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Abstract

Aerosol radiative forcing is an important but often poorly understood component of regional climate. While glacier ice contains the most
detailed archives of past atmospheric aerosol composition and temperature, no well-preserved ice records extending into the last
climatic transition have been reported for the historically important European region. Here, we use an Alpine ice core to document
changes in European aerosols and climate from the end of the last glacial age (LGA) through the Holocene. The core was drilled on a
glacier dome in the French Alps called the Déme du Gotter (DDG), and it provides a stratigraphically intact record of aerosol and
climate extending to at least 12 kyears (ky) before present. Although dating near the base of the glacier is not well constrained, the
oldest DDG ice layers reflect glacial conditions in western Europe during the LGA. In addition to changes in atmospheric transport,
increased sea-salt and dust deposition in western Europe recorded in the LGA ice suggest enhanced westerly winds and more active
dust sources, possibly including North Africa. Deposition of terrestrial biogenic indicators during the cold LGA climate was lower,
however, consistent with strongly reduced European vegetation. The DDG record of terrestrial biogenic emissions also suggests a
decline of European forests throughout the Holocene, resulting from deterioration of climatic conditions and more recently from
establishment of the first agricultural societies. The pronounced changes in atmospheric aerosol recorded in Alpine ice imply large
variations in aerosol radiative forcing in western Europe during the last 12 ky.
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Significance Statement

Aerosol radiative forcing is an important driver of regional climate, so understanding changes in atmospheric aerosol is critical for
accurate climate modeling. Although glacier ice contains the most detailed records of past atmospheric aerosol, no ice core records
extending to the end of the last climatic transition ~11,700 years ago have been reported for the historically important European re-
gion. Here, we report an ice core record collected from the French Alps that spans the last great climatic transition. This record shows
increased sea-salt and dust concentrations over western Europe during cold climates consistent with enhanced westerly winds and
larger dust emissions possibly from the Sahara, butlower concentrations of biogenic particles during cold climates implying markedly
reduced European vegetation cover.

Introduction environmental conditions over multiple climate cycles
Atmospheric aerosols, as well as trace gases, play key roles in ra- (100 kyears [ky]) at hemispheric and global scales (1-4).
diative transfer, carbon cycling, and climate. Glacier ice is unique Greenland ice has revealed enhanced concentrations of sea-salt
in that it simultaneously archives information on past soluble and and crustal dust aerosol during cold climates compared with the
insoluble aerosol, trace gases, and temperature. As a result, polar Holocene at high northern latitudes that have been attributed to
ice core records have been used extensively to study past strengthened westerlies and enhanced dust emissions from
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Eastern Asia, respectively (2). Because of the short atmospheric
lifetime of aerosols (days to weeks), ice core records proximal to
emissions sources can provide information about radiative trans-
fer and environmental conditions on regional scales, in addition to
the hemispheric perspective from polar ice core records.

Numerous records of past climate have been derived from
European sedimentary archives such as peat, loess, speleothems,
and lake sediments (5). However, archives of past atmospheric
aerosol extending back to the last climatic transition are available
only for a few trace elements (6), largely restricted to water-
insoluble aerosol species. Understanding environmental changes
and drivers of European climate, such as variations in sea salt and
both natural and anthropogenic dust and vegetation emissions, is
of particular interest given the magnitude of population growth
and extensive land-use change during the rise of Western
Civilization under the relatively stable climate of the Holocene fol-
lowing the last glacial/interglacial transition.

Although cores extracted from high-elevation glaciers offer the
possibility of documenting past environments in nonpolar regions,
most records are restricted to present climate conditions. Except
for two ice cores extracted from the Andes (7) and the Tibetan
Plateau (8), no glacial records with intact climate-aerosol information
other than from high-latitude sites such as those on the polar sheets
extend back to the last glacial-interglacial transition (11.65-19.0 ky
before present [BP]). While radiocarbon analyses of particulate organ-
ic carbon (PO™C) have indicated that Pleistocene ice is sometimes
present in the bottom layers of West European glaciers (9), it was
shown that the climate information has been strongly modified after
snow deposition. For example, the §'¥0 temperature record from a
Colle Gnifetti (CG, Swiss-Italian Alps) core indicated a depletion of
4%, near the bottom of the core. Although similar to the §'®0 drop ob-
served in Greenland ice during the last climate transition, this change
occurred in CG ice dated by **C measurements to 3 ky BP (9). It was
proposed that this large discrepancy resulted from postdepositional
liquid migration of 80 at the grain boundary of ice located in zones
of strong strain-rate gradients above the inclined bedrock (10).

