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Abstract Greenland ice cores demonstrate that transient last glacial cold climate events (stadials) were
associated with greatly enhanced atmospheric dust loading. Detailed radiocarbon dating of loess in central
Europe reveals concurrent increases in dust activity in dust‐emitting regions. However, the causes of these
changes in dust emission and the role of dust in rapid climate change remain unclear. We address this
uncertainty through multi‐proxy analysis of loess sources in Hungary. Our results demonstrate that loess
particles were dominantly produced by subglacial grinding processes in the eastern Alps. These particles were
released along with stadial Alpine Ice Sheet‐driven meltwater pulses, turning major river systems into efficient
dust sources for loess deposition in Europe. Concurrent strengthened anticyclonic circulation over northern
Europe would have caused wider dispersal of Alpine Ice Sheet‐derived dust as far as Greenland. Resultant
continental‐hemispheric scale changes in atmospheric dust loading likely amplified concomitant North Atlantic
climate cooling and ice sheet decay during Greenland stadials.

Plain Language Summary Atmospheric dust is a fundamental component of Earth's climate system.
Quaternary archives from dust‐emitting and source distal regions reveal a close relationship between abrupt
changes in dust and climate. However, the causes for this dust‐climate coupling and the role of dust in rapid
climate change events remain unclear. Here, we propose a mechanism that explains this coupling. Specifically,
we show that last glacial dust in Central Europe was produced by subglacial grinding processes in the Alps.
Alpine Ice Sheet recession events greatly enhanced proglacial sediment supply and turned major river systems
into efficient but intermittent dust sources. Wider dispersal of Alpine Ice Sheet dust across the North Atlantic
region likely amplified abrupt climate fluctuations during the last glacial.

1. Introduction
Rapid climate change events during the last glacial period (LGP) represent some of the most dramatic envi-
ronmental shifts during the recent geological past. In particular, Greenland ice cores reveal that cold glacial
climate was interrupted by numerous decadal‐scale warming events of 5–16.5°C in amplitude (interstadials),
followed by a more gradual, centennial‐millennial scale return to colder conditions (stadials) (Kindler
et al., 2014; Rasmussen et al., 2014). Across these abrupt climate transitions, Greenland ice cores record sub-
stantial changes in mineral dust content. In particular, dust particle concentrations were found to be dramatically
increased during colder stadial periods with peak values during the Last Glacial Maximum (LGM: 26–19 ka;
Clark et al., 2009), all demonstrating that climate variability during the LGP was associated with abrupt and
substantial changes in the mineral dust cycle (Ruth et al., 2003). Atmospheric mineral dust interacts with climate
through numerous feedbacks including radiative forcing, albedo and nutrient cycling (Bullard et al., 2016;
Knippertz & Stuut, 2014). These feedbacks may be opposing and/or spatially variable, but the effective radiative
impact of dust in the modern global atmosphere has been recently quantified to − 0.2 ± 0.5 W m− 2, suggesting
that dust net cools global climate (Kok et al., 2023). Dust also responds to climate change through changes in
dust production, emission and transport (Knippertz & Stuut, 2014). However, the precise mechanisms behind the
close coupling of dust and climate during the LGP are unclear and the role of dust in abrupt climate change
remains elusive.
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Windblown mineral dust deposits (loess) in Europe serve as source‐proximal dust archives and thus provide a
means to study dust dynamics in the very regions where dust is produced (Figure 1a). Recent extremely detailed
radiocarbon dating of last glacial loess deposition in the Middle Danube Basin, central Europe revealed phases of
greatly enhanced dust activity matching the timing of stadial dust peaks in Greenland ice (Újvári et al., 2017).
Moreover, dust provenance evidence suggests that central European dust sources potentially contributed to last
glacial Greenland dust (Újvári et al., 2015, 2022), all raising the possibility that enhanced stadial dust emission
from central Europe may have affected wider atmospheric dust loading across the North Atlantic region.
However, understanding the causes of this dust deposition variability during the LGP is limited by uncertainties
over the sources and origins of loess. For loess in the Middle Danube Basin, previously proposed contributions
from distant dust sources such as North African deserts (Stuut et al., 2009; Varga et al., 2016) or Fennoscandian
Ice Sheet outwash sediments (I. J. Smalley & Leach, 1978) are increasingly considered to be negligible (Baykal
et al., 2021; Buggle et al., 2008; Fenn et al., 2025; Újvári et al., 2012). Instead, it is generally agreed that proximal
floodplain sediments deposited by the Danube river and tributaries act as dominant source for loess deposition
(Fenn et al., 2022; Pötter et al., 2021; Újvári et al., 2012). In contrast, the specific proto‐sources for dust particle
production prior to river transport, deflation and loess deposition remain debated.

