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of the SWW is projected to continue due to anthropogenic climate change and despite a recovering
Antarctic ozone hole, impacting regional hydroclimate, ocean circulation and carbon cycling. Despite the
importance of the SWW, our understanding of their behaviour on centennial to millennial timescales is
limited by the inherently short observational record and limited palaeo-archive agreement on the wind

Handling Editor: A. Voelker belt's Holocene dynamics. Here we utilise dust flux, Itrax core scanning, rare earth element composition

and HYSPLIT particle modelling to present a 8700-year (10,500—1700 cal yr BP) reconstruction of local

Keywords: SWW intensity from a Falkland Islands (Islas Malvinas) peat sediment core which, along with other

Southern hemisphere westerly winds reconstructions, we interpret in a regional South Atlantic and hemispheric context. We find increased

Dust dust deposition and variability from ca. 5700 cal yr BP, signalling an intensification and possible

ﬁeat southwards shift of the SWW, though Patagonia likely remains the primary distal dust source throughout
rax

our record. Additionally, we identify asymmetric behaviour in the SWW belt from 3000 to 1700 cal yr BP

gégsepi?;th elements over southern South America and the southwest Atlantic. In alignment with these findings, we propose a
Radiocarbon dating possible eastwards projection of the Amundsen Sea Low (ASL) into the South Atlantic during this period.
Amundsen Sea Low Two volcanic eruptions, likely from Mt Burney (ca. 9700 cal yr BP) and Mt Hudson (ca. 4100 cal yr BP), are
Falkland Islands captured as cryptotephra deposits in the record. Our precisely dated, high-resolution multiproxy record
Cryptotephra of South Atlantic wind-blown transport provides an important new dataset that accurately constrains

SWW Holocene variability over the Falkland Islands.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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seasonal to glacial-interglacial timescales, responding to variations
in insolation, regional sea ice, sea surface temperature, and atmo-
spheric temperature gradients (Sime et al., 2013; Varma et al,,
2011). In recent decades, the strength of the SWW has intensified
and the belt has migrated poleward in response to changing tem-
perature gradients as a consequence of anthropogenic ozone
depletion and greenhouse gas emissions, with an associated in-
crease in cloud cover and evaporative heat loss from the ocean
(Fogt and Marshall, 2020; Shindell and Schmidt, 2004; Thompson
and Solomon, 2002). This trend is likely to continue, with high
emissions pathways projecting up to a 1.5° southwards shift and a
10% intensification, compared to current observations (Le Quéré
et al.,, 2007; Perren et al., 2020; Swart and Fyfe, 2012). Although
the SWW dominate Southern Hemisphere climate variability, the
Amundsen Sea Low (ASL), a quasi-stationary low-pressure system,
also plays an important role in modulating regional climate
through changes in its location and geopotential height (Clem et al.,
2017; Hosking et al., 2013; Thomas et al., 2018).

Future changes in the SWW wiill likely have significant climatic
impacts. For example, earth system modelling suggests shifts in
SWW strength and position will impact Southern Hemisphere
rainfall patterns (Hill et al., 2009; Jenny et al., 2003; Raut et al.,
2014; Risbey et al., 2009), as well as oceanic circulation and
nutrient transport (Kohfeld et al., 2013). Future intensification of
the SWW is also projected to weaken the Southern Ocean carbon
sink, which accounts for ~40% of total global oceanic CO, uptake,
though there remains large uncertainties about its future behaviour
(Frolicher et al., 2015; Landschiitzer et al., 2015; Le Quéré et al.,
2007; Toggweiler et al., 2006). Limited by sparse data points and
short term instrumental records, modern SWW studies can only
capture interannual to decadal variability (e.g. Landschiitzer et al.,
2015; Le Quéré et al, 2007; Munro et al, 2015; Turney and
Fogwill, 2021). Placing modern SWW behaviour and climatic in-
fluence in the context of long term (multidecadal to millennial)
variation is therefore critical to understanding future SWW
changes and climatic impacts.

SWW behaviour is relatively well constrained on seasonal and
multidecadal timescales (Garreaud et al.,, 2013; Marshall, 2003).
However, there is little agreement about SWW behaviour on
centennial to millennial timescales, where research efforts have
focused on the Holocene (Browne et al., 2017; Fletcher and Moreno,
2012; Perren et al., 2020; Turney et al., 2016). Disagreements have
been attributed to an overreliance on proxies that indirectly
reconstruct past SWW behaviour (via precipitation, sediment
geochemistry or changing sub-fossil pollen assemblages), poorly
resolved chronologies, and/or confounding continental influences
(e.g. the Andes mountain range) (Fletcher and Moreno, 2012; Li
et al., 2020; Perren et al., 2020).

