly from arid, 
dust-producing regions in the MP rather than the HBSL (Figures 1d and 1e).

We note that the Northern Margin of the Tibetan Plateau (NMTP) could also 
be a possible dust source region for Lake TFL sediments. However, endmem-
ber modeling of both major elements and Nd and Sr isotopes shows only a 
minor overlap between Lake TFL sediments and mixing of local volcanics 
and NMTP material (Figure 1e), indicating that the NMTP is not the main 
source region for non-local terrigenous material. Additionally, Lake TFL is 
located far to the north of the NMTP sources, and not within the typical trans-
port pathway of dust sourced from central China today (Tsai et al., 2008), 
further ruling out the potential of the NMTP as the dominant source region 
of dust in TFL sediments. In summary, the Nd-Sr isotope composition and 
elemental geochemistry of Lake TFL deposits in northeastern China suggest 
that the deserts in the MP are the main source of dust in Lake TFL.

Our ∼25 Kyr-long, millennial-scale Nd and Sr isotope record from Lake TFL 
is an important contribution to our understanding of dust provenance and 
atmospheric dynamics of East Asia, as there is a paucity of Nd-Sr isotope 
data from northern China that span the period from the Last Glacial Maxi-
mum (LGM) to present. The nearest Nd-Sr isotope record, which only 
captures the last 135 years, is from the Motianling peatland, a few tens of 
kilometers away from Lake TFL. The authors of this study found that detri-
tal material in the peat were sourced from northern China and Mongolia 
(Fialkiewicz-Koziel et al., 2022), similar to our results for the last ∼25 Kyr. 
However, their data also showed that the HBSL could be an additional poten-
tial source region of dust found in the Motianling peat (Figure 1e). While this 
may seem to contradict our results, one confounding factor when applying 

Figure 2.  East Asian and global climate records from LGM to present. (a) 
Lake TFL  87Sr/ 86Sr ratios; (b) Lake TFL ƐNd(0) values; (c) Dust fraction for 
Lake TFL sediments calculated using Nd-Sr isotope endmember modeling 
approach; (d) Linear sedimentation rate of Lake TFL; (e) Dry bulk density 
for Lake TFL sediments; (f) Lake TFL dust flux based on calculated dust 
fraction multiplied by the age model-derived linear sedimentation rate and 
dry bulk density; (g) grain-size record from the Chinese Loess Plateau (CLP) 
(Sun et al., 2012); (h) stacked mass accumulation rate (MAR) record in the 
Yili Basin, Central Asia (CA) (Kang et al., 2022); (i)  4He-terr flux record at 
site SO202-7-6 in western Subarctic North Pacific Ocean (Serno et al., 2015); 
(j) Ca 2+ concentration from Greenland Ice Sheet Project (GISP) 2 ice cores 
as a proxy for dust input in Greenland (Mayewski et al., 1997); (k) Dust 
fluxes for the North Greendland Ice Core Project (NGRIP) ice core using the 
published dust concentration data, reconstructed ice accumulation rates for 
the NGRIP ice core (Ruth et al., 2007), and the density of ice (917 kg/m 3) 
(Serno et al., 2015); (l)  231Pa/ 230Th ratios from the subtropical North Atlantic 
(McManus et al., 2004) as a proxy for the strength of AMOC; (m) Global 
benthic δ 18O as a proxy for global ice volume and deep water temperature 
(Lisiecki & Raymo, 2005). Eleven AMS  14C dates and errors (2σ error bars 
at top) are also plotted. YD, Younger Dryas stadial; B/A, Bølling–Allerød 
interstadial; HS1, Heinrich Stadial 1; LGM, Last Glacial Maximum; TFL, 
Lake Tuofengling.
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the findings of Fialkiewicz-Koziel et al. (2022) to paleo-dust records on longer timescales is that human activity 
and/or recent vegetation change in the HBSL could provide a mechanism to explain emitted dust transported to 
the Motianling peatland in the recent past (Liang et al., 2022). For completeness, we note that the absence of 
HBSL dust in Lake TFL sediments could also be attributed to the low resolution (∼0.74 Kyr between samples on 
average) of the record from Lake TFL, which may not record extreme dust events in the HBSL as described in 
Fialkiewicz-Koziel et al. (2022).