Traditionally, the Alps and the Carpathians have been considered as proto‐sources for loess in the Middle Danube
Basin (Buggle et al., 2008; I. Smalley et al., 2009; Ujvári et al., 2012). However, other studies argue for the
importance of smaller, more proximal mountain regions for sediment production, such as the Bohemian Massif
(Újvári et al., 2013; Újvári & Klötzli, 2015), the Transdanubian Range (Thamó‐Bozsó et al., 2014), or a com-
bination of these (Fenn et al., 2022). Yet, identifying these ultimate production points of loess particles is essential
for understanding the processes involved in dust production, their potential control on dust source activity and
loess deposition, and the cause of the coupling to rapid climate change events. Specifically, while the Alps were
covered with the extensive Alpine Ice Sheet (AIS) during the LGP (Seguinot et al., 2018), the presence of ice caps
larger than isolated glacier lobes across other lower elevation mountain ranges surrounding the Middle Danube
Basin is debated (Kłapyta et al., 2021; Mentlík et al., 2013; Urdea et al., 2011). Seasonal glacial melt of the last
glacial AIS released large amounts of meltwater loaded with sub‐glacially ground sediment particles into pro-
glacial drainage systems of the Danube catchment. Moreover, study of Danube delta sediment accumulation rates
and sources showed that in addition to this constant seasonally enhanced sediment supply, stadial fluctuations in
the extent of the AIS injected extraordinary amounts of sediment into the Danube River (Martinez‐Lamas
et al., 2020). Recently, Baykal et al. (2022) showed that such proglacial sediment supply events caused episodic
and intense dust fall along the Eurasian Ice Sheet meltwater drainage route based on chronological and prove-
nance analyses of last glacial loess in SE England. However, the wider importance of this mechanism in con-
trolling atmospheric dust loading and its impact on North Atlantic climate fluctuations during the LGP remains
unexplored. Here we test the role of AIS‐dynamics in driving abrupt changes in dust deposition across central
Europe through multi‐method source analysis (detrital zircon ages, heavy mineral assemblages, garnet chemistry
and quartz grain morphology) of the previously high‐sampling‐resolution radiocarbon dated last glacial loess
from Dunaszekcső (DSZ) in the Middle Danube Basin (Figure 1a).

2. Materials and Methods
2.1. Sampling Sites

Eight loess samples were taken from the Dunaszekcső loess section, located at the edge of a large loess plateau in
southern Hungary (DSZ; Figure 1). Samples were selected from intervals with contrasting dust mass accumu-
lation rates during 34–24 ka cal BP, derived from an existing 5‐cm‐resolution radiocarbon chronology (Újvári
et al., 2014, 2017) (Figure 2c). Potential loess source samples were taken from modern Danube river sediments at
Dunafalva (MDD) and Acs, Hungary (MDA), last glacial Danube river sediments at Acs (ACS‐2), Holocene
Drava and Tisza river sediments at Vejti, Hungary (DVM‐3) and Ada, Serbia (TAM‐3; see Figure 1 for locations),
respectively, and Miocene‐Pliocene fluvial sediments at five different locations near the Transdanubian Range
(see Supporting Information S1 for details).

2.2. Detrital Zircon U–Pb Dating

Detrital zircons were extracted using density and magnetic separation and analyzed by LA‐ICP‐MS following
standard procedures at the Arizona LaserChron Center (Gehrels et al., 2006, 2008; Pullen et al., 2018; see
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Supporting Information S1 for details). The “Best Age” was defined as 206Pb/236U age for analyses with
206Pb/236U age < 900Ma and 206Pb/207Pb for analyses with 206Pb/236U age > 900Ma. Concordance was based on
206Pb/236U age/206Pb/207Pb age. This value was not reported for 206Pb/236U age < 400 Ma because of large
uncertainty in the 206Pb/207Pb age. Age data with 206Pb/236U age > 400 Ma and with >20% discordance or >5%
reverse discordance were not included in further analyses.

