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CLIMATOLOGY

Strong links between Saharan dust fluxes, monsoon
strength, and North Atlantic climate during the last

5000 years

Juncal A. Cruz', Frank McDermott?, Maria J. Turrero®, R. Lawrence Edwards*, Javier Martin-Chivelet

Despite the multiple impacts of mineral aerosols on global and regional climate and the primary climatic control
on atmospheric dust fluxes, dust-climate feedbacks remain poorly constrained, particularly at submillennial time
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scales, hampering regional and global climate models. We reconstruct Saharan dust fluxes over Western Europe
for the last 5000 years, by means of speleothem strontium isotope ratios (®7Sr/%%Sr) and karst modeling. The re-
cord reveals a long-term increase in Saharan dust flux, consistent with progressive North Africa aridification and
strengthening of Northern Hemisphere latitudinal climatic gradients. On shorter, centennial to millennial scales,
it shows broad variations in dust fluxes, in tune with North Atlantic ocean-atmosphere patterns and with mon-
soonal variability. Dust fluxes rapidly increase before (and peaks at) Late Holocene multidecadal- to century-scale
cold climate events, including those around 4200, 2800, and 1500 years before present, suggesting the operation
of previously unknown strong dust-climate negative feedbacks preceding these episodes.

INTRODUCTION

Desert dust aerosols affect Earth’s global energy balance in multiple
ways, including by scattering and absorbing radiation, modifying
cloud albedo and lifetime, and affecting the carbon cycle by ecosys-
tem fertilization (I). Also, they regionally affect the water cycle by
influencing cloud formation and precipitation (2) and affect human
health through air pollution (3). On a global scale, the largest source
of mineral dust for the atmosphere is located in the northern African
desert, from where huge amounts of dust are exported continuously
(but not steadily) via the atmosphere over the Atlantic Ocean and
the Mediterranean (4). Understanding dust-climate relationships is
a major scientific challenge for climate modeling (5, 6) and, despite
notable advances, considerable uncertainties remain because of the
number and complexity of processes that affect radiative fluxes.
Difficulties are further aggravated because atmospheric dust fluxes
vary at all temporal scales and can be difficult to quantify at climate-
relevant time scales. Saharan dust fluxes show strong interannual
and interdecadal variability (7), both of which influence and are
affected by a multitude of regional-scale processes. Some recent
work on Mediterranean and north African lake records (8-10),
European ice cores (11), and Atlantic sediments (12-16) indicate
considerable variability also at longer time scales. Despite these
advances, our knowledge on dust changes occurring at centen-
nial to millennial time scales is still very limited and strongly
hampers robust quantitative evaluation of desert dust-climate
feedbacks.

In this work, supradecadal- to millennial-scale changes in
Saharan dust fluxes during the Late Holocene [4.9 to 0.9 ka (thousand
years) before the present (BP)] are reconstructed using an innova-
tive speleothem-based paleodust proxy. Specifically, we present a
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quantitative estimation of Saharan dust deposition rates that oc-
curred in southwestern continental Europe (43°N), a region located
>2000 km north of Saharan dust sources. Our paleodust recon-
struction is based on strontium isotopic ratios (¥Sr/%%Sr) measured
in speleothem calcite (cave deposits). The study focuses on varia-
tions in *’Sr/*Sr ratios along a uranium series-dated stalagmite
retrieved from Kaite Cave (northern Spain) (fig. S1). Inference of
paleodust fluxes using Sr isotopic ratios was based on characteriza-
tion and modeling of the present-day cave geochemical system for
%7Sr/%Sr ratios, including cave drip waters and speleothems, as well
as different sources of strontium including cave host rock, sea salt
aerosols, and Saharan dust. Our results provide key data for under-
standing mid- and long-term Saharan dust flux patterns and
quantifying dust-climate relationships during the Late Holocene.
They also offer a robust new dust-flux time series as an input for
climate models.

An area prone to dust deposition in Western Europe

The northern part of the Iberian Peninsula is a key region for un-
derstanding past climate dynamics because of its location between
the North Atlantic, the Mediterranean, northwestern Africa, and
northwestern Europe. The area is characterized in the present day
by Saharan dust deposition fluxes in the range of 4.4 + 1.1 gm ™ year |
(see Materials and Methods).

