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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   Central Asia showed enhanced aridification after ~0.8 Ma, with periodicity shifting from 41 kyr to 100 kyr.

■   Asian dust emissions and transport peaked after ~1.0–0.8 Ma, with enhanced glacial–interglacial variability.

■   Global cooling drove Asian dust activity by influencing erosion, climate, and vegetation.
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The mid-latitude Asian regions are the world’s second-largest dust source
and are sensitive to global climate change. However,  the paucity of inland
dust  records  limits  our  understanding  of  regional  atmospheric  circulation,
Asian  aridification,  and the  global  climatic  and ecological  impacts  of  dust
emissions. Here, we present the first high-resolution dust flux record from
the  arid  regions  of  Central  Asia,  west  of  the  Pamir  Plateau,  covering  the
past 2.7 Myr. By integrating this new record with a compilation of existing
datasets, we show that enhanced aridification occurred in Central Asia after
~0.8 Ma, with a dominant periodicity shift from 41-kyr to 100-kyr during the
Mid-Pleistocene  Transition  (MPT).  Further,  a  source-to-sink  spatial
comparison  of  dust  fluxes  indicates  that  Asian  dust  activity  reached  its
highest  levels  after  the  MPT,  accompanied  by  increased  amplitude  of
glacial–interglacial  fluctuations.  These  patterns  correspond  strongly  with
variations in global ice volume across the time–frequency domains, imply-
ing  a  strong  coupling  between  Asian  dust  activity  and  global  cooling.  We
propose that,  in addition to an arid climate, intensified glacial erosion, and
reduced vegetation cover are critical drivers of enhanced Asian dust emis-
sions  and  transport  during  periods  of  global  cooling.  Under  ongoing  and
projected future global warming, the rapid glacier retreat across the Tibetan
Plateau  and  surrounding  mountains,  along  with  regionally  increased
precipitation  and  enhanced  vegetation  cover  in  dust  source  regions,  may
reduce  the  availability  of  fine-grained,  erodible  sediments  and  stabilize
surface soils,  gradually  weakening  Asian  dust  emissions  and  their  influ-
ence on marine productivity and biodiversity in downwind oceans.

 INTRODUCTION
The Asian inland arid  region,  the largest  continuous arid  zone in  the mid-

latitudes of the Northern Hemisphere, covers ~7 million km2 and supports a
human population of ~600 million. Characterized by extremely low precipita-
tion, strong evaporation, sparse vegetation cover, and frequent high-intensity
winds,  this  region  is  prone  to  severe  sandstorm  activity  and  possesses  a
fragile ecological environment. As the world’s second-largest dust source, the
mid-latitude Asian arid region emits on average ~2,000 teragrams (Tg; 1 Tg =
1012 grams) of dust annually, accounting for nearly 40% of global dust emis-
sions (Figure 1).1

On  the  one  hand,  fine-grained  Asian  dust  particles  are  entrained  into  the
upper-level  westerlies  and  transported  over  long  distances  to  the  North
Pacific  Ocean,  the  western  coast  of  North  America,  and  Greenland.2–4 By
regulating  the  Earth’s  radiative  energy  balance  and  influencing  marine  and
terrestrial  biogeochemical  cycles,  these particles  profoundly  impact  regional
and global climate systems.1,5–9 On the other hand, coarse dust particles are
predominantly  transported  by  the  lower-level  westerlies  and  East  Asian
winter  monsoon  (EAWM)  to  areas  downwind  of  the  source  deserts,  where
they  accumulate  to  form  red  clay  and  loess–paleosol  deposits.3,10 These
eolian deposits record Asian monsoon evolution, westerly circulation dynamics,
and Asian inland aridification over millions of years.11–16 Therefore, elucidating
past  dust  activity  in  the  mid-latitude  Asian  arid  regions  is  essential  for
improving  our  understanding  of  their  future  evolutionary  trends  and  the
mechanisms  linking  dust  emissions  to  global  climate  change.  Furthermore,
such  knowledge  provides  a  critical  scientific  basis  for  addressing  climate-
related  challenges  and  for  developing  effective  strategies  to  mitigate  the
environmental impacts of dust emissions in mid-latitude Asia.

