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During the Last Glacial Maximum global surface air temperatures were up to 6 °C lower than pre-
industrial levels and the mineral dust cycle was highly active, with global dust loading two to four times
higher than during the Holocene. Loess deposits and Greenland ice cores show peak dust
concentrations during this time. While Asian sources were traditionally seen as the main contributors
to dust transported to Greenland, recent studies using geochemical methods suggest a mix of Asian,
North African, and European sources. Europe experienced intense dust activity, with mineral particles
largely emitted from regional sources. Here we present the trace elements, and strontium and lead
isotopes from Last-Glacial Maximum samples collected at 15 sites across Europe. The results reveal
that fine dust originated from remote sources, potentially northern Africa. Earth System model
simulations support this finding, highlighting Northern Africa’s substantial role in dust deposition

during glacial periods across the Northern Hemisphere.

The intensification of the dust cycle during the Last Glacial Maximum
(LGM) continues to challenge our understanding of Earth’s systems and
aerosols. Its origin is attributed to enhanced dust emissions, but we lack
constraining site-level data. Greenland ice-core records have been inter-
preted as recording a substantial increase in dust storms in Asian deserts'.
Globally the dust emissions enhancement is attributed to i) increased
atmospheric gustiness (e.g*’.) related to enhanced temperature gradients, ii)
the generally dryer LGM (23-19 kyrs BP) climate’, iii) reduced vegetation
cover due to the low-CO, environment’, and iv) the emergence of glacio-
genic dust source regions’. In support of this, dust sediments, termed loess,
that mantle vast areas of the Northern Hemisphere demonstrate that the
dust cycle was even more active during the LGM in northern continents’.
Over Europe, during the coldest phases of the last glacial period there was
extensive development of loess deposits. These sediments had accumulation
rates that place the area among the dustiest regions on Earth® and with
environmental variations that are synchronous with the much larger and
extremely rapid relative variations recorded over Greenland™". Geo-
chemical data also show similarities between European loess and Greenland
ice-core dust”™ but a posited atmospheric transport from Europe to
Greenland (e.g. Schaffernicht et al.””) would require sporadic reversals of the
westerlies. Therefore, European loess have emerged as a crucial archive for

understanding the nature and climatic significance of glacial-interglacial
and millennial scale dust variations over the Atlantic region.

The thickest and more complete European loess sequences, situated at
50° N latitude'"'*" (Fig. 1), capture abrupt warmings linked to Greenland
Interstadials™”', marked by reduced dust and soil formation'"'*"***. Cold
Stadials, including the Last Glacial Maximum, that follow show high sedi-
mentation and coarse dust, signaling a return to glacial conditions™****.
This pattern of alternating dust deposition and subsequent cessation is
observed in marine isotope stages 3 and 2 along a longitudinal transect from
France to Ukraine, with increasing grain size index, toward the Last Glacial
Maximum (LGM)'*'"*** but also a longitudinal decrease of the mass accu-
mulation rates from western France to Ukraine during GS8 to GS3 (38.2 to
23 ka b2k). In these records the LGM stands out as a period of intensified
dust emission, transport, and deposition, attributed to successive intense
dust storms fueled by changes in atmospheric circulation®'*”. In their study
focused on the origin of dust deposited in the Greenland ice sheet, Ujvari
et al.” compared the fine fraction of dust in ice cores with samples from
potential sources, including East European loess. Their modeling-based
backward trajectory analysis supported the hypothesis of a European origin
for peak stadial Greenland dust, highlighting the importance of long-range
transport in dust dynamics.
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Fig. 1 | Map of European loess deposits. (after Rousseau et al.”*, modified from an
original by Antoine et al.*’). Location of the sequences analyzed. LGM Last Glacial
Maximum, BEL Belgium, CZE Czech Republic, DEU Germany, FRA France, POL

Poland, SBR Serbian Republic, UKR Ukraine, Core Lla from Mellett et al.*". The
color of the bullets is given according the analysis performed on the LGM samples.
The six lower icons represent topography and bathymetry.