Dust fluxes in this area are linked to Saharan dust outbreaks from
northern Africa, which typically occur several times per year (17),
with the main sources found in southern Algeria and northern Mali
region, and in the western coast of northern Africa (Western Sahara,
western Mauritania, and Atlas foothills) (18, 19), although other,
more distant Saharan areas can also act as primary sources of dust
(20). In the dust source areas (Fig. 1), large quantities of dust are
injected into the atmosphere by resuspension and are transported
toward Iberia under diverse synoptic atmospheric scenarios. During
summer, these scenarios are dominated by a strong North African
high at the upper levels, whereas, for the rest of the year, they are
commonly controlled by a North African high at surface levels or by
an Atlantic low located west of Iberia (19). Interdecadal patterns of
dust influxes over Spain during the instrumental period reflect the
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Fig. 1. Kaite paleodust record in the context of the North Atlantic region. Map showing the location of the site for the dust flux reconstruction based in stalagmite
Buda-100 (Kaite Cave, northern Spain), indicated with a red star, as well as of other previous proxy reconstructions mentioned in this paper (yellow stars, numbered 1 to
11): (1) Mid-Atlantic dust flux record, GGC6 sediment core (13); (2) North Atlantic Current (NAC) temperature record, MD95-2011 sediment core (48); (3) Iceland-Scotland
Overflow Water (ISOW) strength record, GS06-144 08GC sediment core (57); (4) NAC drift ice record, VM-29-191 sediment core (67); (5) Gulf of Cadiz hydroclimate recon-
struction, GeoB5901-2 core site (53); (6) Sidi Ali lake (Morocco) paleoprecipitation and paleodust record (70); (7) Eastern North Atlantic Central Water offshore Morocco
temperature record, 0C437-7 24GGC sediment core (46); (8) GC37 sediment core near Canary Islands (34); (9) 0C437-7/GC49 sediment core, offshore Western Sahara (12);
(10) dust record, GeoB9501 sediment core (74); (11) dust record, ODP-658C (15); (12) dust record, 0C437-7/GC68 sediment core, offshore Mauritania (72); (13) Sahel-Sahara
paleoprecipitation record, GeoB4905-4 sediment core (35); (14) Gulf of Guinea sea surface temperature, MD03-2707 sediment core (39). The map also includes the domi-
nant Saharan dust trajectories toward Western Europe and the North Atlantic (78, 19). Western PSA and Central PSA indicate the North African dust “preferential source
areas” and their approximate average values for dust 8751/855r (in parentheses) (20).

changes occurring at the African dust source areas and are compa-
rable to those detected in northwestern Africa and the Atlantic
(see fig. S2).

Our study site is Kaite Cave (Ojo Guarefia Karst Natural Monument,
43°2' N, 3°39’ W; 870 m above sea level), a small, poorly ventilated,
superficial cave located to the south of the Cantabrian Mountains, north-
ern Spain (Fig. 1 and Materials and Methods). The cave is hosted in
a massive limestone of Late Cretaceous age. This lithological unit
forms the caprock of a low dipping cuesta, and the cave is located
near the top of the ridge. At the surface, the cave site shows quite flat
orography, determined by the gentle backslope of the cuesta, mod-
erate cover of bush type vegetation, and a very thin, immature
lithosol, which consists of weathered host rock and aeolian fine
material. The site, which has no relevant surface runoff, is prone
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to dust accumulation, which takes place mostly by wet deposition
(precipitation scavenging), while “dry” deposition (not involving an
aqueous phase) is clearly subordinated (21). Over the cave, there is
no other possible source of sediment besides the atmosphere and
the weathered limestone itself.

The present-day climate of the area is warm temperate, averaging
10°C, with both Atlantic (oceanic) and Mediterranean features. An-
nual precipitation, which is usually above 900 mm, is determined mainly
by northern Atlantic mid-latitude storms (polar front low-pressure
cells) with a marked Mediterranean seasonality with relatively dry
and warm summers. Reconstructions of hydroclimate for the last
millennia in the area (in part based on speleothems from Kaite, see
fig. S3) reveal strong interannual variability but relatively minor
changes in the bulk rainfall at decadal to millennial scales.
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RESULTS

Speleothems are capable of yielding high-resolution paleorecords
because of the following: (i) They grow gradually from cave drip
waters whose hydrochemistry can change in response to environ-
mental changes occurring outside the cave, and (ii) they can be pre-
cisely age-dated by uranium series methods and high-resolution
microstratigraphy. Most speleothems consist of calcium carbonate,
which can incorporate trace elements such as strontium, which sub-
stitutes for Ca in the calcite lattice during speleothem growth (22).
Because strontium isotopes do not fractionate significantly from
geological or biological processes, the *’Sr/**Sr ratio of speleothems
can be used as a natural tracer of strontium sources (23-27). The
87Sr/%Sr ratio of precipitated calcite should be identical to that of
the drip water from which it derives, which, in turn, reflects the multi-
component mixture of strontium with different isotopic ratios, each
component determined by its provenance. These include both in-
ternal (cave host rock) and external (mineral dust and sea spray de-
posited above the cave) sources (see Materials and Methods).

Sr isotope measurements (¥Sr/%8r) were performed on 101 sam-
ples of calcite of a Late Holocene stalagmite from Kaite Cave (fig.
S1), as well as on 20 additional samples comprising present-day cal-
cite precipitates, drip waters, cave host rock, soil above the cave, and
meteoric waters (table S1). The time series reconstruction was based on
15 radiometric (U-Th) age-dates, which allowed a high-resolution
age model for the inferred changes in dust fluxes between 4.9 and
0.9 ka BP (table S2 and fig. S4). During this interval, the stalagmite

grew vertically at remarkably steady rates, averaging 0.27 mm/year.
Stalagmite ®Sr/*Sr ratios reveal consistent changes through time,
including well-defined trends and patterns at supradecadal to mil-
lennial scales (Fig. 2).

Past rates of Saharan dust deposition have been calculated using
a two-step model (see Materials and Methods). First, a mass balance
model for ¥Sr/*Sr ratios based on present-day measurements allowed
calculation of the effect of inputs of Saharan dust on the ¥Sr/**Sr ratios
of speleothems currently growing in Kaite Cave, as well as effects of
inputs from other sources (cave host rock and sea salt aerosols).
Results show that cave rock is the main strontium contributor (~93.2%)
to present-day speleothem strontium, followed by Saharan dust
(~5.2%) with minor inputs from sea salt (~1.6%). Second, past dust
deposition rates are forward modeled by calculating the changes in
current conditions that are required to reproduce the past speleo-
them ¥Sr/**Sr measurements.

