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a b s t r a c t

The southern westerly winds (SWW) play a major role in climate variability in Southern Hemisphere
mid- and high-latitudes, regulating rainfall, ocean circulation, and the Southern Ocean carbon sink.
Despite their importance, little is known about millennial scale changes in the SWW and how they have
influenced the climate system in the past and interacted with the Earth’s surface elements, such as dust,
nutrients and carbon. Here we present a dust record from a 6.6 kyr old peat core in Amsterdam Island
(AMS) situated at the northern edge of the SWW (37�S) in the Southern Indian Ocean. Mineral dust flux
was used to track atmospheric dust production, long-distance transport and subsequent deposition. Dust
provenance was determined from rare earth element (REE) and Nd isotopic signatures (εNd) in the peat
core, compared with a reference dataset of Southern Hemisphere dust sources. Using a multi-proxy
mixing model, the εNd and REE ratios show a relatively uniform mixture of ca. 40% local, 15% South-
ern African and 45% Southern South American dust sources since 6.6 cal kyr BP. However, from 1910 AD
onwards, there is a doubling in the contribution from Southern Africa (32%). Two mineral dust flux
minima occur at 6.2e4.9 cal kyr BP and 3.9e2.7 cal kyr BP, interpreted as periods with equatorward-
shifted and/or strengthened SWW at the northern edge of the wind belt. Conversely, periods of higher
dust flux at 6.6e6.2 cal kyr BP, 4.9e3.9 cal kyr BP, and 1.4 cal kyr BP onwards are interpreted as poleward-
shifted and/or weakened SWW. These interpretations are based on the findings that higher (lower) wind
speeds lead to enhanced (less) removal of distal dust on the way to AMS, by wet deposition and tur-
bulence. Published Holocene SWW records at the northern edge of the wind belt (33e41�S) covering
South-America, Southern-Africa and Australia, show much variability over the last 6.6 kyr. We suggest
this reflects complex regional climate variability in the different SH longitudinal sectors, indicating that
SWW are not zonally homogeneous at the northern edge of the wind belt. The recent shift in dust
provenance is not accompanied by enhanced total dust deposition at AMS. We therefore suggest that
human impact (e.g., land use changes) and drier climate conditions in Southern Africa have led to
enhanced dust mobilization.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

The strength and position of the southern westerly winds
(SWW) vary seasonally due to changes in the sea surface temper-
ature (Lamy et al., 2010). SWW shift equatorward and expand
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during the austral winter, while they move poleward and contract
during the austral summer. Latitudinal displacement in annual-
mean SWW position can be affected by both external factors (e.g.,
long-term orbital forced insolation changes, Varma et al., 2012,
2011), and internal factors (e.g., Southern Annual Mode changes,
Gillett and Thompson, 2003). Changes in the annual-mean strength
and position of SWW play a major role in climate variability of
Southern Hemisphere (SH) mid- and high latitudes (e.g., affecting
precipitation pattern, Jenny et al., 2003). The SWW are also an
important driver of ocean circulation, nutrient transport and the
global carbon cycle (Kohfeld et al., 2013). Around 40% of anthro-
pogenic CO2 emissions are currently taken up by the Southern
Ocean south of 35�S (Fr€olicher et al., 2015; Landschützer et al.,
2015; Sabine et al., 2004). It has been suggested that poleward-
shifts and intensification of the SWW can enhance upwelling of
deep water with high concentrations of dissolved inorganic carbon,
limiting the capacity of the ocean to absorb carbon at the surface,
resulting in additional global warming (Denton et al., 2010;
Hodgson and Sime, 2010; Lovenduski et al., 2008).

An increase in SWW strength has been observed in recent de-
cades (e.g., Hande et al., 2012; Marshall et al., 2006; Thompson and
Solomon, 2002). Swart and Fyfe, (2012) suggest that under high CO2
emission scenarios, the SWW could shift up to 1.5� southwards and
strengthen by up to 10% by the end of the 21st century (relative to
the current annual-mean SWW position and strength). These
changes will have significant environmental and climatic implica-
tions (Zickfeld et al., 2007). To understand the influence of SWWon
Earth’s climate requires a better knowledge of the interactions
between SWW dynamics and climate in the past, especially in the
Holocene (Fletcher and Moreno, 2012).

Up to now, a range of direct and indirect proxies in different
stratigraphic archives (e.g., peat and sediment cores) have been
used to reconstruct Holocene SWW fluctuations (e.g., Lamy et al.,
2010; Moreno et al., 2010; Saunders et al., 2018, 2012; Van der
Putten et al., 2008). However, no consensus has been reached on
past intensity and/or latitudinal changes of the SWW at the whole
wind belt. Some studies argue for a strengthening/equatorward
shift of the SWW during the mid-Holocene (ca. 7 - 4 cal kyr BP)
relative to the early Holocene (ca. 11 - 7 cal kyr BP) based on studies
from Southern Africa (Fitchett et al., 2017; Humphries et al., 2017),
Southern South America (Jenny et al., 2003; Moreno et al., 2010),
Australia and New Zealand (Shulmeister, 1999). Other studies
suggest a poleward displacement of the SWW during the same
period resulting in a decreased westerly influence in Southern Af-

rica (Chase et al., 2013), Southern South America (Frugone-�Alvarez
et al., 2017; Lamy et al., 2010, 2001), Australia and New Zealand
(Marx et al., 2011). These studies are mainly conducted on the
continents, which are under the combined influence of SWW and
other regional climate and orographic factors (e.g., the monsoon
system in Australia and the presence of the Andes in South
America).

Relatively few paleoclimatic studies (Lindvall et al., 2011; Ljung
and Bj€orck, 2007; Saunders et al., 2018, 2012; Van der Putten et al.,
2012, 2008), have attempted to reconstruct Holocene SWW vari-
ability from oceanic islands where these factors are largely absent.
Currently there are no SWW reconstructions at the northern edge
of the SWW belt in the southern Indian Ocean. We address this by
studying the Holocene mineral dust flux and its composition in
peat profiles in Amsterdam Island (37�S). Mineral dust flux is a
function of both changes in dust provenance, wind transport and
deposition (Vanneste et al., 2015). Specifically, dust flux is a func-
tion of environmental factors, including aridity and air mass cir-
culation over source areas (Marx et al., 2009; Thompson et al.,
2002), dust atmospheric residence time (Betzer et al., 1988), as
well as the strength and trajectories of transporting winds (Kohfeld
et al., 2013). Changes in dust flux can be seen in the variabilities of
geochemical and isotopic compositions (e.g., rare earth elements
(REE) and Neodymium (Nd) isotopes, Vanneste et al., 2016, 2015).
Amsterdam Island is remote and nearly free from human distur-
bance, which makes it an ideal location to measure dust flux and
provenance, and determine past changes in wind dynamics
(Gaudichet et al., 1989).