Other regional records are from Lake Sihailongwan, the Hani peatland, and Lake Tianchi (Figures 1a and 1b). 
The elemental and Nd-Sr isotopic compositions of Lake Sihailongwan sediments spanning the last 80 Kyr suggest 
that lake sediments are dominated by aeolian input from the arid regions of northern China, with little contribu-
tion of local volcanic material (Zaarur et al., 2020). However, source identifications based on Nd and Sr isotopes 
from the sediments of Lake Sihailongwan seem more complicated than those of Lake TFL. This could arise 
because these records may be affected by remote dust delivered via upper-level westerlies from the deserts of 
western China (Zaarur et al., 2020). By contrast, Lake TFL, located farther to the north, is predominantly in the 
pathway of dust transportation via the EAWM, bringing detrital material from more northern areas (i.e., the MP) 
than that received by Lake Sihailongwan and the Hani peat (Figure 1), although this remains a speculation. Nd-Sr 
isotopes and elemental ratios of the clastic materials in Holocene sediments from Lake Tianchi are posited to be 
mainly sourced from the HBSL, even though Nd-Sr isotopes exhibit similar compositions with that of Lake TFL 
(Zhou et al., 2023) (Figure 1e). Taken together, our results combined with existing datasets indicate that the Lake 
TFL geochemical data may provide a unique record of MP-derived dust, and in turn could be used to reconstruct 
variations in regional atmospheric circulation.

To directly constrain changes in dust input, we use a mixing model based on the combined Sr and Nd isotopes 
between the MP and local volcanic endmembers to calculate a dust fraction spanning the last ∼25 Kyr (Figure 1e; 
Text S3 in Supporting Information S1). Using this dust fraction record, age model-derived linear sedimenta-
tion rates, and dry bulk density (Text S1 in Supporting Information S1), we then calculate dust fluxes for Lake 
TFL. Prominent features of our dust flux record are (a) a markedly high dust input during the early LGM and 
Heinrich Stadial 1 (HS1), (b) a decline in dust between ∼21–18 Kyr BP, (c) a decrease during the interval of 
∼16–11 thousand years ago (ka), and (d) relatively constant and low dust supply during the Holocene (Figure 2f). 
These changes generally correspond to other dust records from East Asia (Figures 2g and 2h) that are proposed 
to be impacted predominantly by the EAWM (Sun et al., 2012). The two isotope records show similar variabil-
ity to the dust fluxes (i.e., high in the early LGM and low in the Holocene), except for the change during HS1, 
where dust fluxes seem to be driven by an increase in sedimentation rate at this time. The slight inconsistency 
observed between the Nd and Sr isotope records, especially during the deglacial period (∼14–11.7 ka), might 
be attributed to effect of grain size on the Sr isotopes, with fine fractions having more radiogenic  87Sr/ 86Sr (e.g., 
Chen et al., 2007). Regardless, the major features of the isotope records (and the mixing curves produced for 
identified endmembers) for Lake TFL sediments indicates that source change may have been the dominant factor 
controlling the Nd and Sr isotopic compositions (and in turn dust fractions), with grain size possibly exerting only 
a minor effect (Figures 1e, 2a, and 2b). Overall, we find that the observed variability in dust deposition during 
these specific intervals, along with our dust provenance data and archive location, imply a link to shifts in the 
low-level winds related to the EAWM over the last ∼25 Kyr BP. For completeness, we note that the westerlies 
could also play a role in bringing material to Lake TFL. However, considering the dust source identified here and 
its relation to the deposition site, the westerlies (particularly the near-surface component) are likely not the domi-
nant transport mechanism for dust transport to Lake TFL, particularly during colder climate when the westerly 
jet remains south of the Tibetan Plateau for much of the year (Chiang et al., 2015). Regardless, while we focus 
on the connection between broader climate change in the Earth System and the EAWM for the remainder of our 
interpretations, there is a similar pattern of variability between the EAWM and the westerlies over East Asia for 
the late Pleistocene (e.g., Vandenberghe et al., 2006), implying our interpretations regarding distal forcing mech-
anisms are independent of the dominance of a particular feature of regional atmospheric circulation.