Here, we report on an Alpine ice core drilled at the flat summit
of Déme du GoUter (DDG) (4,304 m above sea level [asl]) (Fig. S1)
located just above the Col du Dome (CDD) ice coring sites (11). In
contrast to other Alpine ice cores typically collected from topo-
graphic saddles, the DDG bottom ice is less affected by strong
strain-rate gradients. We show that 5'®0 in the ice decreased in
bottom layers covering the late glacial period as indicated by layer
thinning-based extrapolation of *C dating of early Holocene ice,
strongly suggesting that the stratigraphically intact climate re-
cord extends to ~12 ky BP. Based on this assumption and using
analyses of various aerosol proxies including sodium (Na), cal-
cium (Ca), chloride (Cl), aluminum (Al), iron (Fe), phosphorus (P),
cerium (Ce), and insoluble particles, we document and discuss
changes of sea-salt, dust, and biogenic aerosols emitted by vegeta-
tion in response to past climatic conditions in Europe. Free of post-
depositional alterations, this Alpine ice record provides an
important new climate archive that fills the gap of paleoatmo-
spheric data in this region. These new aerosol and water isotope
records are compared to similar extracted from Greenland ice
cores representing high northern latitude regions.

Results and discussion
The DDG ice core dating and the 420 record

In the following, ages BP are presented as years before 1950
Common Era (CE). The 38.58-m-long (27.5 m water equivalent

[mwe]) DDG ice core was dated mainly based on radiocarbon ana-
lysis of particulate organic carbon isotopes (PO*C) in 12 ice sam-
ples. Furthermore, atom trap trace analyses of *’Ar (Materials and
methods) in air bubbles of five ice samples were used to date the
upper DDG layers for which uncertainties in **C are relatively
high (Fig. 1). Although *°Ar analysis previously was used success-
fully to date glacier ice (12, 13), this is the first time that the com-
bination of **Ar and *C has been used to obtain a full chronology
for an alpine ice core. Dating of the upper 22 mwe of the DDG core
is very consistent when anchored with the lead perturbation cen-
tered at 22.0 mwe (i.e. at ~2 ky BP) attributed to emissions from
Roman-era mining and smelting previously detected in ice from
the nearby CDD drill site (14) (Fig. S2) and in European peat sedi-
ments (6).

Reliable “C-based age measurements were achieved over the
Holocene above 26.3 mwe (9.40 + 0.26 ky BP) when carbon concen-
trations in the ice were sufficiently high. Below 26.3 mwe, a Nye
parameterization fit to the six *C measurements between 21.7
and 26.3mwe (~2.2 to ~9.4ky BP) (Supporting Text S1 and
Fig. S3) was used to account for the strong ice layer thinning of
the deepest layers of the glacier frozen to bedrock (15) to allow
the dating to extend to the bottom of the core. The DDG ice record
indicates an average §'®0 content that remained close to —13%
down to 26.7 mwe, dropping to —19%. at ~27.0 mwe (Fig. 2). To
evaluate the extrapolated chronology below 26.3 mwe, we com-
pared the DDG 5§80 record in age to more reliably dated climate
proxy records from nearby and Greenland (Fig. 3). Applying ages
derived from the Nye parameterization, such changes of §'%0 in
the DDG ice above ~27.0 mwe are in good agreement with other
European archives (Fig. 3), suggesting that the DDG ice is strati-
graphically intact as far back as the mid to late Younger Dryas
(YD) at 11.65 ky BP (19), i.e. down to 27.0 mwe which comprises
~97% of the current ice thickness (27.8 mwe, Materials and meth-
ods) covered by the DDG core. This is the first observed consist-
ency between *C dating and the §'®0 decline to glacial climate
conditions in an Alpine ice core and strongly suggests the absence
of any postdepositional effects on the DDG record down to
27.0 mwe.