Numerical simulations using Earth System Models have shown that
changes in vegetation, influenced by millennial climate variability, modulate
paleodust emission, with the dust cycle peaking in spring”*”’. However, the
three-dimensional nature of the dust field and influence of source regions
further afield remain poorly constrained due to a lack of appropriate field
data and integrated modeling studies.

Loess deposits in Europe provide a valuable archive for understanding
past dust dynamics. A number of geochemical studies investigated these
deposits in a regional context. For instance, Buggle et al.** and Bosq et al.”’
analyzed major and trace elements in bulk sediments and specific grain-size
fractions (<32 pm and 32-100 pm), suggesting an alluvial origin from local
riverbeds. Panczyk et al.”” used U-Pb age of zircons to argue for a local to
regional origin of the loess material as well as Fenn et al.”’ who combined
U-Pb ages and Hf isotopes in zircons. Similar conclusions were also reached
by Fenn et al.”> who used Sr and Nd isotopes and focused on bulk and fine
fractions of samples from four loess sequences along the Danube in Eastern
Europe. Contrasting conclusions were reached by Stuut et al.” and Varga
et al.’!, who suggested that coarse and fine dust fractions had different
origins. However, their conclusions were primarily based on analogies with
modern dust falls over Europe and coming from Northern Africa and they
lacked geochemical support. In addition, none of these studies were con-
strained by Earth System modelling, limiting their capacity to determine the
broader atmospheric transport dynamics involved.

Our previous geochemical analyses of LGM-dated loess samples along
a transect near 50° N (Fig. 1) demonstrated that the dust contributors in the
48°N to 52°N range contained a lot of zircons suggesting a regional, low-
altitude dust transport™, with material originating from the nearby Eur-
opean regions. The high zirconium concentrations in European loess
deposits suggest an overabundance of zircon, a heavy mineral indicative of
low transport and local source but because zircon is mainly present in the
coarse fraction of the material, it does not mean that all particle sizes are
local. Indeed, fine particles can travel long distances and at higher altitudes
than coarse ones. Given the incredibly dusty conditions recorded in Europe
and Greenland during the LGM, and the relative proximity to the Sahara,
today’s largest source of dust, the study of particle-size-dependent transport
dynamics is essential.

In this study, we present new geochemical and isotopic analyses of the
different particle-size fractions from European loess deposits. These are
coupled with Earth System Model simulations of the paleo-dust cycle to
better constrain the geographic origins and transport pathways of dust
during this period.

We selected three grain-size classes: 1) < 2 pm, 2) 2-20 pum, and 3) bulk;
the two fine fractions are also represented in Earth System models and the
bulks link our results to our previous study””. This size-resolved geochemical
analysis (trace element and Sr and Pb isotope ratios) should enable the
identification of potentially non-local sources of paleodust. These sources
can be characterized by modeling of the emission, transport, and deposition
of dust in Europe during the LGM time period (HadGEM2-ES™*,) and
comparing the results with data published for various potential source
regions.

Results

Geochemical results

Trace elements were measured on the three fractions mentioned above
(Supplementary data file). Figure 2 shows all the results for the three frac-
tions of the studied samples. New bulk measurements are similar to those
already published” (Fig. 2c). The 2-20 um fractions (Fig. 2b) have trace
element patterns that resemble strongly the bulk sediments with positive
zirconium (Zr) and hafnium (Hf) anomalies and negative strontium (Sr),
lithium (Li) and lead (Pb) anomalies (Fig. 2b, ¢). By contrast, the <2 um
fractions display elevated values in Li and Pb, and low contents in Hf, Zr, and
Sr (see Fig. 2a). This indicates that distinct mineralogy characterizes the
three grain-size fractions, with the <2 um particles being depleted in zircons
while both the 2-20 pm fraction and the bulk sediment (which is dominated
by these larger particles) are enriched in this mineral.