To  date,  records  of  dust  activity  from  the  Asian  interior  remain  scarce,

creating  a  critical  knowledge  gap  that  hinders  our  ability  to  understand  the
long-term evolutionary patterns of deserts (e.g.,  their  initial  formation timing
and expansion phases), as well as the detailed processes of dust release and
their relationship with Tibetan Plateau (TP) uplift and global cooling. The few
dust  flux  records  currently  available  are  mainly  from  the  Asian  monsoon-
influenced Chinese Loess Plateau (CLP) and the central-southern margin of
the Tarim Basin on the leeward side of the westerlies.14,17–19 Although several
geochronological  studies  based  on  desert  boreholes  and  adjacent  loess
deposits  have  yielded  preliminary  insights  into  the  initial  formation  time  of
deserts,12,15,20–25 these  records  cannot  provide  detailed  and  continuous
records of dust emission across the Asian interior. An additional major limita-
tion  is  the  lack  of  spatially  integrated,  multi-proxy  source-to-sink compar-
isons  between  Asian  inland  eolian  systems  and  North  Pacific  sedimentary
archives.  Previous  comparisons  of  dust  flux  records  between  the  CLP  and
North  Pacific  sediment  cores  have  largely  emphasized  long-term
trends;18,26–28 however, they are typically based on isolated site pairs and lack
a coordinated, hemispheric-scale synthesis. This deficiency not only hinders
the refinement of predictive models for future dust activity but also limits our
understanding  of  Asian  dust’s  role  in  global  biogeochemical  cycles  and
climate feedback mechanisms.

Eolian loess deposits are widely distributed in Tajikistan,  with thicknesses
locally  exceeding  200  m (Figure  2).29,30 A  recent  magnetostratigraphic  study
revealed  that  the  Karamaidan  (KMD)  loess  section  in  southern  Tajikistan
extends  back  to  ~2.7  Ma,31 providing  a  novel  and  continuous  archive  for
investigating  dust  emission  processes  in  typical  westerlies-dominated
regions since the late Pliocene. In this study, we present the first high-resolu-
tion  dust  flux  record  from the  arid  region  of  Central  Asia  west  of  the  Pamir
Plateau, spanning the past 2.7 Myr, and conduct a comprehensive source-to-
sink  spatial  comparison  between  the  Asian  interior  and  North  Pacific  dust
fluxes.  Based  on  these  results,  we  propose  a  mechanistic  framework  for
Asian dust dynamics: Northern Hemisphere ice volume expansion facilitated
dust  emissions  and  transport  in  the  Asian  interior  via  concurrent  enhanced
glacial  erosion,  climatic  aridity,  strengthened  winds,  and  reduced  vegetation
cover.

 MATERIALS AND METHODS
Tajikistan  preserves  the  most  continuous  and  oldest  loess–paleosol

sequence in  western  Central  Asia.  Recent  magnetostratigraphic  investiga-
tions  constrain  the  basal  age  of  the  Karamaidan (KMD)  section  in  southern
Tajikistan to ~2.7 Ma.31 The KMD section exposed at the site is ~180 m thick
and spans 2.7–0 Ma;  however,  a  ~15 m interval  (1.65–1.37 Ma)  is  unsam-
pled  due  to  poor  exposure.  These  eolian  deposits  are  characterized  by
reddish-yellow loess layers and reddish-brown paleosol layers, which formed
during  glacial  and  interglacial  periods,  respectively.  The  lithological  features
closely  resemble  those  of  the  Chashmanigar  section  in  Tajikistan,  and  the
CLP  loess–paleosol  sequences  (Figure  3).29,35 The  entire  180-m-thick  KMD
loess–paleosol sequence was sampled at a ~20 cm resolution, providing an
exceptional archive of Central Asian dust activity over the past 2.7 Myr.

The  mass  accumulation  rate  (MAR;  g·cm–2·kyr–1),  also  called  dust  flux,  is
widely  used  as  an  effective  proxy  for  aridity  variability  in  the  dust  source
regions.14,19 Dust  flux  is  usually  obtained  by  measuring  and  calculating  dry
bulk sediment densities and sedimentation rates.19 Accordingly,  the MAR for
the KMD section was calculated as
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MAR= feolian×SR×DBD

where SR (cm·kyr–1)  is  the  sedimentation  rate,  and DBD (g·cm–3)  is  the  dry
bulk  density.  Because  loess–paleosol  and  red  clay  deposits  are  generally
considered to be entirely of eolian origin,37–39 feolian = 1 is often assumed when
estimating dust flux for eolian deposits on the CLP and Central Asia. The SR
was calculated through stratigraphic correlation (Figure 3),  combined with a
magnetic susceptibility age model.40 Further details are provided in Text S1.