In contrast, below ~27.0 mwe (i.e. for ice older than ~12 ky BP),
thereislittle agreement between the DDG 880 record and the oth-
er climate proxy records, suggesting folding and/or faulting ef-
fects near the bed. For instance, the climate warming during the
Bglling-Allergd (BA) is not fully reflected in our §'®0 record
(Fig. 3). However, the water isotope values in this deepest ice are
much lower than during the Holocene (remaining close to the
minimum value at 12 ky BP) and so generally consistent with
cold climate conditions during the late glacial age (LGA) period.
As a result, in the following we assume that (i) aerosol concentra-
tions from ice below 27.0 mwe are older than ~12 ky BP and gen-
erally representative of LGA conditions in Europe and (ii) the
aerosol records in ice younger than ~12 ky BP are stratigraphically
intact and extend from the mid- to late YD through the late
Holocene.

A number of climate records imply a Holocene Climate
Optimum in the Alps during the 10 to 5 ky BP period but often
with different timing (5). Unlike Greenland ice records that show
a well-marked Climate Optimum (17), other records from the
Alps such as the Ammersee ostracod (18) and the Holloch Cave
speleothem (5) 8*80 records are similar to the DDG %0 record
and show little or no evidence of a Holocene Climate Optimum
(Fig. 3).

Using the isotope sensitivity of 1.7%o/°C previously derived for
high-elevation Alpine sites (10, 20), the 5% difference in §'80

920z Asenuer 9z uo Jasn Biagjapiay 1enslaniun Aq 586/ S18/98 1 1ebd/9/y/e1onie/snxauseud/woo dno olwapeoe//:sdiy Woil papeojumoc]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf186#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf186#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf186#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf186#supplementary-data

Legrandetal. | 3

Depth (mwe)

0 4 8 12 16 20 24 28
I 1 I 1 I 1 I 1 I 1 I 1 I 1 _8
= A ==
3
I 2
0 i ——ak— — 16 ©
2,000 — - 20
} o
oo
S 4,000 - <
L0 I
S T 3
2 6,000 ©
e o
|- . Tie points ©
T 8000 m MuC
=
" 1A 1Cs
8o *
< 10,000 | ® *Ar
4 |'¥ Ice chemistry
12,000 —
14,000 — :

Fig. 1. Holocene dating of the DDG ice core. Top: deeper part of the DDG §'®0 record (0.02 mwe resolution) (in %o relative to Standard Mean Ocean Water).
Bottom: depth (in meter water equivalent) vs. age relation model (in years before 1950 CE). Dating is based on **C and **Ar measurements and various tie
points including distinct changes in heavy metals at the onset of the industrial period (~1890 CE) and during antiquity. The solid dark and light lines are
the depth age from a Bayesian model and a Nye model, respectively (Supporting Text S1). The dotted light line denotes where the layering is lost with the
Nye model. **C and *’Ar errors are reported as 1 SD. The vertical shaded band indicates the part of the ice core that is not accurately dated but relates to
LGA conditions. Inset shows the location of the DDG and CDD drill sites (star).

between Holocene and LGA in DDG ice translates to a temperature
decrease of ~3 °C. Evaluation of DDG during the 20th century
against nearby seasonally resolved CDD ice records shows that
DDG ice consists primarily of summer snow because of strong
wintertime wind erosion (Materials and methods; Table S2).
Summer temperature reconstructions based on pollen records
from western Europe (21) and timberline changes in the Alps (5)
indicate summer temperature decreases of 2 and 3.5 °C, respect-
ively. Climate model simulations (22) suggest that the YD in west-
ern Europe was characterized by a 6 °C drop of annual
temperature compared with warm climate conditions, with a win-
ter and summer half-year decreases of 10 and 2 °C, respectively.
Thus, the DDG changes of §'%0 between 26.7 and 27.0 mwe are
thus consistent with proxy- and model-based summer tempera-
ture reconstructions in western Europe during the last climatic
transition.