The specific objectives of this study were to: (1) investigate the
dust flux in peat core from Amsterdam Island; (2) identify the
provenance of the dust by comparing core samples with a reference
dataset of dust geochemistry and isotopic signatures from the
Southern Hemisphere; (3) interpret these measurements in terms
of past changes in the dynamics of the SWWat their northern limit
in the Indian ocean, through comparison with other SH records;
and (4) probe the anthropogenic impact on the Southern Hemi-
sphere based on the dust variability in Amsterdam Island peat core.
This study can also provide an observational dataset for climate
model parameterizations, especially in terms of the future impact
of changes in the SWW on continental rainfall and the global car-
bon cycle.
2. Material and methods

2.1. Site description

Amsterdam Island (AMS, 37�500S, 77�320E) is a small (55 km2)
isolated volcanic island located 4200 km to the east of South Africa
and 3200 km to the west of Australia (Fig. 1a and b). The island has
steep cliffs along its western coast rising to a central caldera at
720m above sea level (a.s.l., Flatberg et al., 2011; Doucet et al., 2003,
Fig. 1c). The highest point is Mont de La Dives at 881 m a.s.l.. AMS is
currently at the northern edge of the SWW belt, and just north of
the oceanic subtropical front (Orsi et al., 1995). It has a mild oceanic
climate with frequent cloud formation at the caldera. Mean annual
temperature at the meteorological station (27 m a.s.l.) is 14 �C and
annual precipitation is about 1100 mm (Lebouvier and Frenot,
2007). The wind strength is 7.4 m s�1 on average (M�et�eo France
data reported in Frenot and Valleix, 1990). However, climate con-
ditions on the central plateau are harsher with a mean annual
temperature of 7 �C and twice as much rainfall (Frenot and Valleix,
1990). The soil around the central plateau is poorly developed and
consists of water-saturated sandy loams developed to a maximum
depth of 60 cm (Frenot and Valleix, 1990). The wetter conditions at
higher altitudes of the island (above 500m a.s.l.) favor moss growth
(e.g., Sphagnummosses) and peat accumulation, in particular on the
central plateau (Flatberg et al., 2011).
2.2. Sample collection and preparation

A 5 m-long peat sequence (AMS14-PB01A, 37�50.7420S,
77�32.8980E, Fig. 1c) was collected from the center of the caldera
peatland at 738 m a.s.l. (Fig. 1; Fig. S1) in December 2014 using a
50 cm long Russian corer with an internal diameter of 10 cm
(Belokopytov and Beresnevich, 1955; De Vleeschouwer et al., 2014).
Two further cores (AMS14-PB01B, 4.15 m length; AMS14-PB01C,
top 1 m length) were collected and archived. Cores were photo-
graphed, described, wrapped in plastic film and PVC tubes, and
shipped to France refrigerated at þ4 �C. Cores were frozen and
subsequently sliced at roughly 1-cm resolution using the sub-
sampling procedure described in De Vleeschouwer et al. (2010)
and Givelet et al. (2004).



Fig. 1. Sampling sites on Amsterdam Island (AMS) and in the potential dust source areas in the Southern Hemisphere. (a) The core of the wind rose represents the location of
Amsterdam Island. Wind rose data are courtesy of the Institut de G�eosciences et de l’Environnement in Grenoble, France. The orange arrow represents Southern Westerly winds
(SWW), whose core currently centers at 50e55�S (Saunders et al., 2018). The grey areas shown in Southern South America and Southern Africa, represents days per months
(darker ¼ more days) with dust activity (modified after Prospero et al., 2002). Red ellipses are soil sampling areas at Puna-Altiplano-Plateau, Central Western Argentina and
Patagonia in Southern America (data from Gili et al., 2017); and dust/soil sampling sites at Sua Pan and Etosha Pan in Southern Africa. (b) Map of AMS. The black rectangle has been
enlarged in Fig. c. (c) Locations of the peat coring site AMS14-PB01A (red star) and soil sampling sites (numbers shown in red) at AMS. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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To study the chemical and isotopic provenance of dust in the
core, we assembled a reference dataset consisting of nine top soil
samples from Amsterdam island, representative of local dust
sources (Fig. 1c), together with samples from the twomajor SH dust
sources (Fig. 1a). These were identified from observational and
modelling data (Bryant et al., 2007; Engelstaedter andWashington,
2007; Prospero et al., 2002; Vickery et al., 2013) and include: (1)
Botswana and Namibia in Southern Africa; and (2) the Altiplano,
Western Argentina and Patagonia in Southern South America.
Australia is not considered as an important distal dust source for
AMS because limited air masses originate from Australia according
to the 14-day Hysplit back trajectory ensembles at AMS (Fig. S2,
Text S1) and most Australian dust is transported eastward to the
Pacific Ocean (Li et al., 2008). Chemical analysis on AMS also sup-
ports minimal present Australian dust contribution to AMS
(Gaudichet et al., 1989). Specific reference dust/soil samples in this
study were collected from (1) local; (2) Sua Pan (Botswana) and (3)
Etosha Pan (Namibia) in Southern Africa (Fig. 1a, c). More infor-
mation on Southern African dust/soil and local AMS soil are given in
the supplementary information Text S2, Table S1 and Table S2,
respectively. The dataset of Southern American surface sediments
(including Puna-Altiplano-Plateau, Central Western Argentina and
Patagonia) are from Gili et al. (2017).
2.3. Analyses and methods

2.3.1. Radiocarbon dating and age model construction
Twenty peat samples were submitted for radiocarbon dating.

Where possible monospecific terrestrial plant remains (brown
mosses or Sphagnum mosses) were dated, and where there was
insufficient material, both taxa were combined. Eleven of the
radiocarbon samples were pre-treated and graphitized at the
GADAM center (Gliwice, Poland, GdA code) (Piotrowska, 2013) and
their 14C concentration in graphite measured at the DirectAMS
Laboratory (Bothell, WA, USA). The NIST Oxalic Acid II standard was
used for normalization, and black coal was used as a blank. The
other nine radiocarbon samples were pre-treated, graphitized and
dated at Plateforme Nationale LMC14 (CNRS-CEA Saclay, France,
SacA code). Normalization of the measurements at LMC14 Labo-
ratory was done with Oxalic Acid 1 standard. Blanks were car-
bonate and charcoal (for details see Delqu�e-Koli�c et al., 2013;
Moreau et al., 2013).