To  enable  a  comprehensive  spatial  comparison  of  dust  fluxes  between
terrestrial and marine sediments, published records of dust fluxes from Asian
eolian  deposits  along  with  those  from  North  Pacific  sediment  cores  were
compiled.14,17,19,27-28,41-46 To further  investigate  the  rhythms,  trends,  and  peri-
odic characteristics of the dust fluxes, we applied statistical analyses, includ-
ing  the  Mann–Whitney  and  Ansari–Bradley  tests,  and  time  series  analysis.
Detailed descriptions of the analytical procedures are provided in Texts S2–
S3.

 RESULTS AND DISCUSSION
 Dust emission history in Central Asia since the late Pliocene

Central  Asian  dust  emissions  play  a  critical  role  in  regulating  regional
climate  dynamics  and  global  biogeochemical  cycles.1,5–9 To  elucidate  the
Central Asian dust emission history, we investigated the loess dust flux, prop-
erty,  and  periodicity  in  southern  Tajikistan.  We  then  integrated  these  new
results  with  previously  published loess dust  record from the Tarim Basin  to
constrain  the  dust  emission  patterns  in  Central  Asia  over  geological
timescales.

The dust flux record at Karamaidan in southern Tajikistan varied between
1.8 and 60.6 g·cm–2·kyr–1,  with a mean of 12.6 g·cm–2·kyr–1 (Figures 3 & 4A).
Dust flux values in loess units are consistently higher than those in paleosol
units  (Figures  3 & 4A),  indicating  more  intense  dust  activity  and  enhanced
dust accumulation  during  loess  deposition  compared  with  periods  of  pale-
osol  formation.  To  better  characterize  the  long-term trends  of  dust  flux,  we
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applied  the  Mann–Whitney  test  to  the  KMD  record.  The  results  reveal  a
persistent  increasing  trend  (marked  by  red  arrows  in Figure  4A)  throughout
the  past  2.7  Myr,  spanning  both  glacial  and  interglacial  intervals,  with  an
acceleration  after  the  Mid-Pleistocene  Transition  (MPT;  ~1.25–0.7  Ma).
When loess and paleosol layers are analyzed independently, the upward trend
in  dust  flux  becomes  even  more  pronounced,  highlighting  the  systematic
intensification  of  dust  accumulation  through  time.  Given  that  the  Tajikistan
loess  is  dominantly  sourced  from  dust  transported  by  the  westerlies  from
upwind  Central  Asian  deserts,  with  only  a  minor  contribution  from  proximal
alluvial deposits  in  the  adjacent  mountains  and  fluvial/glaciofluvial  sedi-
ments  on  river  floodplains,47,48 this  long-term  increase  in  loess  dust  flux
implies  the  substantial  enhancement  of  dust  emissions  from  Central  Asian
deserts  (e.g.,  the  Karakum  and/or  Kyzylkum  deserts),  particularly  after  the
MPT.

In addition to the long-term trends in dust flux, we also assessed fluctua-
tions  in  dust  flux  using  the  Ansari–Bradley  test,  a  nonparametric  statistical
approach that  quantifies  differences in  data  dispersion.  The results  demon-
strate  that  the  amplitude  of  dust  flux  fluctuations  on  glacial–interglacial
timescales increased significantly  after  the MPT (denoted by blue arrows in
Figure  4A),  indicating  an  enhanced  climate-driven  dust  flux  variability  in
response  to  the  post-MPT  reorganization  of  the  global  climate  system.  To
examine  the  role  of  orbital  forcing  on  dust  flux  variations,  we  conducted
spectral  analysis  of  different  time  intervals  (Figure  4C).  Before  the  MPT

(2.7–0.8  Ma),  dust  flux  was  dominated  by  a  41-kyr  periodicity,  consistent
with the obliquity cycle; after the MPT (0.8–0 Ma), dust flux exhibits a promi-
nent  100-kyr  periodicity,  corresponding  to  the  eccentricity  cycle  and
glacial/interglacial  cycles  (Figures  4C–D).  This  shift  in  dominant  periodicity
aligns  closely  with  global  ice  volume variability  inferred  from a  benthic  δ18O
stack,49 suggesting that Central Asian dust dynamics were tightly coupled to
global ice volume changes since the late Cenozoic.