The long duration of the DDG record enables evaluation of
European environmental conditions from the LGA (though not
precisely dated) through the Holocene. In our evaluation, we

assumed that changes in chemical concentrations in the DDG
ice are associated mainly with variations in aerosol deposition,
with such variations resulting from both changes in emissions
and atmospheric transport between source regions and the
Alps. We further assumed that aerosol deposition processes did
not change appreciably. Although precipitation rates and thus
aerosol atmospheric lifetimes may have varied, the relatively
short 1- to 3-day aerosol transport times between potential source
regions and the Alps mean they likely had limited impacts on ice
concentrations. Note that this is different for Greenland with lon-
ger transport times (typically 6 to 10 days) between source regions
and the ice sheet (2).

The spatial representativeness of chemical
signals archived in DDG ice

To assess year-round and seasonal source regions for aerosols
measured in the nearby CDD ice cores, previous studies used
the atmospheric aerosol transport and deposition model
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Fig. 2. DDG ice core record of §'#0 ratios and selected chemical species. a) §*#0 (in %o relative to SMOW), b) P and ncP (Supporting Text S2), ¢) Na scaled by
1.8 and Cl, d) dust, and e) Ca concentrations. The 1.8 factor refers to the Cl/Na mass ratio in seawater. Note the use of log scales for Ca, Na, and Cl
concentrations. To account for ice layer thinning, the averaging depth intervals were reduced progressively down the core, 2.0 mwe down to 16 mwe
depth, 0.8 mwe between 16 and 23.2 mwe depth, 0.1 mwe between 23.2 and 25.9 mwe depth, and 0.02 mwe below 25.9 mwe depth. Changes of averaging
depth intervals are shown by breaks in the x-axis. The vertical shaded band below 27.0 mwe refers to the LGA period. The two other shaded bands on the
Ca profile indicate time periods with values <50 ng g~* that coincide with previously identified humid Holocene time periods in Sahara (16).

FLEXPART. It was shown that during the 20th century, summer- Italy, and Spain) for various aerosols including submicron par-
time aerosol concentrations at the remote CDD site mainly reflect ticles related to combustion (14, 23) as well as micron-sized par-
aerosol emissions into the boundary layer over regions located ticles emitted from soils and vegetation (24). The site is thus

within ~1,000km around the Alps (particularly from France, representative of aerosol emissions from western Europe.
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Fig. 3. Comparison between a) the DDG §'%0 record (100-yr smoothing average) and records from b) the Greenland NGRIP (17), c) the speleothem record
from Hélloch Cave (5), and d) the ostracod record from Ammersee (18). The two ice records are expressed in in %. relative to SMOW; the latter twoin %
relative to the Peedee Belemnite (PDB) calcite reference. The shaded bands denote the climatic stages of the last glacial age: YD, BA, and OD. The thin line
of the bottom DDG §'#0 record denotes the ice layers for which the dating becomes uncertain.

The record of terrestrial biogenic aerosol since
the LGA

Biotic particles are thought to modify cloud microphysics at least
at continental scales (25). At the global scale, biotic particles emit-
ted by vegetation represent the main natural atmospheric source
of noncrustal phosphorus (ncP) (26). Concentrations of ncP in DDG