2.3. Heavy Mineral Assemblages

Heavy minerals were separated using Na‐polytungstate (2.90 g/cm3) from a split aliquot of the ∼7‐ϕ‐wide 5–
500 μm size window obtained by wet sieving (Andò, 2020). On each grain mount, 200–250 transparent heavy
minerals (tHM) were point‐counted at suitable regular spacing to minimize overestimation of smaller grains. The
identification of all silt‐sized and dubious grains was validated using Raman spectroscopy. Based on tHM
concentration (tHMC), tHM suites range from “poor” (tHMC < 1) to “moderately rich” (2 ≤ tHMC < 5) (Garzanti
& Andò, 2019). Minerals are invariably listed in order of abundance.

2.4. Garnet Chemistry by Raman Spectroscopy

For obtaining the molar compositions of minerals of the garnet group, Raman spectroscopy was applied following
Bersani et al. (2009) and using an unpublished updated version of this Matlab® routine (see Supporting Infor-
mation S1 for details).

Figure 1. (a) Map of central Europe showing the distribution of loess and cover sands (Lehmkuhl et al., 2021) and LGM ice sheet extents modified from Ehlers
et al. (2011). Location of Dunaszekcső loess section (DSZ), potential dust source sediment samples (MDD, MDA, ACS, DVM and TAM), other loess sections (NL,
Nussloch; SB, Schwalbenberg) and Danube delta sediment cores in the Black Sea indicated by black triangles. (b) Inset map showing NGRIP site, proposed dominant
LGM atmospheric circulation and Europe–Greenland dust trajectory based on Schaffernicht et al. (2020) and Újvári et al. (2022).
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3. Results
3.1. Detrital Zircon U–Pb Dating

Detrital zircon U–Pb age distributions from all DSZ loess samples exhibit a dominant Carboniferous (∼325 Ma)
and subordinate Ordovician (∼465Ma) and late Neoproterozoic (∼605Ma) age peaks; Mesoproterozoic‐Archean
zircon ages are minor (Figure 2b). Age distributions from Danube samples MDD, MDA and ACS‐2 are presented
in the Figure S1 of Supporting Information S1. Age distributions of the grouped Danube, Drava (DVM‐3) and
Tisza (TAM‐3) samples exhibit dominant Carboniferous (∼325 Ma), Ordovician (∼465 Ma) and late Neo-
proterozoic (∼605 Ma) age peaks of varying relative importance alongside minor proportions of
Mesoproterozoic‐Archean age zircons (Figure 2a).

3.2. Heavy Mineral Assemblages

All DSZ loess samples yielded a moderately rich tHM suite with subequal epidote group minerals and amphibole
(mostly blue‐green hornblende and actinolite), associated with garnet, apatite, titanite, rutile, tourmaline,
chloritoid, zircon, anatase, staurolite, kyanite and pyroxene (ZTR 6–14; Figure 2b). Heavy mineral spectra of
individual Danube samples (MDD, MDA, ACS‐2) and Miocene‐Pliocene fluvial sands sampled near the
Transdanubian Range are presented in the Supporting Information S1. The grouped Danube sample contains a
moderately rich suite with mainly garnet, subordinate amphibole and epidote, and minor staurolite, pyroxene,
tourmaline, apatite, titanite and chloritoid. Drava sample DVM‐3 contains a quite similar, moderately rich suite
with mainly garnet, subordinate amphibole and epidote, and minor kyanite, staurolite, apatite, titanite and rutile,
whereas the moderately poor suite of Tisza sample TAM‐3 contains amphibole, epidote, hypersthene, garnet,
clinopyroxene, and minor staurolite, kyanite and sillimanite (Figure 2a).

Figure 2. (a) KDE diagrams of detrital zircon U–Pb ages and pie charts of heavy minerals and garnet chemistry of DSZ loess and Danube river sediment (zircon and
heavy mineral data grouped, garnet data from samples DSZ‐89 andMDA, respectively) and Drava and Tisza river sediments. See Supporting Information S1. for garnet
types. (b) Zircon age and heavy mineral spectra of individual loess samples from DSZ. (c) DSZ loess samples in relation to bulk mass accumulation rates (BMAR)
(Újvári et al., 2017).
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3.3. Garnet Chemistry

A total of 368 garnet grains from 8 samples were analyzed and classified using the Mange and Morton (2007)
scheme (Figure S4 in Supporting Information S1). The garnet chemical composition of the DSZ loess sample
DSZ‐GS‐89, the Danube (MDA) and the Drava sample (DVM‐3) primarily contain the garnet types Bi and A
(Figure 2a) with almandine and spessartine as dominant endmembers (Figure S4 in Supporting Information S1).
Garnet chemistry of Miocene‐Pliocene fluvial sands sampled near the Transdanubian Range is presented in the
Figure S3 of Supporting Information S1.