Concurrent with the Tajikistan loess record, loess dust flux from the south-
ern margin of the Tarim Basin increased from 12–20 g·cm–2·kyr–1 before the
MPT  to  20–30  g·cm–2·kyr–1 after  the  MPT,14 also  providing  strong  evidence
for enhanced post-MPT dust emissions across Central  Asia (marked by red
arrows in Figure 4E). Spectral analysis of the > 30 μm grain-size record from
Tarim  Basin  loess  further  reveals  a  clear  periodicity  transition  at  the  MPT,
from  41-kyr  to  100-kyr,14 in  agreement  with  global  ice  volume  (Figures
4H–I).49

The lithogenic  susceptibility  (χlitho) of  eolian loess can reflect  dust  proper-
ties  and  material  compositions.50–53 In  Central  Asian  loess,  χlitho exhibits  a
trend  broadly  consistent  with  variations  in  dust  flux  (Figure  4B),51 indicating
that a large amount of fresh and unaltered detritus rich in detrital magnetite
particles,  likely  from  the  Tianshan–Pamir,  was  added  to  Central  Asian  dust
and  subjected  to  weak  low-temperature  oxidation  and  limited  chemical
weathering after the MPT. Chlorite, a common Fe2+-bearing silicate mineral in
Asian  eolian  loess,  is  a  sensitive  tracer  for  dust  source  lithology.  Both  the
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chlorite  content  and  Fe2+ concentration  in  Tarim  Basin  loess  show  marked
increases at the MPT, with chlorite rising from ~17%–26% to ~21%–32% and
Fe2+ from ~9,000–16,000 ppm to ~14,000–24,000 ppm (Figures 4F & G).8,54

In concert with the enhanced dust flux, these geochemical shifts confirm the
increased supply of fresh and unaltered clastic sediments from the northern
TP to the Tarim Basin dust after the MPT. Combining the above observations
shows that loess dust fluxes, properties, and periodicities are coupled across
both  the  windward  side  (e.g.,  southern  Tajikistan)  and  leeward  side  (e.g.,
southern Tarim Basin) of the westerlies.

 Spatiotemporal  dynamics  of  Asian  dust  activity  during  the  Plio–Pleis-
tocene

Our  results  demonstrate  that  loess  dust  fluxes  in  southern  Tajikistan
display  a  long-term  increasing  trend  since  ~0.8  Ma  (Figure  5A),  suggesting
that Central Asian deserts, such as the Karakum and/or Kyzylkum, may have
expanded  after  the  MPT.  In  the  southern  margin  of  the  Tarim  Basin,  the
coarse  grain  size  fraction  (>  30  μm)  and  the  related  loess  dust  flux  exhibit

stepwise increases at ~2.7, 1.1, and 0.5 Ma, suggesting the stepwise aridifi-
cation  of  Central  Asia  and  progressive  expansion  of  the  Taklimakan  Desert
(Figure  5B).14 To  further  understand  the  spatiotemporal  variations  of  dust
emissions across Asian dust source regions, we compared the dust records
from northern  China over  the  same interval.  On the  southern  CLP,  dust  flux
records from the Lingtai,  Zhaojiachuan,  and Luochuan sections show large-
amplitude,  high-frequency variability  since ~1.2–0.8 Ma (Figures 5C–E),17–19

indicating  that  the  dust  activity  of  the  Gobi,  Badain  Jaran,  and  Tengger
deserts northwest of the CLP intensified after the MPT.

However, loess dust fluxes in Central Asia, which are closer to major dust
sources  such  as  the  Taklimakan  and  Karakum  deserts,  are  consistently
higher and show greater glacial–interglacial variability than those on the CLP,
indicating  a  stronger  response  to  regional  aridification  and  dust  emission
dynamics (Figures 5A & C–E). This contrast is likely governed by at least two
factors: differences in the transport distance between dust source and depo-
sition  regions,  and  the  contrasting  environmental  and  climatic  conditions
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during glacial  and interglacial  periods.  Although hydroclimatic  conditions on
the  western  and  eastern  sides  of  the  Pamir–Tianshan  region  exhibit
contrasting  seasonal  patterns  since  at  least  ~25  Ma,55 long-term  dust  flux
records  from  both  regions  show  broadly  coherent  trends  during  the  late
Pliocene–Pleistocene,  differing  mainly  in  the  magnitude  and  amplitude  of
glacial–interglacial fluctuations.