The surface of the core was dated with 210Pb using the Constant
Rate Supply model (Appleby, 2001), together with four post-bomb
radiocarbon dates (Goodsite et al., 2001; Hua, 2009). The 210Pb
Constant Rate Supply model has been validated by 137Cs and 241Am
measurements (see Li et al., 2017 for details). An age-depth model
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was generated from a combination of radiocarbon dating, post-
bomb and 210Pb dating with the Bacon package version 2.2 upda-
ted in 2018 (Blaauw and Christen, 2011) within R software version
3.5 (R Development Core Team, 2013) using the SHCal13 calibration
curve (Hogg et al., 2013). For modelling, the core was divided into
101 sections. The prior settings were default 10 year/cm for accu-
mulation rate (gamma distribution with shape 1.5), and memory
was described by beta distribution with mem.strength ¼ 4 and
mem.mean ¼ 0.7. The median modelled age was used for plotting
the data against time.

2.3.2. Bulk density and ash content
The density (g m�3) of 377 samples was obtained by measuring

the volume of each sample, using a Vernier caliper, and weighing it
after freeze-drying using an ALPHA 1e4 LD plus freeze-dryer. The
ash content was determined as the weight difference before and
after ashing the bulk peat samples in a furnace at 550 �C for 5 h.

2.3.3. Major and trace element analyses
We selected 101 freeze-dried AMS peat samples for elemental

analysis based on the bulk density results. 100 mg of each selected
peat samples was used and 50 mg of each reference soil/dust
samples was used. These samples were digested in Teflon vials on a
hot plate using an HNO3eHF mixture (method modified from
Vanneste et al., 2015, see Supplementary Information Table S3 for
more details). Subsequently, concentrations of Al, Ti, K and Sr were
determined by ICP-OES (IRIS Intrepid II) at Ecolab (Toulouse,
France). Concentrations of trace elements (REE, Ga, Hf, Zr, Th, U, Cs,
Rb, Pb), Mg and Ca were measured by quadrupole ICP-MS (Agilent
Technologies 7500ce) at the Observatoire Midi-Pyr�en�ees (Toulouse,
France).

Synthetic multi-element calibration solutions were used to
calibrate the ICP-OES and ICP-MS instruments. In addition, IneRe
was added to both the ICP-MS calibration solutions and samples
as an internal standard. Several certified reference materials
(CRMs) were used for quality control: (1) NJV942 (Sphagnum peat,
Swedish University of Agricultural Sciences, Sweden); (2) NJV941
(Carex peat, Swedish University of Agricultural Sciences, Sweden);
(3) SRM1515 (Apple leaves, NIST, US); (4) SRM1547 (Peach leaves,
NIST, US); (5) LKSD-3 (lake sediment, CANMET Mining and Mineral
Sciences Laboratories, Canada); and (6) WQB-1 (lake sediment,
National Water Research Institute, USA). For further details on the
quality control and quality assurance see supplementary informa-
tion Text S3, Table S4 and Table S4bis.

2.3.4. Neodymium isotope analyses
43 freeze-dried samples from the AMS peat core, and reference

soil samples fromAMS (nine samples), Sua Pan (three soil and three
dust samples), and Etosha Pan (three soil and three dust samples),
were selected for Nd isotope analysis. The weight of the peat
samples (160 mge950 mg) and soil/dust samples (68 mge275 mg)
required for the analyses was based on their Nd concentrations and
the sensitivity of the mass spectrometer. Before being digested in a
mixture of concentrated HNO3 and HF, samples were ashed in a
furnace at 550 �C for 5 h (Vanneste et al., 2015). Subsequently, Nd
was separated from the matrix within the sample solution using a
two-column ion exchange technique. The Nd isotope composition
of all the samples was determined by Thermal Ionization Mass
Spectrometry (TRITON™ Plus) at the Observatoire Midi-Pyr�en�ees
(Toulouse, France). Chemical blanks for Nd isotopic measurements
were below the detection limit. The Nd standards Rennes
(143Nd/144Nd ¼ 0.511,973) and La Jolla (143Nd/144Nd ¼ 0.511,858)
were analyzed at every session to monitor instrumental drift.
Measured values of La Jolla were 0.511,844 ± 0.000012 (n ¼ 9) and
of Rennes were 0.511,956 ± 0.000006 (n¼ 22). The three replicated
samples gave consistent 143Nd/144Nd values within the error bars.

The Nd isotopic signatures, expressed in eNd notation are
calculated by the equation (1).

εNd ¼

0
BB@
�
143Nd
144Nd

�
Sample�

143Nd
144Nd

�
CHUR

� 1

1
CCA x104 (1)

where CHUR is Chondritic Uniform Reservoir, representing a pre-
sent day average earth value (143Nd/144Nd)CHUR ¼ 0.512,638
(Jacobsen and Wasserburg, 1980). eNd represents the deviation of
143Nd/144Nd in a sample from the value in CHUR.
2.4. Statistical methods

A principal component analysis (PCA) was performed on all the
elemental data (REE, Mg, Ca, Ga, Rb, Zr, Cs, Hf, Th, U, Al, Pb, Ti, K, Sr)
using the ‘psych’ package (Revelle, 2019) within R software (R
Decelopment Core Team, 2013). Each principal component groups a
set of elements with similar variations along the peat profile. A
varimax rotation is also performed for maximizing the variances of
the squared loadings in the components in order to facilitate the
interpretation (Abdi and Williams, 2010; Vanneste et al., 2016).