ice calculated using Ce as proxy of the crustal fraction (Supporting
Text S2) were low during the LGA, increased 5-fold during the
early to mid-Holocene, and then decreased steadily into the late
Holocene (Fig. 2). The low ncP concentrations prior to 12 ky BP
are in agreement with primarily nonarboreal vegetation cover in
western Europe just before the onset of the Holocene (27), with
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the rapid ncPincrease at ~10 ky BP consistent with forest develop-
ment in response to improved climatic conditions (temperature
and moisture) during the early Holocene. NcP concentrations re-
mained high from 10 to 5.5 ky BP in agreement with quantitative
forest reconstructions (27) that indicate a maximum in western
European forest cover at that time, followed by a decline of forest-
ed area during the second part of the Holocene. Whereas deterior-
ation of climate conditions with decreased temperature in
northern Europe and decreased moisture in southern Europe
was the leading cause underlying the contraction of forested
area from 5.5 to prior to 2 ky BP, land-use changes prevailed after
2 ky BP with enhanced farming and deforestation contributing to
landscape fragmentation (28, 29). NcP concentrations in DDG ice
declined coevally with this post-5.5 ky BP vegetation decrease in
western Europe (Fig. 2).

Increase of sea-salt aerosol during the LGA

Sea-salt aerosol directly scatters solar radiation back to space
and, because itis water-soluble, affects climate via cloud droplet
size and albedo. The Alps are located some 650 km from the
coastline of the Atlantic Ocean and the English Channel.
FLEXPART simulations of micron-sized particles (24) thus sug-
gested that the CDD site is impacted by sea-salt aerosols emitted
over the mid-latitude Atlantic Ocean and the Mediterranean
Sea. Na and Cl concentrations in DDG ice were much higher dur-
ing the LGA than during the Holocene (Fig. 2) and characterized
by a Cl/Na mass ratio close to the seawater composition (1.8).
This is consistent with atmospheric models that suggest vigor-
ous westerlies during cold climates in the mid-latitudes North
Atlantic regions (2, 22), implying both higher sea-salt emissions
over oceanic regions and enhanced eastward transport from
these regions towards Europe. The two effects also likely re-
duced remobilization of chloride (as HCI) from sea-salt aerosol
after emission.

The difference in sea-salt concentrations during the LGA com-
pared with the Holocene is far greater at DDG (49-fold for Na,
Table S3) than in Greenland (6-fold for Na for the YD and up to
10 times higher during the last glacial maximum (LGM at ~23 ky
BP (19)) (2). Possible reasons for the smaller relative change in
Greenland include (1) a southward shift in the sea-salt source re-
gion for Greenland because of topography-related changes in at-
mospheric circulation linked to the Laurentide ice sheet (30) and
(2) an expansion of multiple-year sea ice that lessened local
sea-ice emissions (2) during cold climates. The large increase of
sea salt in the western European atmosphere during the LGA
may have induced a negative radiative forcing at that time com-
pared with the Holocene.

Changes of dust during the LGA and the Holocene

Dust aerosols affect climate both by absorbing and scattering in-
coming solar radiation and outgoing planetary radiation and by
acting as cloud condensation or ice nuclei (31). Model simulations
of theradiative effect of enhanced dust during the LGM (32) indeed
indicate negative radiative forcing of the LGM climate by dust. The
DDG ice record reveals an 8-fold enhancement of insoluble par-
ticle during the LGA compared with the Holocene (Table S3). A re-
cent compilation of paleodust deposited at 11 European sites
during the Holocene and LGM indicated an LGM/Holocene dust
(<10 pm) deposition ratio of 4.4+4.0 (ranging from 0.2 to 13.6)
(33). Since dust deposition during the LGM was higher than during
the YD or the Older Dryas (OD), the DDG LGA/Holocene dust ratio
of ~8 is in the upper range of the paleodust records in Europe.

Furthermore, the LGA/Holocene dust ratio in DDG ice exceeds pri-
or climate model experiments which simulate only a doubling of
dust deposition between warm and cold climate stages in
Europe (31, 32).