In addition, independent evidence from geochronological data and coarse-
fraction  records  from  deserts  and  adjacent  eolian  or  lacustrine  deposits
further supports our conclusions (Table S1). In the Qaidam Basin, a long-term
upward  coarsening  trend  of  grain  size  of  lacustrine  sediments  implies
enhanced  eolian  inputs  at  ~1.1  Ma.56 In  the  Central  CLP,  the  continuous
increase  in  the  sand  content  (>  63  μm)  of  the  Jingbian  loess  sequence
suggests the southward migration of the Mu Us Desert at ~2.6 and 1.2–0.7
Ma.15 The  lithologies  of  the  Badain  Jaran  and  Tengger  deserts  changed
abruptly  from  alluvial/fluvial  sediments  to  continuously  accumulated  eolian

sand at ~1.1 Ma and ~0.9 Ma, respectively.21,22 These lithological transitions
provide direct  evidence for  intensified  dust  activity  in  both  deserts  following
the MPT. The presence of  eolian sand in the basal  section of  the core from
the  central  Hetao  Basin  suggests  that  eolian  activity  linked  to  the  Hobq
Desert  was already underway by  ~1.6–1.2  Ma.20 In  some Asian inland dust
source  regions,  where  continuous desert  sediment  drilling  cores  are  scarce,
the  onset  of  proximal  eolian  loess  deposition  offers  a  valuable  minimum
constraint on the timing of sustained dust activity. For instance, the initiation
of loess deposition in profiles surrounding these source areas indicates that
the  Gurbantunggut  Desert,  as  well  as  the  Horqin  and  Otindag  sandy  lands,
were likely established during ~1.2–0.7 Ma.57–59

The North Pacific Ocean is a major sink for long-distance-transported dust
from  Asian  deserts,  and  dust  flux  records  from  this  region  provide  critical
insights  into  the  history  of  Asian  dust  emission  and  transport.  To  better
understand  long-range  dust  transport  since  the  late  Pliocene,  we  compiled
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published  eolian  dust  flux  records  from  multiple  sites  in  the  North  Pacific.
These  include  Deep  Sea  Drilling  Project  (DSDP)  Site  296;  Ocean  Drilling
Program  (ODP)  Sites  885/886,  578,  and 1,208;  and  International  Ocean
Discovery Program (IODP) Site U1425,  all  situated within the primary down-
wind  deposition  zone  of  Asian  dust  and  thus  preserving  robust  archives  of
eolian  input  to  the  North  Pacific  over  the  past  ~3.6  Myr.  Eolian  dust  fluxes
from several of these sites exhibit consistent increasing trends at 2.8–2.6 Ma
and at the MPT (Figures 5F–J),27-28,41-43 indicating intensified dust emissions
and  enhanced  atmospheric  transport  from  Asian  source  regions  at  these
times.

Spatially,  eolian  dust  fluxes  at  ODP  Sites  885/886  in  the  central  North
Pacific range from ~0.04 to 0.15 g·cm–2·kyr–1 (Figure 5J),28 which is an order
of  magnitude  lower  than  values  recorded  in  the  western  North  Pacific
(Figures  5G–I).  In  the  western  North  Pacific,  dust  fluxes  systematically
decreased  with  increasing  distance  from  the  Asian  dust  source  regions,
reflecting  progressive  dilution  and  depositional  loss  during  long-distance
atmospheric transport (Figures 5G–I).41,44,60-61 At DSDP 296, the relatively low
dust flux is likely related to its location outside the main mid-latitude westerly
dust-transport corridor (Figure 5F).42 In addition, both Asian inland and North
Pacific  dust  fluxes  display  glacial–interglacial  variability,  with  higher  dust
fluxes during glacials and lower values during interglacials (Figure S2).44,62

The source-to-sink spatial  comparison of dust fluxes indicates that Asian
dust  activity  reached  its  highest  levels  after  the  MPT,  accompanied  by  an
increase in the amplitude of glacial–interglacial fluctuations. Prior to the MPT,
dust activity in Asian deserts was relatively weak, and loess dust accumula-
tion  was largely  confined  to  Central  Asia  and the  CLP.  In  contrast,  after  the
MPT,  Asian  desert  dust  activity  intensified  markedly,  accompanied  by
widespread and enhanced loess accumulation in northern China. Notably, the
dominant periodicity of high-resolution loess dust fluxes shifted from 41-kyr
to 100-kyr at the MPT, a transition also evident in records from the CLP and
Central Asia.14,17 These features align closely with global ice volume changes
in the time and frequency domains, highlighting that global cooling may have
driven enhanced Asian dust emission,  transport,  and accumulation after  the
MPT.