Change point analysis was performed with the Change-Point
Analyzer 2.0 software (Taylor Enterprises Inc., IL, http://www.
variation.com) to identify significant shifts in the key proxies
through the Holocene (e.g., Castino et al., 2016; Killick et al., 2010;
Reid et al., 2016). Themethod (Taylor, 2000a) is based on themean-
shift model under the procedure of a combination of time-series
cumulative sum charts and bootstrapping to detect change. The
"cumulative sum" mean the cumulative sum of the differences
between the values and the average (for details on the method see
Taylor, 2000a, 2000b). The cumulative sum chart is optimal at
detecting shifts in the mean (Taylor, 2000a). 10,000 bootstraps
were performed and only changes with probabilities of >99% were
considered.
2.5. Source end-members mixing calculation

The potential distal dust sources are discussed at a continental
scale (e.g., Southern South America and Southern Africa) because
our initial mixing model attempts have shown that the sources
cannot be resolved on a sub-continental scale. Puna-Altiplano-
Plateau, Central Western Argentina and Patagonia were grouped
together as the Southern South American dust source end-member.
Sua Pan and Etosha Panwere grouped as the Southern African end-
member. The contributions of different source end-members were
calculated based on the method of ratio-to-ratio relationships in
the mixing balance described in Albar�ede (1996) as equation (2):

 
Ci2

Ci1

!
mix

¼
Pn

j¼1C
i2
j fj

Ci1
mix

(2)

Where Ci1 and Ci2 are the REE concentrations or Nd isotopes in a
mixture of n components j and represents each component (end-
member). f is the fraction of component j in the mixed dust
depositing at AMS. Details on the calculation are reported in
Table S5.

http://www.variation.com
http://www.variation.com
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3. Results

3.1. Core description

The total length of the core is 500 cm. Between 500 cm and
340 cm depth, a compacted, in general relatively well-preserved
peat deposit was formed. The peat is laminated, showing a cm-
scale alternation between fibrous well preserved Sphagnum-
dominated layers and more amorphous less well preserved layers.
From 340 cm to 20 cm the peat becomes less compacted showing
different units of more or less well preserved peat, with visible
plant macrofossils in some parts. The top 20 cm of the core reflects
the modern vegetation which consists mainly of brown mosses
together with some Sphagnum spp. (Fig. S3)

3.2. Bulk density and ash content

The density profile of the AMS peat core shows a general
decreasing trend with an abrupt drop at ~315 cm (Fig. 2a). From
500 cm to 315 cm, the median density is 0.17 g cm�3

(0.08e0.26 g cm�3) with relatively higher values between 340 cm
and 315 cm. From 315 cm upwards, the density is lower with a
median value of 0.12 g cm�3 (0.05e0.16 g cm�3). The ash content in
the AMS peat core mirrors partly the density profile and shows a
general decreasing trend from bottom to top (Fig. 2b), varying be-
tween 2.63% and 0.34%. The abrupt decrease between 340 cm and
315 cm present in the density profile is not present in the ash
content.

3.3. Geochronology

Radiocarbon and calibrated ages are shown in Table 1. The 210Pb,
Fig. 2. (a) Density (black line ¼ for 5-point smoothing), (b) ash content and (c) age depth mo
details on the top 50 cm chronology, we refer to Fig. S4 in supplementary information. (For
the Web version of this article.)
137Cs and 241Am results are published in Li et al. (2017). The 210Pb
Constant Rate Supply model is in good agreement with post-bomb
14C ages. The age-depth model of the core was based on a combi-
nation of radiocarbon dating, post-bomb and 210Pb dating (Fig. 2c;
Fig. S4). The model shows that the peat sequence spans the last 6.6
kyr (Table S6), with a mean accumulation rate of 0.76 mm yr�1.

3.4. Peat REE and Nd isotopic signatures

The concentration of the entire REE suite varies between 0.18
and 1.26 mg g�1 (Table S7). The variations in the down core con-
centrations of fourteen REE elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu) are similar to each other. The Nd con-
centration profile is plotted as an example (Fig. 3a). The eNd
signature at the bottom of the peat core is �0.8 ± 0.2 (2s, n ¼ 1).
There is a general decreasing trend in eNd values between 6.6 and
5.4 cal kyr BP, followed by an approximately three-fold increase at
4.4e3.9 cal kyr BP. The lowest eNd values occur at 3.3e2.7 cal kyr
BP, after which the eNd fluctuates with an overall increasing trend
since 2.7 cal kyr BP. The Holocene peat eNd profile is relatively
constant centering at �2 ± 1.2 (1s, n ¼ 34, Fig. 3b, Table S7), except
for the last 100 years showing more distinct negative signatures
with an average value of �7 ± 1.5 (1s, n ¼ 7).

REE ratios can be used for dust provenance-tracing. The Eu
anomaly (Eu/Eu*) was calculated with the equation Eu/Eu* ¼ [Eu]/
(([Sm]þ[Gd])/2). The ratios of La/Yb and Eu/La have been normal-
ized to Upper Continental Crust (Wedepohl, 1995). Peat average Eu/
Eu*, La/YbN and Eu/LaN values since the last 6.6 kyr are 1.03 ± 0.10,
0.50 ± 0.07 and 2.01 ± 0.30 (1s, n ¼ 101), respectively. The signa-
tures of peat Eu/Eu*, La/YbN and Eu/LaN remain relatively constant
during the last 6.6 kyr (Fig. 3c, d, e), except for the last 100 years,
which are characterized by an overall decreasing trend in Eu/Eu*
del (14C in blue, 210Pb Constant-Rate-Supply model in green) of the AMS peat core. For
interpretation of the references to colour in this figure legend, the reader is referred to



Table 1
Radiocarbon dating results from Amsterdam Island peat sequence. Four samples were dated to a post-bomb period (Goodsite et al., 2001; Hua, 2009; Spalding et al., 2005) and
the results calibrated using SH zone 1e2 calibration curve (Hua et al., 2013) by Calibomb software of Queen’s university, Belfast. Other results were calibrated using the SHCal13
calibration curve (Hogg et al., 2013). Age-depth modelling was performed with Bacon, R routine (Blaauw and Christen, 2011).