4. Discussion
4.1. Loess Sources in the Middle Danube Basin

All analyzed DSZ loess samples exhibit virtually identical zircon U–Pb age distributions and heavy mineral
assemblages, indicating a constant source for loess deposition at DSZ during 32–24 ka (Figure 2c). This dust
source will be inferred based on grouped detrital zircon U–Pb ages and heavy mineral suites of all analyzed DSZ
loess samples (Figure 2a).

The grouped detrital zircon U–Pb age distribution of DSZ loess samples is dominated by three age peaks centered
on ∼325, ∼465 and ∼605 Ma (Figure 2a). These ages reflect consecutive phases of widespread enhanced
tectonism and magmatism in proto‐source terranes associated with the Cadomian orogeny along the northern
margin of Gondwana (670–510 Ma) (Linnemann et al., 2008), the closure of the Iapetus ocean and Caledonian
orogeny (510–380 Ma) (McKerrow et al., 2000), and the collision between Laurussia and Gondwana resulting in
the Variscan orogeny (380–280 Ma) (Stephan et al., 2019). Tectonic units of the Alpine‐Carpathian‐Dinaric
system affected by these orogenic events represent the basement of today's Middle Danube Basin and are
exposed in the surrounding mountain belts including the Alps and the Carpathians (Schmid et al., 2008) (Figure
1a). Cadomian, Caledonian and Variscan age zircon grains are thus widespread in sediments of rivers that drain
these mountain regions, including the Danube, the Drava and the Tisza (Ducea et al., 2018; Fenn et al., 2022)
(Figure 2a), all representing potential sources for loess at DSZ.

Based on the relative importance of the dominant zircon age components, Danube river sediments tend to match
the loess best with a most important Variscan and similarly less important Caledonian and Cadomian zircon age
peaks (Figure 2a). Qualitative differences in heavy mineral compositions facilitate a more robust discrimination
between the river sediment provenances. While the Danube and Drava samples exhibit heavy mineral suites
typically associated with a metamorphic orogenic source dominated by garnet, amphibole and epidote (Andò
et al., 2014) (Figure 2a), the Tisza suite largely includes Ti‐rich amphibole, augite and hypersthene potentially
sourced from abundant calc‐alkaline volcanic rocks in the Carpathians (Ducea et al., 2018; Schmid et al., 2008).
Low ZTR values (≤3) in all fluvial sediment samples indicate that heavy mineral suites are largely unaffected by
post‐depositional weathering and dissolution processes (Garzanti, 2017) and thus reflect original detrital
assemblages.

A direct comparison between heavy mineral suites of fluvial sediment and DSZ loess samples fails to provide a
perfect match. The rarity of pyroxenes and magmatic amphiboles in the loess clearly rules out Tisza sediments as
a major loess source. The orogenic suite of Danube and Drava sediments fits the qualitative composition of the
loess, although loess samples have less garnet and more epidote and amphibole (Figure 2a). However, these
quantitative differences in heavy mineral spectra of fluvial and aeolian sediments may result from grain size and
sorting effects during transport. Sand transported as bedload in rivers is expected to be notably enriched in denser
minerals such as garnet, whereas epidote typically concentrates in the suspended load (Garzanti, Andò,
et al., 2010, 2011). The epidote/garnet ratio, and thus the similarity with the heavy mineral suite in DSZ loess, is in
fact observed to notably increase frommedium to fine and very fine Danube sand (unpublished data), as well as in
very fine sand and silt classes of Drava sediments (Garzanti et al., 2008). When deflated and transported in at-
mospheric suspension, gravitational sorting would shift the sediment composition even further toward less‐dense
minerals. If such grain‐size and sorting effects are taken into account, the heavy mineral signatures of Danube and
Drava sediments can be reconciled well with the signature of the DSZ loess.