Figure 3 shows the variations of **Pb/**Pb versus ¥Sr/*Sr for all
analyzed grain size fractions of the loess samples, including previously
published bulk values®. First, the latest bulk measurements match well the
previous observations, supporting the interpretation of a regional origin of
the deposited material after transport over relatively short distances of
around 1 km to 100 km maximum. In particular, the composition of bulk
samples from Czech Republic and Serbia that are different from other
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Fig. 2 | Trace element data for different grains-size fractions normalized to the
average concentrations of the upper continental crust®. a < 2 um fractions,
b 2-20 um fractions and ¢ bulk sediments. Most sediments show similar patterns
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samples, supports the original regional hypothesis™* (Fig. 3). Data acquired
on the 2-20 pm size fractions generally plot close to their related bulk
samples but with usually lower **Pb/***Pb. This indicates that the 2-20 ym
size fraction has an origin comparable to that of the bulk and that it dom-
inates the Sr and Pb isotopic compositions. In noteworthy contrast, the <2
pm fractions have Sr and Pb isotopic compositions merging at intermediate
¥7Sr/*Sr and low **Pb/**'Pb, in a range unrelated to those defined by the
bulks or 2-20 um data. While most <2 um fractions have ¥Sr/*Sr between
0.714 and 0.718, two exceptions exist with values > 0.720. These two samples
(Glos and Seilitz) were located close to the ice wedges (see details in
Lautridou™ and Meszner et al.”*) and contain desiccation cracks that could
have been filled later on by material with a different origin. Even though the
data points are shown in Fig. 3, they are omitted from the interpretation.
Figure 3 demonstrates that the **Pb/**Pb ratio of the fine fractions is
systematically less radiogenic than those of the 2-20 um fraction and the
bulk rock, a feature that can easily be explained by a lack of heavy minerals
such as zircon and monazite and the predominance of K-feldspar and clay in
the fine fraction. Indeed, zircon and monazite being very rich in uranium
and thorium, their Pb isotopic composition is usually very radiogenic with
elevated *"Pb/**Pb and *®*Pb/**Pb (see details in Gargon et al.”’); they
control the Pb isotopic budget of the Zr-rich coarse fractions but not that of
the Zr-poor fine fractions whose Pb isotopic budget is controlled by
K-feldspar and clay Gargon et al.*’. However, the lack of clear correlation
between **Pb/***Pb and Th/Pb ratios (see Supplementary Fig. 4) demon-
strates that mineral sorting is not the only cause for the changing **Pb/**Pb
(**Th decays into ***Pb). Some independent process is necessary and it
could be dust coming from another area. Fig. 3 also shows that *’Sr/*Sr does
not necessarily increase from coarse to fine fractions as should be the case
considering the overwhelming presence of clay and K-feldspar in the fine
fractions (see details in Garcon et al.””). While the <2 um fractions of the
western European loess have, as expected, slightly more radiogenic Sr iso-
topes than the coarser fractions, it is not the case of the eastern European
loess whose <2 pm fractions are less radiogenic than the coarser fractions

(see Fig. 3). In practice, all fine fractions converge to intermediate *’Sr/**Sr
values no matter what the bulk and 2-20 um values are. A first but very
unlikely explanation for the low Sr isotopes of the <2 pum eastern European
loess fractions could be that their fine fractions are exclusively composed of
fine dust coming from the western part of Europe and that their own clay
fractions have been totally blown away to the East. An alternative scenario
would be that the fine fractions are not the result of mineral sorting but
represent mixtures of dust from the entire area. Such scenario seems quite
unrealistic given (a) the difference in trace element patterns between fine
and coarse fractions that demonstrates that the fine fractions cannot be
produced by grinding up coarser material (see Fig. 2) and (b) the system-
atically lower **Pb/**'Pb of the fine fractions relative to the coarse ones and
the bulks, a feature that cannot be explained by simple mixing. We favor a
different interpretation and suggest that the coupled Sr-Pb isotopic differ-
ence between fine and coarse fractions indicates that mineral phases present
in the fine and coarse fractions have different origins.

The marked isotopic difference between fine-grain and coarser-grain
fractions suggests different transport and different geographic sources, the
source of the fine-grain fraction being substantially more uniform than that
of the coarser fractions. The distinction between <2 pm and 2-20 pm—bulk
fractions is important to note, given that the fine fraction represents 20 wt.%
of the sediment, while the coarser fractions account for the remaining
80 wt.% (Supplementary Table 2). However, whilst the <2 pum fraction
appears relatively homogenous for *’Sr/**Sr and Pb isotopes, it is not yet clear
whether it represents a single source or a mixture of materials coming from
several areas.