Lab ID Mid-Point Depth
(cm)

Material dated Radiocarbon age BP /
pMCa

Calibrated age
(median)

Calibrated age with 95.4% probability
(BP)

SacA50049 2.0 Chorisondontium/Dicranoloma stems þ leaves 107.18 ± 0.28 pMC [-58; �53]
SacA50050 3.5 Brown moss stems 120.36 ± 0.30 pMC [-37; �35]
SacA50051 4.9 Brown moss þ liverworts stems 146.21 ± 0.32 pMC [-24; �22]
SacA50052 6.4 Brown moss þ liverworts stems 116.81 ± 0.28 pMC [-10; �10]

SacA50053 7.8 Brown moss stems 135 ± 30 8 1e16
SacA50054 9.4 Brown moss stems 115 ± 30 26 14e39
SacA50055 10.8 Brown moss stems þ leaves 80 ± 30 44 27e62
SacA50056 12.0 Brown moss stems þ Chorisondontium/Dicranoloma

leaves
160 ± 30 57 33e96

SacA50057 13.2 Brown moss stems 70 ± 30 65 35e127
GdA-4136 24.9 brown moss stems 275 ± 25 198 150e310
GdA-4558 65.4 Residue (Sphagnum dominated) 595 ± 25 561 510e640
GdA-4560 170.7 Brown moss stems 2100 ± 25 2028 1920e2105
GdA-4137 174.8 Brown moss stems 2170 ± 30 2076 2005e2145
GdA-4138 224.4 Brown moss stems 2430 ± 30 2530 2365e2700
GdA-4139 275.4 Brown moss stems 2925 ± 30 3092 2930e3330
GdA-4561 340.9 Brown moss stems 4145 ± 35 4485 4225e4645
GdA-4140 374.4 Sphagnum 4285 ± 30 4850 4700e5025
GdA-4141 424.4 Sphagnum þ brown moss 4960 ± 30 5630 5500e5745
GdA-4142 474.8 Sphagnum stems 5515 ± 35 6280 6140e6410
GdA-4143 495.9 Sphagnum stems 5860 ± 35 6565 6420e6700

a pMC is percent modern carbon

Fig. 3. Profiles of (a) Nd concentration (mg g�1); (b) Epsilon Neodymium (eNd); (c) Eu/Eu*; (d) La/YbN; (e) Eu/LaN; and (f) REEebased dust flux (g m�2 yr�1) in AMS peat core.
Diamonds represent the 14C dated peat layers (20 in total). The blue and white shading are the zones determined by change point analysis for AMS dust flux. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and Eu/LaN ratios, and an increasing trend in La/YbN ratio.

4. Discussion

4.1. Elemental proxy interpretation

The results of the PCA are reported in Fig. 4a and Fig. S5. The first
component (PC1), explains 70% of the total variance and consists of
the entire REE suite and Ga, U, Th, Hf, Zr, Ti, Al (Fig. 4b and c), which
are known to be immobile and conservative elements. The second
component (PC2), accounts for 14% of the total variance and con-
sists of K, Rb, Pb, and Cs (Fig. 4d and e). The variability of this
component is mainly driven by changes in the top part of the core,
caused by biological uptake and recycling by the surface moss
vegetation (principally K, Rb and, to a lesser extent Cs based on
Fig. 4a) as well as anthropogenic Pb deposition (Damman, 1978;
Shotyk, 1997). The third component (PC3), explains 12% of the total
variance, and includes Sr, Ca and Mg (Fig. 4f and g), which show
higher values towards the bottom of the core (Shotyk, 1997).



Fig. 4. (a) Relative importance of each principal component (PC) for each chemical element (beg) PC scores (i.e. transformed variable values for each sample); and their respective
representative elements. All the representative elements are shown as concentration (mg g�1).
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4.2. Dust deposition

The REE, also reflected by PC1, represent immobile and con-
servative elements. Therefore, the mineral deposition rate (dust
flux, g m2 yr�1) was calculated as equation (3):

Dust fluxi ¼
P ½REE�i � peat vertical ARi � densityiP ½REE�UCC

� 10000

(3)

Where
P ½REE�i is the sum of all REE concentrations (mg g�1) in

sample i, peat vertical ARi is the peat accumulation rate (cm yr�1),
obtained by depth lengthi/age intervali), densityi is the density of the
sample (g cm�3),

P ½REE�UCC is the sum of the REE concentrations in
the upper continental crust (Wedepohl, 1995).

The dust flux profile shown in Fig. 3, varies from 0.05 to
0.84 g m2 yr�1 with a median value of 0.32 g m2 yr�1 (Fig. 3f). The
REE-based AMS dust flux is comparable to the late Holocene 232Th
reconstructed dust flux of 0.5e1.0 g m�2 yr�1 over the Western
Indian Ocean (Kienast et al., 2016). Individual dust flux values are
sensitive to spikes in REE concentration, to the age model, and to
the peat density. The highest dust fluxes are recorded at ca.
4.2 cal kyr BP and ca. 4.8 cal kyr BP, and are related to maxima in
REE concentration and peat accumulation rate. We applied a
change-point analysis to identify changes in the probability dis-
tribution of the dust flux. Four change-points with >99% confidence
level, were identified: 6.2 cal kyr BP; 4.9 cal kyr BP; 3.9 cal kyr BP;
2.7 cal kyr BP and 1.4 cal kyr BP. We therefore separate the dust flux
profile into six zones for discussion (see blue and white shading on
Fig. 3, and section 4.4): (1) 6.6e6.2 cal kyr BP; (2) 6.2e4.9 cal kyr
BP; (3) 4.9e3.9 cal kyr BP; (4) 3.9e2.7 cal kyr BP; (5) 2.7e1.4 cal kyr
BP; (6) 1.4 cal kyr BP to the present (2014 AD).

Themedian ash content of 1.3% (n¼ 101) in AMS peat core is low
compared to the one of 2.9% recorded in a peat core from Tierra del
Fuego in Southern South America (Vanneste et al., 2016) and 12.9%
from a core in the Mfabeni peatland in Southern Africa (Humphries
et al., 2017). The low ash content suggests limited groundwater
inputs, even in the deeper minerotrophic part of the bog (detailed
explanations for trophic status see Supplementary Information Text
S4 and Fig. S6).
4.3. Dust provenance

Studies on atmospheric deposition at AMS, using 222Rn, 210Pb
and air mass back trajectories suggested some continental inputs to
AMS, in particular from Southern Africa (Angot et al., 2014;
Gaudichet et al., 1989; Polian et al., 1986), and Southern South
America (Fig. S2). Comparison of eNd values in the AMS peat
sequence with the reference datasets of the potential dust source
end-members (local, Southern Africa, and Southern South America)
show that eNd values of the peat samples lie between the local and
continental dust sources (Fig. 5, Fig. S7). This also suggests that AMS
can potentially receive dust from local, Southern African, and
Southern South American sources.