 Global cooling drove the increasing emission and transport of Asian dust
after the MPT

The  formation  of  eolian  deposits  generally  comprises  particle  generation,
erosion, transportation, and accumulation.63–65 The primary source materials
for Asian dust are largely derived from sediments produced by glaciers on the
Tibetan Plateau and its surrounding mountain ranges.3,64,66 These glaciogenic
sediments are subsequently transported via river systems into inland basins,
where they  undergo  eolian  sorting  and  accumulation  to  form  desert  land-
scapes under dry conditions.3,64,66 Once wind-entrained,  these desert-derived
sediments  are  transported downwind and ultimately  deposited  as  extensive
loess–paleosol sequences  in  the  downwind  areas  of  these  deserts.  There-
fore,  the  release,  transport,  and  accumulation  of  Asian  dust  depend  on
several fundamental prerequisites, including adequate sand source availability,
arid  to  semi-arid  climatic  conditions,  vigorous  wind  systems,  and  an  open
underlying surface environment.

Our  synthesis  of  integrated  datasets  reveals  a  marked  increase  in  dust
emissions  from  Asian  deserts  between  1.2  and  0.7  Ma,  broadly  coincident
with  the  global  cooling  associated  with  the  MPT  (Figure  5).  Cross-wavelet
transform  and  wavelet  coherence  analyses  between  Asian  dust  fluxes  and
global  ice  volume  show  that  the  two  series  exhibit  resonant  high-energy
signals at a 41-kyr cyclicity prior to the MPT, and 100-kyr cyclicity thereafter
(Figures  S3A–C).  These  observations  highlight  the  strong  control  of  global
cooling on Asian dust emissions. Post-MPT global cooling drove large-scale
expansions of the Cordilleran, Laurentide, and Greenland ice sheets in North
America,  as  well  as  the  Scandinavian,  British–Irish,  and  Kara–Barents
Sea–Svalbard  ice  sheets  in  Northern  Europe,  and  Nordic  sea  ice
(Figure 6A).67–75

The  large-scale  expansion  of  Northern  Hemisphere  ice  sheets  exerted
three  primary  controls  on  Asian  dust  dynamics.  First,  intensified  glacial
conditions  enhanced  glacial  erosion  or  river  incision  in  the  mountains
surrounding  the  dust  source  regions,  thereby  generating  abundant  detrital
materials  and  supplying  sufficient  sediments  available  for  dust
emissions.66,76–82 Second, increased ice volume intensified aridity across Asia
while simultaneously strengthening the westerlies and EAWM, a combination
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that facilitated dust emissions and long-distance dust transport.14,15 Third, the
shift  toward  colder  and  drier  climates  drove  a  large-scale ecological  transi-
tion from forest  to woodland and steppe landscapes,  producing more open,
sparsely vegetated  surfaces  that  are  optimal  for  dust  emissions  and  trans-
port.14,83,84

Previous studies  have  demonstrated  that  the  growth  of  Northern  Hemi-
sphere ice sheets during the MPT intensified physical weathering and glacial
erosion in the mountainous regions surrounding Asian dust source areas.80–82

This enhanced erosion generated substantial amounts of rock debris, resulting
in  an  abundant  and  continuous  sediment  supply  for  deserts  and  eolian
deposits.  Concurrently,  the  shift  in  climate  variability  from  relatively  stable
conditions to large-amplitude, high-frequency fluctuations strengthened river
incision, producing additional sediments that accumulated in exposed valleys
and further sustained the sediment supply to deserts and eolian loess.77–79,82

Multiple dust-related proxies from Asian loess, including lithogenic suscepti-
bility, chlorite, and Fe2+, are closely related to the physical erosion intensity of
continental  glaciers.8,50–52,54 The  marked  increase  in  these  proxies  after  ~0.8
Ma suggests a significant intensification of physical erosion in the TP following
the  MPT,  producing  large  amounts  of  sand  sediments  required  for  Asian
deserts  and  eolian  deposits.  Consistently,  synthesized  ages  from  glacial
deposits  indicate  that  moraines  became  widespread  on  the  TP  after  the
MPT,85–89 pointing  to  the  significantly  enhanced  paleoglaciation  (Figure  6B).
Recent  numerical  simulations  further  reveal  that  intensified  TP  glaciation
occurred at  ~1.5  Ma,  and stabilized into  a  100-kyr  cyclicity  at  ~1.0–0.9  Ma
(Figure 6C),90 broadly coeval with the increased trend and amplitude of Asian
dust  fluxes.  This  synchronicity  implies  that  the  expansion  of  ice  caps  and
valley  glaciers  boosted  detrital  sediment  production,  ultimately  providing
sufficient sand sediments for Asian deserts and loess deposits.