Dust deposition rates inferred from stalagmite *Sr/**Sr reveal
substantial changes through time and show patterns that are consist-
ent with previously published flux estimates (Fig. 3), although these
have poorer temporal resolution or do not span the entire time in-
terval reconstructed here. According to our data, dust deposition
during the 4.9 to 0.9 ka BP interval never reached the current rate
for northern Iberia, and past values ranged between 33 and 80% of
today’s value (Fig. 2). Lowest values are broadly coherent with dust
deposition rates simulated by climate models for 6 ka BP (28-30),
i.e., the so-called African Humid Period (AHP). During the AHP,
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Fig. 2. Reconstruction of Saharan dust flux in northern Iberia. Dust deposition rate (left axis) based on 8Sr/2%Sr ratios (right axis) measured along stalagmite Buda-100
from Kaite Cave (Spain) and U-Th age-dating, which allowed a high-resolution age model for 4.9 to 0.9 ka BP interval (horizontal axis). Two additional reconstructions for
Saharan dust fluxes are given based on the lowest and highest estimates for present-day dust fluxes, and, respectively, in maximum and minimum estimates for average
875y/%sr ratios of Saharan dust reaching the cave area (see the Supplementary Materials for details). The paleodust fluxes inferred from Buda-100 are always above of
the deposition rates simulated for the so-called African Humid Period at ~6.0 ka BP (28,29) and below present-day values. Error bars are 2¢ for both 201 ages and

875r/885¢ ratios.
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Fig. 3. Saharan dust in Iberia versus North Atlantic paleodust records. Dust
reconstruction based in Buda-100 stalagmite compared with previous dust recon-
structions based in marine sediment core GG6-C of the mid-Atlantic ridge (73) and
sediment cores GC49 and GC68 (12), GeoB9501 (74), and ODP-658C (15) of the
northwestern African margin. Beyond the different resolution of the records, all
show good coherence in the long-term trend. Also, the absolute values of dust
fluxes are concordant with the distance of the sampling sites to dust sources and
pathways. The map shows current average dust deposition (32) rates and location
of paleodust record sites.
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Saharan dust fluxes probably reached the minimum values for the
whole Holocene (13, 31).

Compared with other previous Saharan dust paleorecords (Fig. 3),
depositional rates calculated for Iberia are intermediate between those
inferred for the northwestern African margin, which could be up to
one order higher (12), and those calculated for the mid-Atlantic
ridge (13), which are one order of magnitude lower. These interme-
diate values are broadly consistent with the distance to the main
Saharan dust plume and present-day dust rates (32).

The main features of our paleodust record are as follows: (i) a
long-term net increase in dust deposition for the whole time inter-
val (4.9 to 0.9 ka BP), in which dust deposition rates change from
very low values close to typical AHP ones to high rates approaching
(but never reaching) present-day values; and (ii) a superimposed
millennial-scale quasi-periodic pattern, defined by alternating in-
tervals of low (4.7 to 4.6, 3.5 to 3.2, 2.3 to 1.9, and 1.3 to 1.0 ka BP)
and high dust deposition rates (4.4 to 3.8, 2.9 to 2.4, and 1.8 to
1.4 ka BP), the latter with very remarkable peaks at 4.3, 3.8, 2.8, 2.4,
and 1.5 ka BP.