The LGA/Holocene dust ratio of 8 at DDG is intermediate be-
tween the ratios of 4 and 10 for Al and Ce, respectively (Fig. S4
and Table S3). Conversely, the LGA/Holocene ratio for Ca is 38, a
difference that may be explained by increased inputs from
Saharan sources with potential marine carbonate contributions
during the LGA. The Sahara has been identified as the present-day
main source of dust deposited in Europe (34). Consistent with ob-
served recent trends in dust deposition in the Mediterranean Sea,
recent trends in Ca deposition in CDD ice (see Fig. 2 for DDG ice)
have been attributed to frequent Saharan dust plumes reaching
the Alps after 1950 (24). The DDG Holocene record shows low Ca
concentrations below 23.7 mwe depth dated at 3.6 + 0.6 ky BP, ex-
cept around 26.0 mwe depth dated at 8.8 + 0.9 ky BP (Fig. 2). These
observations coincide (within dating uncertainties) with the
greening of the Northwestern Sahara during the early to
mid-Holocene, with lacustrine episodes from 4.5 to 7.5 ky BP and
8.0 to 10.5 ky BP separated by an arid period around 8.0 ky BP
(16). While the DDG record does not reveal the arid episode at
5.5-6.7 ky BP (16), the increase observed after 3.6 +0.6 ky BP
(Fig. 2)is consistent with the well-documented severe aridification
of North Africa at 3.6-4.0 ky BP (16). These different observations
suggest that the Sahara was the source of a significant portion of
the dust transported and deposited over western Europe through-
out the Holocene.

At latitudes higher than 50°N, glaciogenic insoluble particles
formed during the LGA south of the Scandinavian ice sheet were
a source of atmospheric dust at least in northern Europe (31).
Furthermore, part of the English Channel between France and
the British Isles was exposed during the cold climates and, al-
though limited in spatial extent, may have been a significant
source of marine carbonate dust aerosol. In addition, various mar-
ine records (35), terrestrial palaeohydrological indicators, and
proxy records of vegetation changes (16) all suggest more arid con-
ditions over Mediterranean regions including North Africa, Spain,
and Italy during cold climates. It has been proposed that atmos-
pheric meridional transport was strengthened at that time, poten-
tially promoting increased dust transport from these regions
towards western Europe (35). These latter assumptions, however,
partly conflict with recent model simulations, suggesting wetter
conditions caused by a shift of the westerlies further south than
previously proposed (36-38).

The chemical composition of dustin DDG during the LGA clear-
ly indicates Ca enrichment with respect to other crustal species,
specifically high Ca/Al and (Ca+Mg)/Fe mass ratios (Table 1).
These ratios were compared with those of potential dust sources
including Saharan and Sahelian sediments, marine carbonates
that are rich in calcium, and loess deposits in western Europe.
Table 1 indicates high Ca/Al and (Ca + Mg)/Fe ratios in Saharan
and marine carbonates compared with loess or Sahelian deposits.
Whereas the glaciogenic dust source represented an important
source at latitudes higher than 50°N, model simulations indicate
very limited southward dispersion (31, 43). The simulated low ele-
vation transport of glaciogenic particles implies atmospheric
transport over regional distances (43). This is in stark contrast to
transport of dust emitted from deserts such as the Sahara that al-
waysis associated with uplift that permits dust plumes toreach at
least 3-7-km elevation (44, 45).

The 8-fold higher dust concentration in the LGA DDG ice is
similar to that observed in Greenland during the YD and half
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Table 1. Mass ratios in different soils and sediments compared with DDG ice. Values under parenthesis refer to the range for Sahel and
Saharan sediments and soils (Table S5) and for Western European loess (Table S6).

Ca/Al Ca/Mg (Ca + Mg)/Fe
Soils (39) 0.2 3.0 05
Mean sediments (39) 0.92 4.7 2.0
Mean loess (40) 0.8 3.7 2.1

Western Europe loess (40) 0.8+0.4% (0.2-1.1)
Sahel sediments (41) 0.20£0.16° (0.1-0.4)
Marine carbonates (42) 4.8

Saharan sediments (41) 3.2+1.8°(1.8-6.5)
Holocene DDG ice 09+04

LGA DDG ice 55+3.1

4.6+2.2%(2.3-6.9)
2.3+0.9° (1.4-3.5)

2.0+1.0%(0.5-2.7)
0.5+0.1° (0.4-0.6)

14.5 7.7
6.5+1.2° (5.3-8.1) 5.5+3.3° (3.3-11.5)
424+2.0° 1.0+0.5°
9.1+6.1¢ 12.0 £3.6°

#Postdepositional weathering was found to be low to moderate in these sediments (see details in Supporting Text S5).