Modeling results

The inclusion of glaciogenic sources in the LGM Earth System model (ESM)
simulation introduce considerable additional dust deposition over Europe
(see Methods and Figs. 4, 5). This global ESM LGM simulation produces a
zone of dust deposition varying up to 301 g/m’/y over the area of this study
(20W-30E by 47.5-52.5 N) for the 3.16-31.6 pm particle sizes with a zonal
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Fig. 4 | Change in LGMglac total dust deposition Dust depOSiﬂon anomaly
between simulations with glaciogenic sources LGMglacEUROPE-LGM ann
active in individual regions only versus simula- T T
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tions with no glaciogenic sources. The active gla-
ciogenic regions are a Europe, b Siberia, a

¢ Mississippi and d Alaska. (from Hopcroft et al.*").

LGMglac: Last Glacial Maximum plus glaciogenic
source regions following Albani et al.”’.
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Hemisphere for the coarser particles (>3.16 pm). a Dust deposition in gm™yr™  imum plus glaciogenic source regions following Albani et al.”.

with contribution of three different sources, and contributions of different sources:
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Fig. 6 | Dust deposition anomalies (LGMglac - pre-industrial) in Northern
Hemisphere for the finest particles (<0.316 pm). a Dust deposition in g m™> yr~
with combined contribution of three different sources; individual contributions of
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these sources: b Africa, ¢ Africa + tropical Americas, and d Asia. LGMglac: Last
Glacial Maximum plus glaciogenic source regions following Albani et al.”’.

average at this latitude of 67 g/m’/y. Over the studied transect of the Eur-
opean loess beltalso at 50°N (Fig. 1) estimates by Rousseau et al.® of the LGM
mass accumulation rates, (taking into account the paleosol development in
their age models), give values of 406 to 623 g/m*/y for the grain size fraction
4.6-26 um between 38.2 to 23 b2k (see Supplementary File 1 and Fig. 4 in
ref. 8). Although Fig. 6 shows substantial deposition of fine particles further
southwards of main loess belt areas, the total dust flux is greatest to the north
and eastern areas of Europe (see Fig. 5) where local glaciogenic source
regions have been prescribed in the model. The inclusion of freshwater
forcing in the model, which cools the Atlantic is simulated in the LGMglac
+fwl simulation. This shows a substantially increased mean dust flux at
50°N of 122 g/m’/y which is driven by increased emissions from the Sahel
and elsewhere and reduced wet deposition. Both of these features are partly
driven by the southward shift of the intertropical convergence zone™.

Sensitivity simulations show that the additional dust deposited over the
European landmass is sourced from three main regions (Fig. 6, See Meth-
ods). The larger particle fraction (here particles >3.16 pm) is completely
dominated by locally emitted particles with only around 1% coming from
Africa and even less from elsewhere (Supplementary Table 3). This is to be
expected given the rapid gravitational settling and limited transport range of
these larger particles which is exacerbated by a common deficiency across
ESMs that sees these particles settling too rapidly (e.g. Ratcliffe et al.""). We
evaluate the potential of a remote sources using the sum of the two smaller
size bins in the model (<0.316 pm). This should allow a clear separation
from the mostly local dust mobilization simulated for the heavier particles.
This analysis (Supplementary Table 3) shows for the LGMglac simulation a
significant proportion is derived from Africa (43%) and the tropical
Americas (12%), with only 11% derived from Asia.

The glaciogenic flux is dominated by emissions from within Europe
itself and from North America, including Alaska (e.g. Fig. 4). A major
component of the fine particle dust flux in Europe is therefore remotely
sourced in this simulation and 55% of this is derived from the land-masses
surrounding the tropical (35°S-35°N) Atlantic, including Africa. The
LGMglac+fw1 simulation shows similar contributions but with a slightly
larger component from Asia (see Supplementary Table 3). It can be con-
cluded that both the LGMglac and LGMglac+fwl simulations provide
evidence to support the hypothesis that the fine grain dust identified
through the geochemical data originated from a remote source. Further-
more, both simulations point to Africa as a major contributor to this
source influx.