The intensified  glacial  conditions  during  the  MPT  lowered  sea  tempera-
tures (Figures 6D– E) and sea level (Figure 6F), and weakened oceanic evap-
oration, resulting in a substantial decrease in moisture supply and the further
enhancement of  aridification in the Asian interior.  Cross-wavelet and coher-
ence analyses show that North Atlantic sea surface temperatures and global
ice  volume  exhibit  resonant,  high-energy  41-kyr  and  100-kyr  cyclicities,91

consistent  with  the  spectral  relationships  between  Asian  dust  fluxes  and
global  ice  volume  (Figure  S3).  Such  coherence  suggests  the  tight  coupling
among  Northern  Hemisphere  ice  volume,  North  Atlantic  temperatures,  and
Asian dust fluxes.  Geological  evidence shows that the modern landscape of
the Taklimakan Desert  was established at ~0.7–0.5 Ma,  coincident with the
late  Mid-Pleistocene  climatic  reorganization.14,83 Deserts  across  northern

China, including the Gurbantunggut, Badain Jaran, Tengger, Mu Us, and Hobq
deserts, as well as the Horqin and Otindag sandy lands, were primarily estab-
lished  and  expanded  during  the  MPT  (Figure  2 & Table  S1).15,20-22,57-59 The
widespread  expansion  of  these  desert  systems  effectively  shortened  the
distance  and  time  required  for  dust  transport  from  source  to  depositional
areas, thereby enhancing post-MPT dust emission.

In  addition,  the  growth  of  Northern  Hemisphere  ice  sheets  intensified  the
EAWM and westerly circulation, providing the dynamic conditions necessary
for  long-distance  dust  transport.  Grain  size  data  from  Central  Asian  loess
sequences  and  North  Pacific  cores  are  widely  used  as  proxies  for  mid-lati-
tude westerly wind intensity. The content of coarse grains (> 30 μm) in loess
deposits  and  paleoclimate  simulations  of  the  Tarim  Basin  show  that  the
expansion  of  the  high-latitude  ice  sheets  at  ~2.7  Ma  and  during  the  MPT
greatly  increased  the  wind  speed  in  both  the  upper-level  and  near-surface
westerlies, thereby promoting increased dust release and transport in eastern
Central Asia (Figure S5A).14 Similarly, pronounced rises in coarse particles (>
63  μm)  in  the  Jingbian  loess  section  on  the  CLP  at  ~2.7  and  1.2–0.7 Ma
reflect  strengthened EAWM,  which facilitated  the  release  of  desert  dust  and
its  subsequent  transport  to  the  CLP  (Figure  S5B).15 The  eolian  grain  size
records  from  ODP  885A  and  DSDP  578  show  long-term  coarsening  trends
during the Plio–Pleistocene, indicating the gradual intensification of the zonal
westerlies  that  would  have  enhanced  the  long-distance  transport  of  Asian
dust  to  the  North  Pacific  (Figures  S5C–D).28,41 All  records  exhibit  a
pronounced  coarsening  of  eolian  grain  size  after  the  MPT,  which  is
commonly interpreted as evidence for a strengthened westerlies and EAWM
that facilitated the increased delivery of dust particles.