DISCUSSION

Long-term Saharan dust increase

Our results reveal a progressive but nonlinear increase in Saharan
dust deposition in northern Iberia between 4.9 and 0.9 ka BP (Fig. 2),
an increase that probably started some centuries before, according
to superregional dust reconstructions (12, 16) and climate simula-
tions (28, 29), and that continues today, as indicated by present-day
data from the studied cave. Such a net increase is consistent with the
long-term desertification process experienced by northern Africa,
including the Sahara and the Sahel, starting around 5.5 ka BP with
the rapid demise of the AHP (~11.7 to 5 ka BP) (33-35), and con-
tinuing more gradually over the remainder of the Holocene (13).
During these later millennia, the progressive aridification in north-
ern Africa is reflected by lake levels (8, 36), vegetation changes (37),
human settlements (38), and dust fluxes over the northwest African
margin (12, 14, 15, 33) (Fig. 3); the latter was estimated to increase
~5-fold since the AHP (12). The long-term change in dust fluxes
is probably related to progressive strengthening of the latitudinal
temperature gradient (LTG) (Fig. 4D) in the Northern Hemisphere,
in turn induced by a gradual increase in the latitudinal insolation
gradient (LIG) (Fig. 4C) as insolation declined faster at high lati-
tudes than at equatorial latitudes in response to orbital parameters.
Stronger LIGs and LTGs produced weaker monsoon conditions
in West Africa (39) that mimic the waning of East African, Indian
Ocean, and Asian monsoon systems (40, 41) (Fig. 4) and the grad-
ual southward shift of the mean latitudinal position of the inter-
tropical convergence zone in the Atlantic (42). The differential
cooling of high northern latitudes with respect to equatorial regions
also promoted a stronger Hadley circulation and a southward shift
of the Azores high. In the mid-latitudes, the westerly flow increases,
with enhanced moisture transport and precipitation over central
and northern Europe (43), which contrasts with the broad aridifi-
cation of northern Africa. Northern Iberia, located between those
areas, did not experience substantial changes in precipitation in
the long term, except a possible small net trend to drier condi-
tions (44, 45) (fig. S3). Our results suggest that long-term change
in Saharan dust deposition is dominated by the strengthening of
the sources.
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Fig. 4. Saharan dust fluxes and key ocean-atmosphere and climate time series. Time series for selected ocean-atmosphere proxy records (see Fig. 1 for locations) and
for key climate forcings in the 4.9 to 0.9 ka BP interval. (A) Reconstruction of the total solar irradiance (59) with purple arrows indicating grand minima of solar activity.
(B) Flow speed in the Iceland-Scotland overflow water (ISOW) inferred from sortable-silt mean size (average) in core GS06-144 08GC (57). Smooth curve is a B-Spline fit 10
dec. (C) LIG for 15 July in the Northern Hemisphere, given by the insolation between latitudes 65° and 15°N, using data from (79). (D) LTG for the Northern Hemisphere,
between latitudes 50° and 10°N, calculated with data from (43) (40° to 60°N annual average temperature minus 0° to 20°N annual average temperature). (E) Saharan dust
deposition rate in northern Iberia (this paper). (F) Strength of the Asian monsoon inferred from oxygen isotope ratios in a stalagmite from Dongge Cave, southern China
(25°N, 108°E) (40). Smooth curve is a 24-point running mean. (G) Intermediate water temperature of the Eastern North Atlantic Central Water (ENACW) inferred from Mg/
Ca in sediment core OC437-7 24GGC (46) located in the eastern boundary of the subtropical gyre. The curve is a 200-year low-pass filter. (H) Sea surface temperature in the
Gulf of Guinea estimated by Mg/Ca of MD03-2707 sediment core (39) with age model by Waelbroeck et al. (80). The curve is a B-Spline fit 10 dec. Blue ribbons at the bottom indicate
the time of the main supraregional “cold events” described in the literature (see the main text). Vertical scales in (B), (G), and (H) are inverted to facilitate visual comparison.

Cruzetal., Sci. Adv. 2021; 7 : eabe6102 25 June 2021 50f11

1202 ‘Sz 1snBny uo /Bio"Bewsousios saoueApe//:diy Woll papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Millennial-scale changes

Our record shows changes in dust deposition rates at supracentennial
to millennial scales, defined by the following: (i) a repetitive pattern
with a dominant period of ~1.25 ka; (ii) four intervals of dust depo-
sition minima occurring at 4.7 to 4.6, 3.5 t0 3.2, 2.3 to 1.9, and 1.3 to
1.0 ka BP, all of them preceded by a long interval of dust decline,
lasting one century or longer; and (iii) a series of dust deposition
maxima at 4.3, 3.8, 2.8, 2.4, and 1.5 ka BP, typically preceded by rapid
increases in dust fluxes. These features need to be considered within
the North Atlantic long-term climate variability, which exerts a strong
influence on winds and precipitation patterns over both western
Africa and Western Europe and thus can induce changes in dust
availability, atmospheric transport, and deposition.

Specifically, the four dust minima episodes (including their re-
spective preceding intervals of rapid dust reduction) were contempo-
raneous with warm episodes in the tropical eastern North Atlantic,
as recorded both at the sea surface (39) (Fig. 4H) and at intermediate
depths (Eastern North Atlantic Central Water) (46) (Fig. 4G). Those
conditions probably promoted the prevailing cool and humid con-
ditions in subtropical western Africa, comparable to present-day
positive precipitation anomalies that occur during warm phases of
the Atlantic Multidecadal Oscillation and subsequent decline in Saharan
dust production (47). At higher latitudes in the North Atlantic, our
dust minima episodes correlate with (i) warm sea surface intervals
in the North Atlantic Current (48-50), (ii) increased strength of the
Iceland-Scotland Overflow Water (51) (Fig. 4B), and (iii) accelerated
rates of subpolar Atlantic deep water formation (52). All these fea-
tures point to strong Atlantic Meridional Overturning Circulation
(AMOC) and a low LTG in the Northern Hemisphere. Figure 4D
shows how changes in LTG at century scales remarkably mimic the
Saharan dust influxes. Under those conditions, the intensity of sur-
face westerlies across the North Atlantic onto Europe and the Med-
iterranean should weaken, and associated winter storm tracks would
shift southward, increasing rainfall in northern Africa and the south-
western Mediterranean. It can also explain the humid winters and
cool summers reported for those areas and times (10, 53).

The North Atlantic ocean-atmosphere features that characterize
intervals of low Saharan dust fluxes change to the opposite condi-
tions during episodes of high (or rapidly increasing) dust influx. These
become defined by the following: (i) cooling, freshening, and weak-
ening of the subpolar gyre; (ii) advance of sea ice limiting deep con-
vection in the northwestern Atlantic; (iii) reduced AMOC strength;
(iv) intensification of the westerlies; and (v) weakening of the sum-
mer monsoon. Those conditions can be considered as typical of the
so-called “Late Holocene cold events” in the Northern Hemisphere,
defined as multidecadal- to century-scale climate episodes that have
been extensively detected in both marine and terrestrial paleoclimate
records, but whose origin, precise timing, progression, and spatial
extension are still debated. Among these, probably the most relevant
and best constrained are the 4.2 ka BP event (54, 55), the 2.8 ka BP
event (56, 57), and the Dark Ages Cold Period that occurred around
1.5 ka BP (58). The remarkable coincidence between those cold
events and the most prominent positive dust spikes points toward a
close relationship between dust and climate in the last millennia
that merits further discussion.