Discussion

Potential remote sources and transport patterns

The <2 um fractions from European loess samples define a horizontal band
in the ¥Sr/*Sr vs **Pb/**Pb isotopic space (Fig. 3) and it can be noticed that
the **Pb/***Pb ratio generally increases with longitude. Indeed, a statistically
significant increase from Brittany to Ukraine occurs for the Pb isotopic ratio
of the <2 um fraction, while no such relationship exists for the 2-20 um
fraction (Supplementary Fig. 2), indicating that the overall composition of
the fine material is disconnected from the local sources recorded by the
coarser fraction and the bulk. The geographical change in **Pb/**Pb of the
fine fraction (37.9 to 38.6 units) and the rather constant ¥Sr/*Sr ratio at
~0.716 reflect therefore a source that is independent of the regional geology.
A comparison of the fractions from European samples with data from the
available literature for other areas in *’Sr/*Sr versus **Pb/**Pb isotopic
space helps us figure out the long-distance origin (see Fig. 7). This
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Fig. 7 | Comparison of <2 m fractions from Eur- AFRICA Greenland
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comparison excludes US, Chinese, and Alaskan loess samples (less than
5um fractions) and Gobi desert samples (less than 5pm from Biscaye
etal.””.) as potential sources. By contrast, similarities appear with the Bodele
and North African samples43 . Indeed, dust collected at various longitudes in
Africa define a similar range of **Pb/***Pb with lower and more variable
ratios on the northern side of the Sahara than in the Bodele depression and
the southern part of the Sahara (see Fig. 7). For Sr isotopes, the direct
comparison between potential sources and the fine fraction of the European
loess is more difficult to evaluate due to the removal of carbonates for most
published data, a procedure that we did not use in this study and that affects
the reported *Sr/*Sr. It remains that the northern part of Sahara produce
dust whose Sr isotopes are compatible with the values measured here for the
<2 um fraction of the European loess. Here we suggest that such source
could be northern Africa.

To further explore the African hypothesis, we also examine lead isotope
ratios from five North African potential sources areas (PSA) as defined by
Guinoiseau et al.*: Libya-Algeria-Mali (PSAyanm), Libya-Egypt (PSArg),
Bodélé Depression (PSApp), Mali Center (PSAyic) and West African Coast
(PSAwac). Compared to the data generated for Europe, there is a close
relationship between the Pb isotopic ratios in the soil samples collected in
various parts of Northern Africa (PSA; g, some PSAwac and the Sahara dust),
and our <2 um fractions of loess samples. Two samples of the North African
dust storms that reached Europe in 2024, collected in Grenoble (French Alps),
also plot among the North African samples (see Fig. 8a and b). This supports
the hypothesis of a sub-tropical Northern African origin of the fine material in
the European loess samples. The identification and characterization of this
long-range transport over Europe for the <2 pm fraction is of particular
importance, as it represents a non-negligible weight fraction of all the Eur-
opean loess samples (Supplementary Table 2).

The composition of the fine fraction of the European loess can be
further compared to the fine dust deposited in the Greenland GISP2 ice-
core. In their studies, both Biscaye et al.*” and Svensson et al.** concluded
that the main source of the fine dust deposited on top of the Greenland ice-
sheet was from both Gobi and Taklimakan deserts. Our first-hand data on
the fine fraction of the European loess provide some original insight for the
potential source of dust in Greenland during the Last Glacial Maximum.
Figure 7 shows that both GISP2 and NEEM data fall in the same field as
several of our recently acquired data on the fine loess fraction suggesting that

the source of dust in Greenland could well be meaningfully influenced by the
dust deposited in Europe during the same time period. Data reported more
recently by Han et al.'* for samples from the NEEM Greenland ice-core,
covering the interval from 30,800 years BP to 8,260 years BP, define a very
large range of **Pb/**Pb but they still overlap with the GISP2<5 um
samples and the <2 um fractions of European loess in Fig. 7. Finally, Fig. 7
shows that a potential mix of African and Asian origins for the <2 um in
European loess deposits is possible.