While the Drava only drains the Eastern Alps, the Danube catchment upstream from DSZ also includes smaller
mountain regions such as the Bohemian Massif or the Transdanubian Range, and previous research has been
divided over which of these terranes has been more efficient in silt production for regional loess deposition
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(Buggle et al., 2008; Fenn et al., 2022; Újvári et al., 2013; Újvári & Klötzli, 2015). Heavy mineral analysis of
loess at DSZ reveals significant amounts of chloritoid (Figure 2a), which is relatively uncommon in modern
sediments. Yet, chloritoid occurs in low‐grade Alpine metapelites (e.g., the Buendnerschiefer) exposed in the
Tauern and Rechnitz tectonic windows in the eastern Alps drained by several Danube (sub)tributaries (Garzanti,
Resentini, et al., 2010), and is thus also found in small amounts in Danube sediment samples. This Alpine
provenance is also consistent with the chemical composition of garnets in the loess, including greenschist‐ (solid
solution of Alm‐Sps‐Grs) and amphibolite‐facies derived garnets (Alm‐Prp) along with grains derived from
magmatic rocks (Alm‐Sps) (Figure 2a; Figure S4 in Supporting Information S1). Finally, previous detrital zircon
Hf isotope analyses of loess nearby DSZ found signatures that also overlap with Austroalpine basement exposed
in the Tauern Window (Fenn et al., 2022), all suggesting an Eastern Alpine proto‐source contribution to loess in
the Middle Danube Basin.

During the LGM, the Eastern Alps were covered by the extensive AIS and basement rocks would have been
subjected to intense erosion by local ice streams. Glacially ground sediment particles would have been released
along with glacial meltwater into proglacial river systems, that is, the Drava and Danube (Martinez‐Lamas
et al., 2020) and floodplain deposits may have subsequently acted as a widespread source for dust deflation and
loess deposition. This model of loess genesis is also reflected in the morphology of quartz grains from DSZ loess
(Figure S5 in Supporting Information S1): angular, sharp‐edged grains with abundant high‐pressure induced
fracture marks are specific to subglacial grinding processes whereas V‐shaped percussion marks result from grain
collisions during high‐energy fluvial transport (i.e., subglacial or proglacial meltwater flooding) (Baykal
et al., 2022; Mahaney, 1995; Strand et al., 2003). As such, our multi‐method provenance data from loess at DSZ
presents a comprehensive picture of particle production in previously glaciated areas in the Eastern Alps and
transport via the proglacial Danube river (and tributaries) prior to dust deflation from floodplain sediments.
Previously proposed contributions from more local dust sources (e.g., smaller river systems or local cover sed-
iments) are considered to be negligible for loess deposition at DSZ (see Section S2 in Supporting Information S1
for further discussion). Instead, our data indicate that AIS‐derived sediments transported via the Danube river
system acted as dominant and temporally stable dust source for loess deposition at DSZ throughout the late LGP.

4.2. Alpine Ice Sheet Dynamics Drive Stadial Dust Activity

Establishing that AIS‐derived sediments, routed via the Danube river system, were the main source for loess in the
Middle Danube Basin raises the key question as to how Quaternary AIS‐dynamics affected dust sources and, by
extension, loess deposition and atmospheric dust activity. In fact, it has been proposed that the onset of loess
accumulation in the Danube basin was directly associated with the initial formation of significant ice caps in the
Alps during the Mid‐Pleistocene Transition, reinforcing the fundamental importance of glacial silt production and
supply for regional loess formation (Obreht et al., 2019). This link between Alpine glaciation and peri‐Alpine
loess deposition is also observed on shorter, glacial‐interglacial and subglacial timescales (Marković
et al., 2024). Grouped luminescence data and derived accumulation rates from loess in the Middle Danube Basin
and other regions surrounding the Alps indicate greatly enhanced dust deposition during the AIS advances of MIS
4 and, most significantly, MIS 2 (Bosq et al., 2023; Perić et al., 2022). Despite this, the role of the AIS in driving
millennial‐scale changes in last glacial dust activity as recorded in loess from DSZ (Figure 3c) remains
unexplored.