Dust-climate feedbacks and the Late Holocene cold events
Late Holocene cold events are often considered as abrupt climate
changes because of their short duration and large impact. Decreased
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solar activity (the so-called Grand Solar Minima) has been hypothe-
sized to be the main driver of those changes (59-61), although other
causes could have been responsible for some of the events, including
freshwater pulses into the North Atlantic from ice melting (50), volcanic
activity (62), or spontaneous internal processes (63, 64). Whatever
the triggering factor, strong climate feedbacks must have occurred
in all cases. Among them, dust feedbacks could play a relevant
role, which has been poorly explored however, partly owing to the
scarcity of reliable proxy dust records, as well as to the still incom-
plete understanding of radiative roles of atmospheric mineral dust,
even in modern-day climate. Desert dust affects Earth’s global energy
balance in various ways, including by scattering and absorbing radi-
ation, serving as a nuclei for cloud formation, and fertilizing marine
and terrestrial ecosystems (1). Because these processes include both
positive and negative forcing, which, in addition, strongly vary spatially,
the net radiative influence is difficult to calculate, and climate models
show large associated uncertainties (65). Despite that, past increases
in atmospheric dust loading have been hypothesized to produce a
substantial negative radiative forcing of the climate system, contributing,
for instance, to cool climate during the glacial periods (28, 30). Very little
attention has been paid, however, to dust-climate feedback during Late
Holocene cold events, and our record sheds new light on this topic.

Our record shows that dust deposition maxima are broadly con-
temporaneous with cold events in the Late Holocene. However,
those peaks in dust deposition were typically preceded by hundreds
of years during which dust influx increased progressively and in-
tensely. This is the case of the rapid dust increases that occurred in the
intervals 4.6 to 4.3, 3.2 to 2.8, and 1.9 to 1.5 ka BP, which respectively
preceded global climate events occurring at ~4.2, ~2.8,and ~1.5 ka BP.

Because these periods mimic the trend shown by the LTG and
other ocean and atmosphere variables (Fig. 4), a gradual climate
cooling must have existed before the abrupt onset of each cold event.
These “dust preludes” point toward the key question of whether
abrupt Late Holocene climate changes resulted from unexpected
and rapid triggering factors such as an abrupt decrease in solar irra-
diance, an intense volcanism, or a spontaneous internal process.
Although our record does not discard abrupt triggering, it suggests
that the climate system gradually moved toward cooler conditions
before the onset of abrupt change, probably generating more sensi-
tive conditions for it. These “dust preludes” also point toward a rel-
evant role of dust feedbacks in the gradual enhancement of such
conditions preceding climate abrupt events. We hypothesize that
increased negative radiative forcing from increased dust emissions
could enhance the cooling trend, thus leading to more intense dust
emissions, thereby accelerating the cooling.

If our interpretation of a causal link between enhanced Saharan
dust fluxes and cooling events in the Holocene is correct, it suggests
that the dust-climate effect involves net cooling. This is apparently
at odds with recent suggestions that climate models typically under-
represent the coarse dust fraction, which, if properly included, would
produce slight atmospheric warming (66). While the connection be-
tween dust fluxes and cooling events in our study remains some-
what tentative, this apparent contradiction may imply that climate
models inadequately capture some dust-climate feedbacks, a topic
that clearly merits further detailed investigation.

Five millennia of Saharan dust in a stalagmite
In conclusion, ¥Sr/*Sr ratios in speleothems provide a powerful
proxy for past aeolian dust fluxes in areas subject to dust deposition,
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if the isotopic signal of mineral dust can be distinguished from those
of other sources of strontium by cave system monitoring. In this work,
875r/%Sr measurements along a Late Holocene stalagmite from north-
ern Spain (43°N) provide a first quantitative reconstruction of mid- to
long-term changes in Saharan dust accumulation in Western Europe
over four millennia of the Late Holocene (4.9 to 0.9 ka BP).

Changes in Saharan dust fluxes detected in speleothem Buda-100
reflect broad changes in dust source areas, to the detriment of changes
in regional dust transport or deposition. This hypothesis is supported
by the broad correlation with previous dust records from Africa and
the Atlantic (despite different resolutions) and by the coherence of
the dust flux patterns when framed in the supraregional atmosphere-
ocean evolution of the North Atlantic and Africa. Also, the present-day
sensitivity of Iberia to Saharan dust fluxes (fig. S2) and the low in-
fluence of local hydroclimate changes on mid- and long-dust fluxes
over Iberia during the last millennia (fig. S3) give additional strength
to interpretations.

In the long term, Saharan dust fluxes show a net (but not monotonic)
increase through the Late Holocene, with rates varying from 30 to
80% of current values, always exceeding those of the AHP (~6 ka BP).
This long-term increase is consistent with the progressive desertifi-
cation of large areas of northwestern Africa since the demise of the
AHP and is a response to the gradual strengthening of latitudinal
climate gradients in the Northern Hemisphere.