PSee details in Table S5.

‘Ice concentrations of magnesium (Mg) were corrected from the marine contribution (Supporting Text S2).

that during the slightly colder OD stage (46), although source re-
gions were likely somewhat different. It is difficult to further
evaluate differences in dust source regions and atmospheric
transport pathways at the DDG and Greenland sites, since the ori-
gin of dust deposited in Greenland ice during the cold climates re-
mains less clear than previously assumed (see recent discussions
for the YD (47) and for the LGM (48)).

Further investigations, including isotopic studies of dust, are
needed to confirm our hypothesis that Saharan dust, possibly sup-
plemented by marine carbonates from exposed continental
shelves, was responsible for the large Ca enrichment observed
in DDG ice deposited during the cold climates. If correct, our con-
clusions are consistent with near-surface paleohydrological indi-
cators from North Africa (16), but arein partial disagreement with
simulated large-scale cold climate atmospheric circulation (22)
and associated implications about regional precipitation (36-38),
at least during the summer months reflected in the DDG ice
record.

Conclusion

Evaluation of new chemical and §'%0 records, together with *C
dating, suggests that, unlike most other alpine ice records, the
DDG climate and aerosol records are intact at least during the
past 12 ky. This uniquely detailed archive of the mid-northern
latitude atmosphere reveals increased sea-salt deposition dur-
ing the LGA that suggests enhanced westerlies offshore of west-
ern Europe. These increases were larger than in Greenland
probably because of a southward shift in the sea-salt source re-
gion for Greenland linked to the presence of the Laurentide ice
sheet. Increases in dust were similar in the Alps and Greenland
in response to enhanced aridity during cold climates, but source
regions and transport pathways were different. It is unlikely that
the East Asian dust sources, which may have driven dust in-
crease in Greenland, also contributed to the observed western
European dust increases, and the large Ca enrichment seen in
DDG ice possibly implicates enhanced Saharan sources and/or
strengthened northward transport. The DDG record of ncP (a
proxy of biogenic aerosol) indicates lower deposition during
the LGA corresponding to strongly reduced European vegetation.
Finally, while biotic aerosol deposition in the Alps decreased
steadily from the early to late Holocene in parallel with the re-
duction of vegetation cover, Ca deposition increased during the
last third of the Holocene, possibly reflecting the end of the
Sahara greening. These findings are important for cloud micro-
physics, radiative transfer, and climate modeling at the
European scale.

Materials and methods

The DDG ice core

The DDG ice core (40 m long) was drilled in 1999 to near bedrock at
the top of the DDG (4,304 m asl), located 250 m from the CDD drill
site (4,250 m asl). The upper 1.4 m of the core was damaged during
drilling, so the top of the ice core record corresponds to the year
1997 CE. Furthermore, the deepest ice core piece extracted at
the depth of 27.5 mwe did not reach the bedrock. Indeed, after ex-
traction of the last ice core, a heating probe was able to further
penetrate an additional 0.35 m.

The mean annual temperature is —11 °C at DDG and CDD (49),
and summer temperatures rarely exceed 0 °C. As shown in previ-
ous studies conducted at nearby CDD (Supporting Text S3), the
seasonal cycle characterized by summer maxima has been very
well preserved in all chemical parameters throughout the 20th
century, demonstrating without a doubt that surface melting
and percolation does not occur at CDG, even under the anomal-
ously warm conditions of the late 20th century (50).