Transport of dust from the Sahara to the Arctic has also been observed
sporadically over Iceland. Over a 12-year period, fifteen Saharan dust
events were identified, indicating a southerly circulation that allowed par-
ticles as large as 100 um to reach such latitudes. Recently, several dust storms
also reached mainland Europe in March and June 2024 and the Pb isotope
ratios indicate a Saharan origin (see Fig. 8). Israelevich et al."” have also
documented a satellite observed aerosol optical thickness (AOT) over the
period 2001-2010 that depicts two main routes for Saharan dust reaching
Europe”. In Western Europe (15°W-5°E), dust is transported westward by
spring trade winds, subsequently turning north over the Atlantic Ocean, and
finally shifting eastwards. In addition, they described a synchronous
increase in aerosol optical thickness over the southern slopes of the Alps and
the Pyrenees. In Central and Eastern Europe (5°E-40°E), Saharan dust is
transported northward by air masses crossing the Mediterranean. These
modern observations of the long-distance transport of Saharan dust, with
their emphasis on the Atlantic route enabling subtropical particles to reach
Europe, as well as the high northern latitudes, demonstrate direct atmo-
spheric evidence of Saharan dust reaching Europe.

In our simulations the greatest dust deposition fluxes over Europe
occur in Northern Hemisphere spring months (MAM) across different time
periods. The increased influx of dust from Africa is dominated by changes in
transport rather than emissions because the total emissions over North
Africa are comparable in the pre-industrial and LGM simulations, for
example. During the 20% of months with the highest dust deposition fluxes
over Europe in the pre-industrial simulation, the circulation anomalies
resemble a North Atlantic ridging pattern which is known to bring dust to
Europe today (e.g. Cuevas-Agullo et al.*®). In the dustiest 20% of months of
the LGM simulations (with or without glaciogenic dust sources) a tripole
anomaly of geopotential height (at 500 mbar) develops between Greenland
and North Africa (as shown in Fig. 9) with a band of low geopotential height
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Fig. 8| Plot of lead isotope ratios. The fine fraction of European loess is compared to
the <5 pm fractions of samples from various sites: US, Chinese and Alaskan loess,
Gobi desert and GISP2 samples®. Samples from 2024 dust storms reaching Europe,

Grenoble, and collected by one of us are also indicated. Samples from Saharan dust,

Bodele depression, Sal Islands* and Saharan and Sahelian potential source area
samples™ are also shown. a *’Pb/***Pb versus **Pb/***Pb and b ***Pb/***Pb versus
*°Pb/**Pb.
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anomalies between two areas of positive anomalies (over Greenland and
North Africa). This tripole effectively forces anticyclonic wind anomalies
that are orientated from the North West of the Sahara, creating an efficient
transport pathway for dust towards Europe. This LGM geopotential height
anomaly (Fig. 9) has previously been associated with the most extreme
southerly position of the North Atlantic sub-tropical jet position in glacial
climates (e.g. Merz et al.”) and this southwards shift is also evident in
HadGEM2. During these phases the jet position which is already further
south than in the pre-industrial can therefore even more readily interact
with air masses containing dust from the Sahara. The mean-state LGM
southwards shift of the jet stream is associated with both topographic and
cooling effects of the LGM boundary conditions (e.g. Merz et al.*’; Roberts
et al.”’) and appears to be relatively robust across models (e.g. Wang et al.™").
Although beyond the scope of this work, further model analyses would
clarify the relative contributions of these different synoptic conditions on
dust variability (e.g. Schaffernicht et al."”).