Superimposed on the large-scale positive trend in Saharan dust
flux, broad quasi-periodic changes occurred at centennial to millennial
scales, in which episodes of low (4.7 to 4.6, 3.5 to 3.2, 2.3 to 1.9, and
1.3 to 1.0 ka BP) and high dust deposition (4.4 to 3.8, 2.9 to 2.4, and
1.8 to 1.4 ka BP) alternated. Those variations were clearly related to
North Atlantic long-term climate variability, with higher dust fluxes
coinciding with (i) cooling, freshening, and weakening of the subpolar
gyre; (ii) advancing of sea ice (in turn hampering deep convection
in NW Atlantic); (iii) weakening of the AMOCG; (iv) intensification
of westerlies and northward shift of storm tracks in mid-latitudes;
and (v) weakening of the summer monsoon. The opposite conditions
existed during periods of low dust fluxes.

Episodes of maximum dust flux coincide with well-known cold
events of the Late Holocene, which are often considered as abrupt
climate changes due to their large impact, short duration, and sudden
triggering. Our paleorecord indicates, however, that these events were
preceded by intervals of increased dust fluxes lasting hundreds of
years. Those “dust preludes” suggest that changes in the climate sys-
tem occurred well before the trigger, whatever it was (e.g., solar min-
ima, volcanism, ice melt, and spontaneous internal processes). In
summary, climatic conditions gradually changed toward a higher
latitudinal gradient and lower temperatures, conditions that appar-
ently increased the sensitivity of the climate system to abrupt change.

Because changes in Saharan dust fluxes not only depend on cli-
mate but also influence climate in various ways, reconstructions of
past fluxes through time are critical to investigate climate-dust feed-
backs, at appropriate time scales. This paper contributes to this
challenge, but more important, it will stimulate new research ave-
nues for further exploration of a key element of the climate system.

MATERIALS AND METHODS

Samples and study site

This study focused on Buda-100 (fig. S1), a cylindrical (4 to 6 cm
thick) and elongated (~117 cm long) calcite stalagmite, which was
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reconstructed from several broken pieces found in Buda Hall, an
isolated karstic chamber of Kaite Cave (Ojo Guareiia Karst Natural
Monument, Burgos Province, Spain). Field work was authorized and
supervised by the Government of Junta de Castilla y Le6n. The study
material is deposited in the Department of Geodynamics, Stratigraphy
and Paleontology of the Complutense University of Madrid.

Kaite Cave is small (~350 m long), relatively shallow (12 to 15 m
below the surface at the sampling site), and topographically isolated
from the main levels of the Ojo Guarefia Karst Complex. The en-
trance is 860 m above sea level. The sampling site is characterized by
a nearly constant temperature (10.40° + 0.04°C) that reflects the mean
annual temperature outside the cave. Relative humidity exceeds 99%,
and there are no relevant air currents. Seepage water is usual, with
permanent dripping but seasonal modulation, with minimum rates
in late summer. Speleothems are abundant, some of which are growing
at the present time. The soil above the cave is a thin immature litho-
sol that mostly consists of weathered host rock fragments and scarce
argillaceous material, and the vegetation consists of bushes and small
trees. The cave is developed in a gently dipping carbonate unit of
Upper Cretaceous (Coniacian) age, which consists of shallow ma-
rine, partially dolomitized limestone.

Microstratigraphic analysis of stalagmite Buda-100 reveals homo-
geneous features along the stalagmite, including a net dominance of
columnar microcrystalline and dendritic calcite fabrics, well-defined
and pervasive internal annual lamination, and no relevant strati-
graphic disruptions, i.e., hiatal surfaces. These features indicate that
physicochemical conditions during stalagmite growth remained
broadly stable and that large changes in cave environment, dripping
conditions, and epikarst and soil processes that could affect the
%7Sr/%Sr record did not occur.

Strontium isotope measurements

7Sr/%Sr analyses were performed on 101 speleothem subsamples
from Buda-100, including nine pairs of samples extracted from ap-
proximately the same stratigraphic levels to check for replicability.
Each sample (~0.01 g) was microdrilled carefully from the stalagmite
growth axis. Similar sample weight was used to analyze the host rock
and present-day speleothem precipitates. Following dissolution of
the carbonate samples in 1 M HNO3, strontium was chemically sep-
arated for isotope measurements using calibrated 1-ml Sr-spec res-
in columns to remove calcium, rubidium, and other trace elements
(67). All geochemical work was performed in high efficiency partic-
ulate air filtered (HEPA) laminar flow hoods at the National Centre
for Isotope Geochemistry (NCIG), University College Dublin, Ireland.
The water samples (local rainfall and drip water) were simply evap-
orated and redissolved before loading on the ion exchange columns.
The soil samples were leached using deionized H,O as described
in table S1.