The last glacial AIS is estimated to have reached its maximum extent at 25–24 ka, however, both the advance and
retreat from this area were highly dynamic (Seguinot et al., 2018). Specifically, stadial cold periods were
associated with wider recession of the AIS which contrasts the common expectation that continental ice sheets
would expand during cold periods and shrink during warmer periods, if precipitation is constant (Martinez‐Lamas
et al., 2020). The causes for this counterintuitive behavior of the AIS remain debated but it is likely that large‐
scale atmospheric reorganizations during North Atlantic cooling caused summertime warming in Europe
resulting in enhanced seasonality and surface melting of the AIS (Boswell et al., 2019; Martinez‐Lamas
et al., 2020). Large parts of the northeastern AIS lie within the Danube catchment and stadial ice sheet reces-
sion of this sector repeatedly unleashed summertimemeltwater floods during the late LGP (Figure 3f). Along with
glacial floodwaters, large volumes of glacigenic sediments were introduced to the Danube river system, as re-
flected by abrupt increases of sediment accumulation rates in the Danube delta (Martinez‐Lamas et al., 2020)
(Figures 3d and 3e). When glacial meltwater production seasonally ceased, these sediments were exposed in
floodplains, turning the entire Danube river system into an efficient although intermittent source for dust deflation
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Figure 3. (a) NGRIP dust particle concentration and (b) δ18O data (Rasmussen et al., 2014). (c) BMAR from DSZ loess (Újvári et al., 2017). (d) Turbidite flux and
(e) sediment accumulation rates (SAR) fromDanube delta sediment cores (Martinez‐Lamas et al., 2020). (f) NE AIS extent based on Danube delta sediment provenance
and SAR (Martinez‐Lamas et al., 2020). (g) BMAR from loess at Nussloch (NL; orange) and Schwalbenberg (SB; green) (Fischer et al., 2021; Moine et al., 2017;
Prud'homme et al., 2022). (h) Chronology of Rhine glacier advance and retreat dynamics (Preusser et al., 2011). (i) Modeled AIS volume (Seguinot et al., 2018). Gray
bars indicate elevated NGRIP dust particle concentrations during stadials. Black arrows indicate glacier/ice sheet retreats. Timing of Fennoscandian (FIS) and British‐
Irish Ice Sheet (BIIS) coalescence in central North Sea noted at top (based on (Clark et al., 2022; Roberts et al., 2018; Sejrup et al., 2016)).
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and loess deposition. Indeed, the timing of these AIS‐driven sediment supply events overlaps with detected
periods of greatly accelerated stadial dust deposition at DSZ during 32–24 ka BP (Újvári et al., 2017) (Figure 3c).
Based on these close temporal links alongside our provenance data showing that DSZ loess is sourced from AIS‐
derived sediments, we propose that millennial‐scale dust deposition variability at DSZ was mainly controlled by
AIS‐driven sediment supply. We also propose that this is a widespread effect. Extensive single grain and bulk
sediment provenance studies of loess from the Middle and Lower Danube Basins demonstrate that Danube
floodplain sediments represented the dominant source for wider loess deposition, with no major changes in source
signature along the river (Fenn et al., 2022, 2025; Pötter et al., 2021). Furthermore, thorough morphological
studies of quartz grains in loess found that glacially produced particles generally predominate in the Middle and
Lower Danube Basins (Banak et al., 2013; Jordanova & Jordanova, 2024), all suggesting that stadial AIS‐driven
meltwater pulses and associated sediment supply caused widespread and intense dust fall episodes along the
Danube River during the LGP.

Beyond the Danube basin, other major river systems such as the Po, the Rhône and the Rhine were affected by
meltwater pulses derived from western and southern sectors of the last glacial AIS (Figure 1). Provenance studies
of the extensive loess cover from these river basins also increasingly identify AIS‐derived sediments as the main
regional loess source (Bosq, Bertran, et al., 2020; Costantini et al., 2018; Zerboni et al., 2015). Moreover,
generally enhanced late last glacial dust accumulation reported from this peri‐Alpine loess (Bosq, Kreutzer,
et al., 2020; Wacha et al., 2018) indicates that increased glacigenic sediment supply from the advanced AIS may
have enhanced dust activity also across these regions. Indeed, more detailed chronological study of loess in the
Rhine valley revealed substantial dust deposition variability during the late LGP (Fischer et al., 2021; Moine
et al., 2017), with phases of enhanced dust activity that overlap with stadial AIS recession phases and, more
specifically, retreats of the Rhine glacier (Figures 3g–3i). As such, late last glacial dust deposition variability
widely seen in peri‐Alpine loess seems to be a function of AIS‐driven sediment supply. The timing of AIS‐driven
dust activity in the Rhine Valley and the Middle Danube Basin appears to be synchronized during the Alpine
LGM. Offsets in the timing of dust fall episodes prior to the LGM may have been caused by regional differences
in the timing of ice sheet recession or by temporary glacial lakes in the Alpine foreland that buffered meltwater
pulses and trapped meltwater sediment (Martinez‐Lamas et al., 2020). As such, AIS‐driven meltwater pulses and
associated sediment supply greatly enhanced atmospheric dust loading over Europe during stadial periods of
the LGP.