Broader implications

Current dust deposition rates in Europe averaged annually for PM10
(<10 um), vary between 1-10gm™ yr~' *, whilst the European mass
accumulation rate for the LGM is up to 66-181 gm > yr" for the <10 um
fraction® highlighting the magnitude of the differences between the two time
periods. The significance of such dust variation in past climates on decadal
to millennial scales has been often overlooked due to a series of uncertainties.
These include the quantification, transport, chronology, radiative effects,
and data-model comparisons of (paleo)dust. Indeed, despite the advances in
satellite observations and modelling, the IPCC ARG report™ draws attention
to the persistent high uncertainties in predicting modern dust cycles and
feedbacks, which are even greater for past climates such as the Last Climate
Cycle (LCC-130-12 ka BP). Rapid climate events in the LCC saw susbtantial
dust variations, as measured in Greenland ice cores records covering the
Greenland stadial-interstadial cycles. Additional complications arise
because the radiative effects of fine and coarse particles are generally
opposite™” and larger particles are observed to be more long-lived than
based on theoretical considerations alone (e.g. Ratcliffe et al.*').

Our latest geochemical analyses of LGM samples indicate that the
coarser fractions (2-20 um and bulk) derive from local sources, as pre-
viously described"****?, while the finer dust fraction (<2 um), with its rather
homogeneous Sr-Pb composition, originates from a more distant source
that we interpreted as being Northern Africa. This interpretation would
indicate that the finer deposited material in Europe may have been trans-
ported at time intervals, as it occurs in modern time, or even at a different
season than the coarser particles estimated to be mobilized at the end of
winter until beginning of Spring”’. Our suggestion is that coarse material was
emitted, transported at low elevation and deposited locally/regionally. In
contrast, the fine material deposited in European loess belt was at least partly
sourced remotely and for this, the dust must have been transported at a

higher elevation most likely from Africa, transport that is supported by our
model simulations. A recent study of an Alpine ice core shows changes in
dust and sea salt during the last ice age. It found high levels of sea salt and
calcium, likely caused by stronger winds and more dust from the Sahara™.
These results match what we found in our own research. The average values
of the Sr and Pb isotopic ratios in Greenland ice cores are also very similar to
the values measured in European <2 pm loess samples. This observation
hints at a potential influence of this remote source over Greenland as sug-
gested for stadial phases by Ujvari et al.”. This would question the paradigm
that dust arriving during the glacial was predominantly sourced from Asia
(e.g. see also Han et al."; Ro et al.").

It is known that dust exerts a noteworthy influence on the Earth’s
radiation budget, albeit with opposing effects in the short- and long-
wave spectra (e.g. Kok et al.”). This has long been thought to have been
amplified during the LGM (e.g. Albani et al.”’). However, models have
been partly contingent on contemporary dust size distributions, which
may not accurately reflect the radiative impacts of the past™ and have
had relatively little size-resolved empirical data for validation. A remote
input of fine particle dust to Europe implies a particular radiative forcing
effect that was in operation during the LGM but a full characterization
would require innovative atmospheric simulations with radiative forcing
diagnostics and constrained particle size distributions which is beyond
the scope of the present study. We can postulate that the abrupt
shifts between Greenland stadials and interstadials during Dansgaard-
Oeschger cycles of the last glacial period may have impacted this remote
transport pathway and therefore altered regional dust radiative forcing quite
substantially. As a consequence, despite this apparent importance of dust in
past climate dynamics, its impact on rapid climate changes calls for
further study.

Conclusions

Our results demonstrate, for the first time, that both local and remote
transport pathways prevailed during the deposition of LGM paleodust over
Europe. At low elevation coarse material is transported over relative short
distances regionally via westerlies, in agreement with the observed wind
directions and loess landforms described from western Europe™®, in the
Rhine valley” and eastern Europe®™® (see Supplementary Fig. 3). Con-
versely the fine (<2 pm) grain size fraction of the dust material has a different
geochemical signature, and the observed apparent homogeneity thus sug-
gests a long-distance transport either dominated by a single remote source
or by a relative constant combination of remote sources.