Following ion-exchange chromatography, the separated Sr frac-
tion was analyzed by thermal ionization mass spectrometry using a
Thermo Fisher Scientific Triton multicollector thermal ionization
spectrometer at the NCIG. The separated Sr was loaded on degassed
zone-refined Re filaments using a Ta-oxide activator before analysis
of ¥Sr/*®Sr ratios in the spectrometer. Sr isotope ratios were cor-
rected by the software for mass bias using a **Sr/**Sr ratio of 0.1194.
Following standard analytical protocols for Sr isotope analyses, the
NIST SRM 987 isotopic standard was analyzed repeatedly over the
course of this study and gave a value of 0.7102616 + 0.0000080
(quoted uncertainty in the last two digits is 26 around the mean,
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based on 16 separate analyses over ca. 2 years). Total procedural
blanks for Sr that includes all of the dissolution, separation, and loading
procedures are typically <1 pug of Sr and are negligible in comparison
to the amounts of Sr (400 pg) analyzed in the samples, and no blank
corrections were applied. Nine replicate subsamples were retrieved
from some stratigraphic levels to check for consistency of results and
reproducibility (fig. S1B). A small part of each subsample was also
analyzed for strontium elemental concentration. Measured ¥ Sr/*Sr
ratios for stalagmite Buda-100 (Fig. 2 and fig. S1) vary between 0.70773
and 0.70817 and show a noteworthy variability that defines consistent
changes through its internal stratigraphy, with well-defined trends
and patterns that should reflect nonstochastic processes.

In addition, five samples of dusty rainfall were collected in October
2020 during a Saharan dust outbreak and analyzed using a Phoenix
multicollector thermal ionization mass spectrometer in the Center for
Geochronology and Isotope Geochemistry, Complutense University
of Madrid, Spain. The mean ¥Sr/**Sr value for the isotopic standard
NIST SRM 987 measured during the analysis was 0.710246 + 0.000015
(n=11).

Absolute age-dating

Speleothem chronology was based on 15 ***Th age-dates obtained
using multicollector inductively coupled plasma—-mass spectrometry at
the University of Minnesota, USA, following the methods referred
to in the Supplementary Materials. Age-dating results, summarized
in table S2, show a coherent stratigraphic order, with no outliers.
Most data were already presented in (45). Software StalAge (68) was
used for establishing chronologies (fig. S2). The age model and micro-
stratigraphic analysis indicate nearly homogeneous growth rates for
the stalagmite, covering the time interval between 4.9 and 0.9 ka BP.

875¢/%Sr model for paleodust reconstruction

The model calculates past dust deposition rates (g-m *year ') in
the cave region from *'Sr/**Sr ratio of age-dated samples of speleo-
them calcite.

Scientific rationale

Because strontium isotopes do not fractionate significantly from
geological or mass-dependent biological processes, and the ratios have,
in any case, been corrected for mass-dependent fractionation using
the natural **Sr/*Sr ratio as outlined above, the ¥Sr/*Sr isotope ratio
of speleothem can be used as a natural tracer of strontium sources.
Sr substitutes for Ca in the calcite lattice during speleothem growth
(22), and the ¥Sr/*®Sr ratio of the formed calcite should equal the
87Sr/%8Sr ratio of the drip water from which it derives, which, in
turn, results in the combination of the ¥Sr/*Sr ratio of the different
sources of strontium (23-26). In Kaite Cave, currently precipitating
calcite and drip waters have a similar *’Sr/*Sr ratio (mean: 0.70835
for calcite and 0.70834 for drip water; see table S1). These ratios re-
sult from a combination of strontium of different provenance that
feed drip waters, each source with a specific Sr/*Sr ratio. The
provenance can be both internal (cave host rock) and external (sea
spray and continental mineral dust).

We recognize that ®Sr/*Sr ratios measured in speleothem cal-
cite, for both ancient and present-day samples, are likely to show
some “tailing effect” reflecting the relatively slow weathering kinet-
ics of silicate-dominated dust; i.e., they do not reflect the amount of
dust accumulated above the cave during a red-rain event or during
a “dusty year.” Instead, they should reflect an average value of the
dust accumulated during over several years or to a few decades. This
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“tailing effect” can explain the smoothness of our Sr/*®Sr curve,
which contrasts with, for example, the notably noisier dust paleo-
records of ice cores, which more immediately reflect instantaneous
deposition.

Input data

The model is based on ¥Sr/**Sr isotope ratios and strontium con-
centration data of the various strontium sources that feed cave drip
waters and present-day speleothems. These sources include the cave
host rock (internal source) and sea spray and continental mineral
dust (external sources).

Cave host rock is a Late Cretaceous marine limestone, which
yields an average 878r/%8Sr ratio of 0.70739 (table S1). The data are
consistent with expected values for the type of geological material
and age (69). Strontium provided by the host rock derives from car-
bonate dissolution by meteoric water, which occurs in the lithosol
and the epikarst.

Sea spray contributes with strontium from marine sea salt aerosols.
Sea salt from North Atlantic has a 3Sr/%Sr ratio of 0.709175 (70).
We have found similar values in rainfall water assumed to be “clean,”
i.e.,, with very low influence of mineral dust (table S1). Sea salt is
continuously transported to the area from the Atlantic by westerlies.
The amount of sea salt that reaches Kaite area averages 4.3 £ 0.1 g
m™? year ™' and has been estimated on the basis of rainfall chlorine
measured during the 2004-2011 period in the frame of a long-term
monitoring program we performed in Kaite Cave. Sea salt deposi-
tion rates are moderate despite the relative proximity of the sea,
probably because of the shadow effect of the Cantabrian Mountains.