Detailed comparisons of the chemical composition of DDG ice
with the seasonally resolved CDD records (50) indicate unambigu-
ously that DDG ice consists largely of summer deposits (Table S2).
This likely is a result of very efficient wintertime wind erosion at
the DDG summit compared with the more sheltered CDD saddle
as indicated by stake accumulation measurements at the two
sites (51). Slightly greater §'®0 depletion observed in half-year
summer (April to September) averages in CDD suggests less pres-
ervation of snow at DDG during the coldest conditions in April,
early May, and/or late September. For many species, this mid-
summer bias meant slightly higher concentrations (up to a factor
of 2) in DDG compared with summer CDD that reflect more effi-
clent upward atmospheric transport of aerosol emitted in the
boundary layer under mid-summer conditions. Winds probably
were as strong or stronger under glacial (either YD or OD or
LGM) conditions, so it seems very unlikely that there was better
preservation of winter snow. Therefore, a significant and sus-
tained seasonality shift in net accumulation that would compli-
cate interpretation of the ice core chemistry and isotope records
seems improbable.

Chemical analysis

The analyses were conducted using the continuous flow ice core
system at the Desert Research Institute (52). Longitudinal core
samples (section of 3.3x3.3cm) were melted sequentially.
Analytes included Na, Mg, P, S, Cl, Ca, Al, Fe, Ce, and Pb using
two inductively coupled plasma mass spectrometers operating
in parallel, colorimetric methods for NO; and NHy, and a Picarro
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analyzer for '%0 (52). Detection limits defined as three times the
SD of the blank were 0.05, 0.18, 0.08, 0.06, 3.9, 0.24, 0.18, and
0.60 ng g~* for Na, Mg, P, S, Cl, Ca, Al, and Fe, respectively, and
0.75pg g~ * for Ce and Pb. Similarly, detection limits for NO;
and NH, were 0.50 and 0.13 pg g™* (as N), respectively, and
0.15% for §'80. Previous assessments of measurement recovery
with the DRI system for which the online acidification during con-
tinuous measurements is limited to a few minutes indicated that
recovery was close to 100% for largely soluble Na, Mg, Ca, Cl, S, P,
and Pb. Recoveries for Ce were ~60 and ~20% for Al and Fe, re-
spectively (53). Reassessment of recoveries specifically in LGA
and Holocene DDG ice samples was similar. Semiquantitative,
size-resolved insoluble particle concentrations nominally ranging
from 0.8 to 10.0 pm were measured at high depth resolution using
a laser-based Abakus particle counter (54). Detection limits were
~0.05ug g%

Ice core dating: radiocarbon (**C) analysis of ice
and *°Ar of air bubbles

Twelve DDG ice samples of 18 to 55 cm lengths were analyzed
for PO*C content as previously done in CDDice (14). After decon-
tamination, available ice for PO'C analysis was reduced to
133 to 444 g, with each sample containing particulate organic car-
bon (POC) masses of 1.0 to 13.7 ugC (Table S1). Radiocarbon sam-
ples were prepared at the Institut des Géosciences de
I'Environnement with the inline filtration-oxidation-unit devel-
oped at the Institute of Environmental Physics. The mean mass
blank was 0.2+0.02ugC with a F¥*C value of 0.59+0.13.
Radiocarbon analyses were conducted at the accelerator mass
spectrometer  facility = of the  Curt-Engelhorn-Center
Archaeometry. Calibration of the single *C ages was performed
using OxCal version 4 (55, 56). Age uncertainties were large in
the two upper samples and in the sample of ice located at
26.5 mwe depth (from 4.0 to 36.7 ky BP). The latter resulted from
low organic carbon content (Table S1).

Five DDG ice samples were analyzed for *Ar content by atom
trap trace analysis (ATTA) following previously detailed proce-
dures (12, 57). The ATTA method uses the isotope shift of the elec-
tronic transitions in atoms to selectively trap very rare noble gas
radioisotopes in a magneto optical trap via laser cooling methods,
followed by the counting of individual atoms (57). Sample prepar-
ation and gas extraction and purification were done at the
Institute of Environmental Physics, Heidelberg. Ice samples were
combined to yield more than 1kg of decontaminated ice per
*Ar sample. The measurements on the resulting 0.6 to 1.0 mL
of pure Ar were taken at the Kirchhoff-Institute for Physics,
Heidelberg, with the ATTA method (see details in Supporting
Text S4 and Table S4).
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