We therefore propose that transport from Northern Africa to Europe
was sizable and larger than previously thought during the LGM. Our
combination of size-resolved geochemical analyses with state-of-the-art
modeling is a promising avenue for reconstructing the complex 3D struc-
ture of dust during the LGM and this will engender better understanding of
dust’s radiative forcing and biogeochemical interactions.
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Materials and methods

Material

Loess samples (Supplementary Table 1) of about 200 g have been prepared
at LGP Thiais to extract the studied grain size fractions. Particle size
separations were carried out on at least 10 g of dry sample. First, the entire
sample was sieved with demineralized water on 63 pm and 20 pm sieves.
The rejects were recovered, dried and weighed. The clay fraction was
obtained by decanting the fraction below 20 um. The rest of the sample was
mixed and left to settle for 1 h. The supernatant is then recovered. This
operation is repeated until a transparent supernatant is obtained. The two
fractions thus obtained are dried and weighed. The size (diameter) of the
different fractions was then checked by laser granulometry. Supplementary
Table 2 show the proportion of the four grain size fractions separated from
the LGM loess sediments.

Methods

The particle size fractions of the samples were crushed, and trace element
concentrations, as well as Sr and Pb isotopes (Supplementary data file), were
measured following the protocol of Chauvel et al.*. The analysis of lead and
strontium are conducted on sediment powder without leaching to avoid
preferential dissolution of mineral phases that could be rich in Pb (see
Supplementary Fig. 4). Chemical separations and isotopic analyses are
carried out at IPGP using the same protocol as described in Rousseau et al.”.

We analyze a suite of Last Glacial Maximum (LGM) simulations
performed with the Earth System model HadGEM2-ES***. This model has
a horizontal resolution of 1.875° x 1.25° (longitude-latitude) with 38
unequally spaced vertical levels that reach into the lower stratosphere™.
HadGEM2-ES has been widely used in the Couple Model Intercomparison
Project 5 (CMIP5) and to study past™®, present”, and future climate®’.
HadGEM2-ES includes an interactive mineral dust cycle that is directly
coupled to the atmosphere and dynamic vegetation®”’. Dust is represented
with six size classes with bin boundaries at 0.0316, 0.1, 0.316, 1.0, 3.16, 10.0
and 31.6 um. Emissions are calculated every timestep as a function of bare
soil fraction, soil moisture, and wind speed. Dust is then represented using
six atmospheric tracers which are subject to dry and wet deposition. Neither
direct dust-cloud interactions or non-spherical particles are represented.
Previous studies have evaluated both the pre-industrial and present-day
simulations of mineral dust with HadGEM2-ES"”” finding that it does a
relatively good simulation.

The LGM simulation with HadGEM2 has been described before™*
and is forced with ice-sheet area, topography, and sea-level from ICE-5G”,
greenhouse gas concentrations from ice-core records’*”®, and Earth’s orbital
parameters as computed by Berger””. The model parameters in the land-
surface required re-tuning from the release model version in order to pro-
duce a stable climate state for both the pre-industrial and the LGM”* and we
use these updated parameters in all simulations. In the LGM simulation,
monthly sea-surface temperatures and sea-ice distribution were prescribed
from simulations of the LGM with a slightly lower-resolution coupled
atmosphere-ocean model HadCM3***'. The LGM HadGEM2-ES simula-
tion is 50 model years, with the final 30 years used for calculating cli-
matologies. Glaciogenic dust sources were added based on Albani etal.” and
as described before Hopcroft et al.. This simulation is labelled LGMglac.
Both the standard and glaciogenic LGM simulations were also run with
stadial conditions by prescribing SSTs and sea-ice produced in coupled
HadCM3 simulations forced with 100 years of 1.0 Sv (1 Sv = 106 m’s™) of
freshwater input over the North Atlantic. These simulations are LGM
+fw1.0 and LGMglac+fw1.0, respectively™.

All of the HadGEM2 simulations used in this work were re-run but
with emissions restricted to particular regions in order to identify the source
origin of the changes in dust deposited during each time period. We setup
parallel simulations with emissions restricted to (i) Africa, (ii) Africa and
tropical Americas (labelled Atlantic region), or (iii) Asia. The dust deposi-
tion is compared with the equivalent restricted-source region simulations
(see Supplementary Table 3).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

In addition to the new data produced in this study, we used published data
listed in the references. The data that supports the findings of this study are
provided in the Supplementary Tables and the Supplementary Data file.
They are also available in the open access PANGAEA Data Repository™.
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