4.3. Wider Dispersal of Ice Sheet Dust and the Climate Impact

Notably, the timing of AIS‐driven dust events in the Middle Danube Basin and the Rhine Valley overlaps with
stadial dust peaks reported from last glacial Greenland ice cores (Rasmussen et al., 2014) (Figure 3a). This
coupled European‐Greenland dust activity may reflect wider dispersal of AIS‐derived dust particles to source
distal locations in the North Atlantic region. Empirical evidence for Greenland dust provenance remains
ambiguous, yet overlapping isotopic signatures of LGM Greenland dust and central European loess raise the
possibility for a European dust source contribution (Újvári et al., 2015, 2022). In fact, regional climate models
suggest that dominant anticyclonic circulation over the Eurasian Ice Sheet during the LGM offered efficient dust
trajectories from Europe to Greenland (Újvári et al., 2022) (Figure 1b). The extent and strength of this high‐
pressure system would have been controlled by the size of the Eurasian Ice Sheet (Krinner et al., 2004; Lud-
wig et al., 2016; Schaffernicht et al., 2020). Specifically, coalescence of the British‐Irish and Fennoscandian Ice
Sheets in the central North Sea may have strengthened and caused a westward expansion of the high‐pressure cell
(Stevens et al., 2020). The exact timing of this ice sheet coalescence is uncertain, yet recent ice sheet chronologies
agree that coupling of the British‐Irish and Fennoscandian Ice Sheets at least lasted from 26 to 23 ka (Clark
et al., 2022; Patton et al., 2017; Roberts et al., 2018) (Figure 3). Dust cycle simulations suggest that anticyclonic
circulation and associated east‐sector winds prevailed over central Europe 36% of the time under this ice sheet
configuration (Schaffernicht et al., 2020), likely contributing to enhanced dust activity as reflected by peak loess
accumulation rates reported from peri‐Alpine loess during this interval (Bosq et al., 2023; Moine et al., 2017;
Újvári et al., 2017) (Figures 3c and 3g). Strikingly, dust particle concentrations in Greenland ice cores also reach
maximum values during 26–23 ka (Rasmussen et al., 2014) (Figure 3a), suggesting that strengthened anticyclonic
circulation over northern Europe also enhanced wider atmospheric dispersal of AIS‐derived dust particles across
the North Atlantic region. In this way, AIS‐driven dust events recorded in peri‐Alpine loess would have altered
atmospheric dust loading on continental‐hemispheric scales during the LGP.
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Such large‐scale AIS‐driven stadial dust events may also have modulated last glacial climate. Although the net
effect is uncertain, atmospheric dust loading is most likely to have a moderate to substantial negative effect on the
global radiation budget (Kok et al., 2023). By definition, AIS‐driven dust outbreaks primarily affect ice marginal
regions while wider atmospheric dust dispersal potentially reached North Atlantic high latitudes (Figure 1b).
Across these cold climate regions, the cooling effect of dust in the atmosphere may be more significant, as the
mixed‐phase clouds formed around ice‐nucleating dust particles affect radiation more efficiently (Shi et al., 2022;
Shi & Liu, 2019). At the same time, a large proportion of dust emitted from regions marginal to the AIS is likely to
be deposited on ice, both locally in the Alps and potentially more widely in the North Atlantic region. Dust on ice
reduces albedo and accelerates ice melt rates resulting in enhanced ice sheet decay (Lamare et al., 2016; Oer-
lemans et al., 2009). In this way, AIS‐driven dust activity during stadials may act to further cool climate, but at the
same time contribute to enhanced ice sheet decay. This complex climate forcing impact of AIS‐driven dust ac-
tivity would thus perfectly augment the counterintuitive occurrence of synchronous climate cooling and enhanced
ice sheet calving activity in central Europe (AIS) and the wider North Atlantic region during Greenland stadials
and, most pronounced, Heinrich stadials of the LGP. As such, we propose that stadial AIS meltwater pulses
amplified last glacial North Atlantic climate fluctuations via their impact on the mineral dust cycle. This pre-
viously unrecognized mechanism adds a new dimension to LGP rapid climate change events and urgently needs
to be addressed in the modeling of last glacial climate evolution.
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