Vegetation  plays  a  pivotal  role  in  influencing  soil  and  landscape  stability
and  thus  is  a  key  regulator  of  eolian  processes.  A  dense  vegetation  cover
mitigates soil erosion by reducing near-surface wind speeds and suppressing
eolian  erosion,  whereas  sparse  or  degraded  vegetation  markedly  enhances
the  surface  erodibility  and  facilitates  the  rapid  expansion  of  eolian  deposits
across Eurasia.  Particularly,  the establishment and long-term persistence of
grassland  ecosystems  created  open,  stable,  and  low-roughness  surface
conditions  that  supported  continuous  loess  accumulation.84,92 Pollen  and
carbon isotope records from continental Asia document a profound ecologi-
cal reorganization during the MPT, characterized by a transition from closed
forest or woodland to more open steppe or desert.93–100 In major dust source
areas,  particularly  the  Tarim  and  Qaidam  Basins,  the  vegetation  degraded
markedly  after  ~0.9–0.6  Ma,  with  the  pronounced  expansion  of  xerophytic
taxa (e.g., Chenopodiaceae, Artemisia), signaling a transition from dry steppe
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to  open  desert  or  semi-desert  (Figures  S6A–B).83,97 This  loss  of  vegetation
cover  would  have  reduced  surface  stability  and  greatly  enhanced  sediment
erodibility  and  dust  availability,  directly  amplifying  dust  emission  intensity
from  source  areas.  Concurrently,  in  the  downwind  regions  of  the  CLP  and
northeastern  China,  pollen  assemblages  shifted  from  mixed
coniferous–broadleaf forest to herb-dominated steppe or forest-steppe after
~0.7–0.6 Ma (Figures S6C–E).93-96,98,100 This large-scale grassland expansion
not  only  reflects  regional  aridification  but  also  improves  surface  dust-trap-
ping efficiency;  the dense herbaceous root systems and low-surface rough-
ness help stabilize deposited dust and sustain persistent loess accumulation.
Together,  these  spatially  coherent  changes—including  reduced  vegetation
cover in source regions boosting dust supply, and grassland development in
sink  regions  enhancing  dust  retention—provide  robust  paleoecological
support for an intensified dust cycle in the post-MPT period.

Although the tectonic uplift of the TP may modulate long-term aridification
and dust availability in the Asian interior, it operates on fundamentally differ-
ent  timescales  than  orbital-driven  dust  variability.  Specifically,  dust  flux
records exhibit pronounced glacial–interglacial cyclicity (Figure S2), whereas
major  tectonic  episodes  of  the  TP  operate  over  millions  of  years  and  lack
orbital-scale  periodicities.55,101 This  discrepancy  strongly  suggests  that  TP
uplift  may  act  as  a  secondary  superimposed  factor  on  Asian  dust  activity,
rather than the primary driver.

This  study  conducts  a  comprehensive  spatial  comparison  of  eolian  dust
fluxes between the Asian interior and the North Pacific since the late Pliocene.
It offers a novel perspective that enhanced glacial erosion and reduced vege-
tation  cover  are  additional  key  drivers  of  intensified  Asian  dust  emissions
during  geological  intervals  of  global  cooling,  complementing  the  traditional
view that  dust  emissions are governed primarily  by arid  climatic  conditions.
We  propose  a  mechanistic  framework  for  Asian  dust  dynamics  whereby
Northern Hemisphere ice volume expansion, identified as the primary forcing,
promotes  dust  emissions  and  transport  by  concurrently  intensifying  glacial
erosion, aridity, winds, and vegetation loss (Figure 7). Though quantifying the
relative  contributions  of  these  interlinked  drivers  remains  challenging,  it  is
critical to clarify that these factors such as erosion, aridity, winds, and vege-
tation, function as internal feedback processes rather than independent forcing
factors.  This  lack  of  clear  quantification  of  the  hierarchical  roles  of  these
drivers  limits  predictive  understanding  of  dust  cycles.  We thus  prioritize  the
development  of  Earth  system  models  capable  of  isolating  these  factors
through targeted sensitivity experiments. Under future warming, rapid glacier
retreat  across  the  TP  and  surrounding  mountains,  along  with  increased
precipitation and vegetation cover in source regions, would reduce the supply
of erodible sediments and stabilize surfaces, thereby progressively weakening
Asian  dust  emissions  and  their  impacts  on  downwind  marine  productivity
and biodiversity.

 CONCLUSION
This study provides the first high-resolution 2.7-Myr dust flux record from

arid Central Asia west of the Pamir, addressing a key spatial gap in the west-
erlies-dominated mid-latitude Eurasia. Post-MPT (~0.8 Ma), intensified aridi-
fication and a shift to 100-kyr climate cycles coincided with peak Asian dust
emissions and amplified  glacial–interglacial  variability.  These changes were
closely linked to Northern Hemisphere ice volume, with glacial erosion, aridifi-
cation,  vegetation  loss,  and  stronger  winds  as  the  primary  drivers  of
enhanced Asian dust activity during cold periods.
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