With confidence in the primary driver of dust deposition in Lake TFL for at least the last ∼25 Kyr BP, we now 
turn to assessing its relationship to climatic changes during the late Pleistocene and Holocene. A comparison of 
the Lake TFL sediment record with an aeolian dust flux record from the subarctic North Pacific Ocean (Serno 
et al., 2015) as well as Ca 2+ concentrations and dust flux from Greenland (Mayewski et al., 1997; Ruth et al., 2007) 
demonstrates that the dust variations in all three locations are relatively similar since at least ∼25 ka BP, but with 
notable differences (Figures 2i–2k; Figures S3 and S4 in Supporting Information S1). Some millennial-scale 
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features (e.g., the Younger Dryas and Bølling-Allerød) are absent in our record, which may be due to the reso-
lution of our age model and/or sampling interval (∼0.74 Kyr) across these intervals. However, our new record 
contains an increase in dust during HS1, which is not observed in the other records mentioned here. Additionally, 
while the North Pacific and Greenland records display an abrupt change in dust inputs across the deglaciation, 
the Lake TFL dust flux reconstruction seems to show a gradual change from the end of the LGM to the beginning 
of the Holocene. These discrepancies may point to multiple mechanisms driving EAWM variations (and regional 
dust dynamics) during the last ∼25 Kyr BP that are not reflected in more distal dust archives. We now turn to eval-
uating previously proposed connections between East Asian atmospheric circulation and Northern Hemisphere 
climate in the context of our geochemical records from Lake TFL.

The overall pattern of dust flux in Lake TFL resembles that of global ice volume and bottom water temperatures, 
implying a connection to ice sheets and the broader climate system (Lisiecki & Raymo, 2005). It has previously 
been suggested that Northern Hemisphere ice sheets could modulate the Siberian High (e.g., Kang et al., 2022), 
which in turn may impact the low-level winds associated with the EAWM that supply dust to Lake TFL. On 
shorter timescales, we also find that there are instances where variations in Lake TFL dust fluxes do not corre-
spond to changes in global ice volume, such as between 18 and 21 ka BP. Interestingly, this is a period (right 
before the HS1 event) where proxy data suggests a stronger AMOC prevailed (McManus et al., 2004). It has 
been suggested that the AMOC exerts an important role in driving the abrupt monsoon changes in East Asia via 
its effects on Northern Hemisphere meridional temperature gradients (Safaierad et al., 2020; Sun et al., 2012). 
Considering the similarities and differences between our dust flux record from Lake TFL, other dust records from 
the North Pacific Ocean and Greenland, global ice volume, and North Atlantic Ocean circulation, we suggest that 
high latitude cooling delivered cold air masses to northeastern China (Zheng et al., 2017) and enhanced the north-
westerly winds linked to the EAWM (and likely also intensified the mid-latitude westerlies) over East Asia during 
the early LGM. Subsequently, the EAWM weakened across the deglaciation and remained weak during the Holo-
cene, predominantly driven by Northern Hemisphere ice sheets and global temperatures. However, within the 
deglaciation, abrupt changes in AMOC may have provided an additional forcing mechanism on the EAWM, lead-
ing to periods of differences between our dust fluxes and the benthic oxygen isotope record (Figures 2l and 2m) 
(Lisiecki & Raymo, 2005; McManus et al., 2004).

In summary, new elemental and Nd-Sr isotopic compositions of sediments from a crater lake in northeastern 
China allow for the reconstruction of East Asian dust deposition over the past ∼25 Kyr BP. Based on provenance 
analysis, we find that the EAWM is the dominant driver of dust input to Lake TFL across the LGM, deglaciation, 
and Holocene. By comparing our new dust flux record to other reconstructions of dust variations and the broader 
climate system, we propose that our data supports teleconnections between northeastern China, ice volume, and 
ocean circulation on sub-orbital time scales, and that shifts in these systems over the last ∼25 Kyr BP led to rapid 
climate reorganizations in West Asia, Central Asia, as well as northeastern Asia (Kang et al., 2022; Safaierad 
et al., 2020; Sun et al., 2012).

Data Availability Statement
The major element and Nd-Sr isotope data used in this study are available online at the Figshare data repository 
link: https://figshare.com/articles/dataset/Dataset_of_Tuofengling_Lake_xlsx/22247866.
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