The AMS soil samples display slightly higher Eu/Eu* (median
1.24, Fig. 5) and lower La/YbN ratios (median 0.27, Fig. 5) compared
to the peat samples. The Southern African end-member (including
both Sua Pan and Etosha Pan) has Eu/Eu* ratios that are close to
those for the AMS peat samples, but show higher La/YbN ratios
(median 1.04). In comparison with the peat samples, Eu/Eu* ratios
are relatively lower and La/YbN ratios are analogous in the Southern
American end-member (including Puna-Altiplano-Plateau, Central
Western Argentina and Patagonia, Gili et al., 2017). The average eNd
value of the AMS soil samples is 3.9 ± 0.2 (2s, n ¼ 7, Fig. 5b), much
higher than those in the peat samples (eNd �9.6 - 0.5). The
Southern African end-member has a more negative signature
of�24± 1.7 (1s, n¼ 11, Fig. 5b). Both eNd (median 3.84) and Eu/LaN
(median 3.52) are higher in the local soils than in the Southern
African end-member (median eNd ¼ �24.72, median Eu/
LaN ¼ 1.44). The eNd signatures in the Southern South American
end-member overlap with those in the peat samples, while the Eu/
LaN ratios are relatively lower in the Southern South American end-
member.

Using the multi-proxy mixing model (Fig. 5), εNd and REE ratios
indicate that the peat received approximately 40% of dust from
local sources, 15% from Southern Africa and 45% from Southern
South America. Dust source proportions were relatively constant
over the last 6.6 kyr, except during the last 100 years (Table 2). Since
1910 AD, the model estimates a relative decrease in the local dust
input (15%), while the relative contribution of Southern South Af-
rica doubled (32%), with the Southern South American dust



Fig. 5. Relationships of La/YbN vs Eu/Eu* (a), and Eu/LaN vs eNd (b) in AMS peat
together with its Potential Source Areas (normalized to UCC, Wedepohl, 1995). Peat
samples are shown in triangles/squares/diamonds, with different shapes representing
different periods, such as the last 100 years (number of samples based on Fig. 5a,
n ¼ 8), 1.4e0.05 cal kyr BP (n ¼ 17), 2.7e1.4 cal kyr BP (n ¼ 21), 3.9e2.7 cal kyr BP
(n ¼ 13), 4.9e3.9 cal kyr BP (n ¼ 15), 6.2e4.9 cal kyr BP (n ¼ 17), and 6.6e6.2 cal kyr BP
(n ¼ 10), respectively. Black-edge stars: AMS soils; Half-open circles: dust/soil in Sua
Pan; Open circles: dust/soil in Etosha Pan. Puna-Altiplano-Plateau (PAP, nine data
points), Central Western Argentina (CWA, five data points) and Patagonia (11 data
points) are shown in Elipses (mean data with 95% confidence level, Gili et al., 2017);
The black lines in (a) and (b) represent the End-member mixing lines among AMS soil,
Southern Africa (Sua Pan þ Etosha Pan) and Southern South America
(PAP þ CWA þ Patagonia) (see Supplementary Information Table S5 for detailed cal-
culations, after Albar�ede, 1996).
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component (53%) showing little significant change.
In addition to an important local dust contribution (40%), likely

from weathered basalt cliffs adjacent to the AMS peat bog, the
mixing model indicates that from 6.6 cal kyr BP to 1910 AD,
Southern South America is an important contributor of dust (45%;
Table 2). The 14-day back trajectories show the air masses passing
AMS that partially originate from Southern South America,
Table 2
Themean dust contributions of local, Southern African and Southern American dust t
REE proxy mass balance model. Potential African and South American dust sources

Time interval (cal kyr BP) local

the last 100 years 15% (5%e25%)
1.4e0.05 41% (35%e50%)
2.7e1.4 44% (35%e55%)
3.9e2.7 46% (40%e55%)
4.9e3.9 36% (30%e40%)
6.2e4.9 35% (25%e40%)
6.6e6.2 41% (35%e45%)
covering the Puna-Altiplano-Plateau, Central Western Argentina
and Patagonia (Fig. S2). This is also supported by modern dust
observations. For example, combining ground/satellite observa-
tions and atmospheric modelling, Gaiero et al. (2013) found that
large dust storms at the Puna-Altiplano-Plateau (15� and 26�S) can
be developed and injected into the high-altitude subtropical jet
stream of the SWW, which hence can be transported over long
distances (Gaiero, 2007). Dust from the Central Western Argenti-
nean lowlands (between ~27� and ~39�S), can also be uplifted by
strong vertical air motion and be entrained into the SWW (Gili
et al., 2017). Once lifted into the troposphere, dust can be trans-
ported over thousands of kilometers from its source area
(Mahowald et al., 2005). Johnson et al. (2011) have shown that
Patagonian dust travels along the SWW pathways to the Southern
Indian Ocean during dust outbreak events in the austral summer,
potentially reaching the Southern Indian Ocean in a short period of
time (days).

The mixing model also confirms a small (9e15%) but significant
proportion of Southern African dust through most of the Holocene
(Table 2; Fig. 6). The Makgadikgadi Basin in Botswana represented
by our Sua Pan samples is the principal persistent dust source in
Southern Africa, with a general maximum dust emission activity in
AugusteOctober (Prospero et al., 2002). The prevailing winds in the
area of Sua Pan (Fig. 1a) are tropical Easterlies that bring moisture
from the Indian Ocean (Bryant et al., 2007). Etosha Pan situated in
the semi-north of Namibia is a second principal Southern African
dust source with prevailing northeasterly winds (Vickery et al.,
2013; Von Holdt et al., 2017). Both Sua Pan and Etosha Pan are
characterized by a proportion of northwesterly winds (Piketh,
2002; Von Holdt et al., 2017), confirming that dust from Sua Pan
and Etosha pan can be transported eastward into the Indian Ocean
(Fig. S2).
4.4. Lower dust input under equatorward-shifted/strengthened
SWW