Continental mineral dust input occurs in the cave area mostly by
wet deposition after Saharan dust outbreak events. Aeolian dust ar-
riving to northern Iberia has its main sources in southern Algeria
and northern Mali, in the western coast of northern Africa (Western
Sahara, western Mauritania, Atlas foothills), and, to a lesser extent,
in Argelia and Tunisia (18, 19). All these zones are included in the
so-called Western North African preferential dust source area (West-
ern PSA) (20) (Fig. 1). Dust from that PSA is characterized by high
radiogenic 87Sr/%%8r ratios (18, 71), due to provenance areas domi-
nated by Precambrian and lower Paleozoic massifs. A second broad
primary source of Saharan dust is the Central North African PSA
(Fig. 1), located mainly in Niger and Chad, which could also con-
tribute subordinately to dust fluxes to southwestern Europe (19) and
is also less ¥Sr/3%Sr radiogenic than the Western PSA (20).

For calculations, we consider average *'Sr/**Sr ratios of Saharan
dust in the area to be between 0.7279 and 0.7186, which correspond
to the Western and Central North African PSAs average ratios (20)
and are taken as a maximum and a minimum estimate for dust *Sr/*Sr.
Saharan dust deposited in the Canary Islands, which shows an aver-
age ¥/Sr/*Sr of 0.72523, is considered for calculations as a best estimate
for dust source isotopic composition (18). Current mineral dust depo-
sition rate in inland northern Spain is 2 to 5 g m ™ year ", according
to some climate models (72-74), although some estimate 5 to 10 g
m 2 year™' (32). Surface measurements in neighboring regions suggest
rates in the limit between those two ranges (17, 75-77). Integrating
all available data, we obtained a best estimate of 4.4 + 1.1 g m ™~ year™
for present-day rates of Saharan dust deposition in the study area, with
an average concentration of strontium of 95 parts per million (18, 71).

The model also requires input data of *’Sr/**Sr ratios in present-
day drip waters and speleothems. As mentioned above, currently
precipitating calcite and drip waters have, as expected, similar
878r/%Sr ratios (table S1).
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Calculations

The model operates in two steps (see Supplementary Material Spread-
sheet). The first step is a simple mass balance model to quantitatively
estimate the present-day influence of Saharan dust on the speleothem
87Sr/%Sr ratio. It calculates the relative contribution of external and
internal strontium sources to present-day drip waters and speleothem
carbonate. Then, the relative contributions of mineral dust and salt
spray are calculated on the basis of their different accumulation
rates, ’Sr/*Sr ratios, and strontium concentrations.

The second step calculates past dust deposition rates in the study
area from *’Sr/**Sr ratios measured in samples of known ages of the
speleothem and considers the contribution of mineral dust to spele-
othem ¥Sr/*Sr ratio in present-day conditions, as calculated in step 1.
The model considers that changes of *Sr/**Sr ratio through time
recorded in the stalagmite are the reflection of changes in the amount
of Saharan dust deposited above the cave, at the expense of the other
sources, whose influence is assumed to be very small. In the case of
sea spray, deposition rates are expected to be very homogeneous at
supradecadal or longer scales during the Late Holocene (78). Even
if a large variation in sea salt deposition occurred, it would not be
able to explain the observed variation in speleothem ¥Sr/*®Sr. In the
case of host rock, and because it contributes to most of the speleo-
them strontium, unrealistic large changes in water-rock interaction
rates would be needed to generate significant changes in the speleo-
them ¥Sr/*®Sr ratio, and these would be clearly recorded in varia-
tions in the strontium concentration of the speleothem calcite and/
or in the speleothem growth rates, none of which are observed (fig.
S2). Furthermore, such hypothetical changes in water-rock interaction
would, in turn, require large changes in net rates of epikarst water
recharge, but these have been shown to change only moderately in
the area over long time scales (centennial or longer scales) (45). For
these reasons, the relative contributions of sea spray and host rock
to speleothem strontium are kept fixed in our calculations to the
present-day values and are assumed not to vary through time. The
calculations also assume that the Sr/**Sr of Saharan dust, sea salt, and
host rock do not vary through time for the considered time interval.
Uncertainties
The main uncertainty in our dust flux calculations arises from present-
day estimates of Saharan dust deposition rates in central to northern
Iberia (4.4 + 1.1 gm™> year™"), as this value determines the present-
day contribution of dust Sr to speleothem Sr and gives a calibration
point for past variations in dust deposition. Possible changes in the
relative contributions of different dust source areas to the *'Sr/*°Sr
ratios of the deposited dust are a secondary source of uncertainty
that could influence our calculation of past dust deposition rate.
Uncertainties associated to changes in relative dust source contribu-
tion (e.g., Western versus Central PSAs relative input) are in the
range between 0.01 and 0.1 g m ™2 year™ ", clearly much less than the
reconstructed variability in dust deposition rates (Fig. 2). We have
considered both aspects (present-day dust deposition rate and
past changes in the relative contribution of dust sources) to get
maximum and minimum estimates of dust deposition rates. To cal-
culate the minimum (or maximum) dust deposition values, we
used present-day lowest (or highest) dust flux estimate and the max-
imum (or minimum) ¥ Sr/**Sr value for dust composition (Fig. 2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabe6102/DC1
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