The dust provenance mixing model showed that the relative
proportion of dust contributions from local, Southern African and
Southern South American sources remained more or less constant
over the mid-to late Holocene at AMS. The estimated dust depo-
sition flux (g m�2 yr�1), however, varied substantially on millennial
timescales (Fig. 3a), likely resulting from changes in the position
and/or intensity of SWW. It is important to realize that a northward
shift in SWWmay result in multiple antagonistic effects on dust: in
dust source areas, an increase in SWW strength maymobilize more
dust. However, stronger SWW are characterized by more humid
conditions and more rainfall at least at the western to central
sectors of the regions, leading to denser vegetation and soil dust
immobilization. Additionally, in the case of the high altitude Puna-
Altiplano-Plateau and Sua Pan/Etosha Pan, the dust source areas do
not directly lie within the SWW belts, but their dust mobilizations
can be influenced by SWW (see section 4.2). The net effect of
o the AMS peat sampling site frommid to late Holocene. Estimates are based on a
are lumped (see text). Uncertainty range corresponds to 1s.

Southern Africa Southern America

32% (25%e40%) 53% (40%e65%)
15% (10%e20%) 44% (30%e55%)
12% (5%e20%) 44% (30%e55%)
15% (10%e20%) 39% (25%e50%)
9% (5%e15%) 55% (40%e70%)
15% (5%e25%) 50% (35%e70%)
9% (5%e15%) 50% (45%e60%)



Fig. 6. Proxy records for wind position/strength at the northern SWW margin. (a)
Pollen index Eucryphia þ Caldcluvia/podocarps (ECPI) from lake sediment core at Lago
Condorito from Southern Chile (Moreno et al., 2010); (b) Iron intensity from marine
core GeoB 3313e1 in Southern Chile (Lamy et al., 2001); (c) Ice volume corrected
Globorotalia inflata d18O (d18Oivc) from marine sediment GeoB13862-1 in Western
South Atlantic (Voigt et al., 2015). Black line represents for the 5-point smoothing; (d)
AMS mineral dust deposition from this study; (e) Magnetic susceptibility from a peat
core in Nightingale Island, Southern Atlantic (Lindvall et al., 2011); (f) Shift in the
position of SWW described in Marx et al. (2011); (g) Precipitation reconstruction from
Lake Aculeo in Central Chile (Jenny et al., 2003); (h) d15N-derived humidity from the
hyrax middens Seweweekspoort-1-5 in South Africa (Chase et al., 2013). The blue and
white shading are the zones determined by change point analysis for AMS dust flux.
Crosses indicate 14C dates. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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stronger SWW on dust emission therefore depends on local geog-
raphy, meteorology and vegetation (Marx et al., 2018). Studies on
climate variability in AMS dust source areas indicate enhanced
dryness (e.g., relative higher dust availability) during
6.2e4.9 cal kyr BP and 3.9e2.7 cal kyr BP in both Puna-Altiplano-
Plateau (Pueyo et al., 2011) and Southern Africa (Chase et al.,
2017; Chevalier and Chase, 2015; Cohen and Tyson, 1995;
Cordova et al., 2017; Nash et al., 2006). Dust mobilization in these
source areas should therefore have been constant or possibly
enhanced during these two periods.

During periods of equatorward shifted and/or strengthened
SWW potentially enhanced dust mobilization will be subjected to
more intense removal by rainfall and by turbulence via dry depo-
sition during transport (Miller et al., 1993; Moody et al., 1991).
Evidence for this is based on the relationship between rainfall
chemistry and seasonal and inter-annual large-scale atmospheric
circulation patterns at AMS (Moody et al., 1991). Observed minima
in rainfall anion concentrations (non-sea salt Cl and SO4, from
continental origin) during austral winters, characterized by stron-
ger winds and enhanced precipitation. Distal dust records such as
AMS, thousands of kilometers away from dust sources, will overall
tend to register decreased distal dust deposition during stronger
and/or equatorward shifted SWW due to the dominant effect of
dust removal during transport (Li et al., 2008). Stronger SWW with
higher precipitation can decrease local dust mobility by increasing
humidity and possbily local vegetation cover. We therefore suggest
that the AMS mineral dust flux minima from 6.2 to 4.9 cal kyr BP
and 3.9e2.7 cal kyr BP represent periods of equatorward shifted
and/or strengthened SWW at this northern edge with higher wind
speed and enhanced precipitation over the dust transport trajec-
tories, regardless of the potential enhanced dust mobility at the
source areas during these two periods. Conversely, the three epi-
sodes of higher dust inputs (6.6e6.2 cal kyr BP; 4.9e3.9 cal kyr BP;
1.4 cal kyr BP to present) represent periods of poleward-shifted
and/or weakened SWW accompanied by overall lower wind
speeds and lower precipitation along the air mass trajectories from
the Southern Africa and Southern South America continents to
AMS, together with relatively higher local dust availability. The
intermediate period from 2.7 to 1.4 cal kyr BP (Fig. 3f), identified by
the change-point analysis, is a dust flux transition period charac-
terized by gradual poleward displacement of the SWW.

The timing and strength of the reconstructed environmental
changes at AMS from 4.9 to 3.9 cal kyr BP suggest thesewere part of
a larger regional drought event, widely observed around the Indian
Ocean. For example, enhanced dry conditions have been found
based on the abrupt increased dust deposition in both Kilimanjaro
ice cores (~4.0 cal kyr BP, Thompson et al., 2002) and in the Gulf of
Oman marine sediment record (4.0 ± 0.1 cal kyr BP, Cullen et al.,
2000), based on the positive sea surface salinity in a Northern
Red Sea sediment core (~4.2 cal kyr BP, Arz et al., 2006), and based
on the reduced annual rainfall evident in the Arabian sea sediment
core (~4.2 cal kyr BP, Staubwasser et al., 2003). This mega-drought
has potentially led to some of the greatest societal upheavals in
historical times (e.g., Egyptian Old Kingdom in the Nile Valley and
Akkadian Empire in Mesopotamia, Weiss, 2016). The severe dry
conditions are explained by changes in the monsoon system and
extraetropical airflow during winter (e.g., Cullen et al., 2000;
Staubwasser et al., 2003), which was suggested to follow variability
in solar activity (Cullen et al., 2000; Neff et al., 2001). Weaker SWW
at AMS associated with the mega-drought event, suggests a close
teleconnection between SWW and other climate features (e.g.,
monsoon system) in Indian Ocean sector around 4 cal kyr BP.

We compare the AMS dust deposition record to other SH pale-
oclimate records from different longitudes at the northern edge of
SWW (33e41�S, Fig. 6). We find that the AMS dust flux (Fig. 6d)
broadly anti-correlates with magnetic susceptibility in an oceanic
minerotrophic peat core from Nightingale Island (37oS, Fig. 6e,
Lindvall et al., 2011). Magnetic susceptibility is a proxy for surface
runoff to this peat mire and therefore tracks rainfall in a very
different manner to our dust deposition proxy in the ombrotrophic
AMS peat core (for explanations on trophic status see supplemen-
tary Text S4). Both AMS and Nightingale cores suggest that the
SWW moved poleward at 4.9e3.9 cal kyr BP, and equatorward at
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6.2e4.9 cal kyr BP and 3.9e2.7 cal kyr BP. Other published proxy
records do not show coherent trends with these two SWW proxy
records over the past 6.6 kyr. For example, AMS dust flux, Night-
ingale Island magnetic susceptibility and Southern Chile pollen
composition (Moreno et al., 2010), indicate a poleward shift in
SWW from 4.9 to 3.9 cal kyr BP (Fig. 6a, d, e), where other records
show no trend (Fig. 6c, g, h), or an equatorward shift in SWW
(Fig. 6b, f). Subsequently, during 3.9e2.7 cal kyr BP period, the AMS
dust flux, Nightingale Island magnetic susceptibility (Lindvall et al.,
2011), Southern Chilean marine iron (Lamy et al., 2001), Central
Chilean precipitation (Jenny et al., 2003), and South African nitro-
gen isotope records (Chase et al., 2013) (Fig. 6d, e, b, g, h, respec-
tively), suggest an equatorward shift in SWW. Conversely the
Chilean pollen (Moreno et al., 2010), Western South Atlantic Oxy-
gen isotope (Voigt et al., 2015) and Southeast Australian westerly
positon records (Marx et al., 2011) (Fig. 6a, c, f), show no change in
SWW from 3.9 to 2.7 cal kyr BP. We speculate that the reasons for
the observed variability in SWW proxy records are, 1/the depen-
dence of SWW proxies on complex regional climate factors, and 2/
uncertainty in interpreting these paleo-records due to dating un-
certainties, and resolution and inherent complexity of proxies used.
A limitation of the AMS peat record is that it does not extend to the
late glacial period, where stronger trends in climate proxies have
been previously detected (e.g., Kuhnt et al., 2015; Lamy et al., 2010,
see Fig. S8). The variations in SWW in the last 6.6 kyr that we infer
from the AMS dust record should therefore be regarded as mod-
erate changes, compared to the oscillations in SWW that have been
associated with glacial/inter-glacial periods (e.g., De Deckker et al.,
2012; Van der Putten et al., 2015). Essentially, the ensemble of
paleo-climate records shown in Fig. 6, suggests that SWW are not
homogeneous across at its northern zone (33e41�S) over the last
6.6 kyr. More well-dated Holocene records using multiple proxies,
and advanced Earth system climate models are needed to under-
stand the geographical variability in SWW dynamics.

4.5. Climatic and anthropogenic influences in the last 100 years

The last 100 years (1910e2014 AD) display distinct REE and eNd
signatures compared to the rest of the core (Fig. 5; Fig. S9). This is
accompanied by a quantitative increase in dust deposition from
Southern Africa (Fig. 7). The overall dust flux, however, is not
significantly different during the last 100 years compared to the
Fig. 7. The mineral dust contributions of local, Southern Africa and Southern South
America (g m�2 yr�1, 1s) during different time intervals.
1.4 cal kyr BP to present and 4.9e3.9 cal kyr BP periods, both
characterized by relatively high dust flux and poleward position of
the SWW.We therefore suggest that other factors than the position
of the SWW play a role in the recent shift in dust provenance from
Southern Africa. There is evidence of recent anthropogenic distur-
bances in the Southern part of the African continent. For example,
there is a major shift from grass-dominated to sedge-dominated
vegetation in the Okavango Delta (Northern Botswana) due to
grazing and fires (Nash et al., 2006). Remote sensing also clearly
shows the effects of land clearing, agriculture, and land degradation
around Etosha Pan in Namibia (Strain and Engle, 1996). Land
degradation in recent years is also found in South Africa (Hoffman
and Todd, 2000). These changes to the local landscape enhance soil
availability and erosion, thereby promoting a relative increase of
distal dust availability and subsequent inputs aligned along the
prevailing winds to AMS. Enhanced South African dust input to
AMS during the past 100 years may alternatively be caused by an
overall drying trend over the South African continent as a response
to human-climate interaction (IPCC, 2007). A general trend towards
greater aridity and widespread drought in Southern Africa has
indeed been recorded since the 19th century (e.g., Kelso and Vogel,
2007; Nicholson, 2001; Nicholson et al., 2012; Riedel et al., 2012),
supporting our findings.
5. Conclusions

Understanding Holocene dust cycling and climate change in the
Southern Hemisphere is hampered by a paucity of high-resolution
records in some sectors. We provide the first Holocenemineral dust
record from an Amsterdam Island peat core in the Southern Indian
Ocean. Southern South America and Southern Africa have been
found to be themain distal dust sources to AMS. Since 6.6 cal kyr BP
ago, except for the last 100 years, the dust inputs from local,
Southern South America and Southern Africa remained relatively
constant, with the former two as the main dust contributors. We
interpret millennial scale shifts in dust deposition rates to be
caused by shifts in the SWW at AMS. A comparison of inferred
SWW dynamics at AMS to other Southern Hemisphere SWW proxy
records at the northern edge of the wind belt shows both similar-
ities and differences, which suggests SWW were not zonally ho-
mogeneous frommid to late Holocene (Lamy et al., 2019). In the last
100 years, the dust contribution from Southern Africa doubles,
possibly as a result of higher dust availability due to a combination
of drier climate and human influence (e.g., over-grazing, agriculture
and land degradation). We suggest that anthropogenic activities
play an important role in the Southern Hemisphere dust cycle
during last 100 years.
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