To fully understand the SWW's Holocene behaviour, palaeo-
archive reconstructions should ideally; be free from continental
influences, span the longitudinal range of the SWW belt, have
robust chronological frameworks, and be based upon multiple
proxies that are sensitive to associated climate and environmental
changes (Saunders et al., 2018). Several reconstructions meeting
these criteria have been conducted on Sub-Antarctic islands in
recent years (Browne et al., 2017; Monteath et al., 2022; Perren
et al., 2020; Saunders et al., 2018; Thomas et al., 2018; Turney
et al,, 2016). However, none of these records from the southwest
Atlantic span the entire Holocene. We address this by studying
mineral dust deposition in a peat bog archive as it provides a direct
measure of windblown transport (Li et al., 2020; Longman et al.,
2017; Monteath et al., 2022). The terrestrial source region of dust
deposited in our archive is identified through unique geochemical
‘fingerprints’, manifesting as distinct variabilities in rare earth
element (REE) composition (Li et al., 2020; Monteath et al., 2022;
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Vanneste et al., 2016). Once identified, the dust is used as a proxy
for the strength and trajectory of transporting winds (Li et al., 2020;
Longman et al., 2017; Marx et al., 2009; Monteath et al., 2022).

This study presents a highly resolved, multi-proxy reconstruc-
tion of local SWW behaviour, spanning 10,500-1700 cal yr BP, from
a peat bog in the sub-Antarctic southwestern Falkland Islands,
which lie in the modern core of the SWW belt (Fig. 1). We compare
this record to other reconstructions across the wider Southern
Hemisphere to interpret regional and hemispheric climate
dynamics.

2. Methods
2.1. Site description

The Falkland Islands are a small archipelago in the South
Atlantic, 540 km east of southern South America. Influenced by the
surrounding South Atlantic Ocean, the Falkland Islands experience
a cool, temperate maritime climate with low seasonal variability
and mean annual temperatures of 5.5 °C (Met Office, 2007). The
archipelago lies at 52° S, in the core of the modern SWW belt
(Fig. 1a,b,c), and experiences high westerly airflow (6-9 ms™!)
throughout the year (Upton and Shaw, 2002). In the lee of the
Andes mountain range, the Islands experience relatively low pre-
cipitation (500—800 mmy/year) distributed uniformly throughout
the year (Lister and Jones, 2014; Turney et al., 2016). A shift from the
climate of the Last Glacial Maximum to the current interglacial
period at ca. 16,500 cal yr BP led to the development of extensive
blanket peatlands covering large areas (23—45%) of the Falklands
(Evans et al., 2017; Wilson et al,, 2002). The Falklands' unique
combination of SWW dominated airflow, proximity to the South
American continent, extensive peatlands, and stable oceanic
climate make the archipelago ideal to preserve wind-blown dust
from South America (Fig. 1b). Weddell Island is the westernmost
major island of the archipelago and is therefore ideally placed to
receive South American dust with minimal local input (Fig. 1d). It's
geology is part of the Silurian to Devonian Port Stephens Formation,
which is mostly composed of sandstone, quartzite and quartz
conglomerates (Aldiss and Edwards, 1999). In March 2020, a 2.79 m
peat sequence was extracted using a D section corer from an
ombrotrophic peat bog at Pond Point, Weddell Island (51.80662° S,
60.87150° W, Fig. 1d). The sod (top 24 cm) was extracted using a
shovel to remove the highly fibrous roots and surface vegetation.

2.2. Micro-XRF core scanning

To determine the elemental composition of the sequence, non-
destructive X-ray fluorescence (XRF) analysis was performed using
an Itrax core scanner (Croudace et al., 2006) at the Mark Wain-
wright Analytical Centre (MWAC), located at the University of New
South Wales (UNSW). Before analysis, the flat surface of each core
was smoothed horizontally to minimize measurement error due to
an uneven surface (Croudace et al., 2006). Cores were scanned at a
500 um step size with a 50 s dwell time using a Mo tube set to 30 kV
and 55 mA. Itrax data is compositional and collected in counts per
second (cps). Low values were eliminated from the top and bottom
of each core as they reflect changes in the core surface. Datapoints
with summed cps below 40,000 were also removed throughout the
core as they likely represent measurement bias due to sedimen-
tological factors (Chagué-Goff et al., 2016; Longman et al., 2019). To
analyse compositional data, a principal component analysis (PCA)
was applied to the data using R Studio's ‘vegan’ package (Oksanen
et al., 2020).
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Fig. 1. The Southern Hemisphere westerly winds. Average Zonal wind speed 1979-2019 from the ERA-Interim dataset a, b & ¢ (Dee et al., 2011). a. Location of the Falkland Islands (black
star) in the core of the of the SWW belt and in relation to the ASL. The black arrows indicate the direction of the SWW. The black dashed line indicates the modern limits of the ASL defined
across the 1979-2001 average (Fogt et al., 2012; Thomas et al., 2018). b. Location of the Falkland Islands (black star) in relation to potential southern South American dust source regions
(Gili et al., 2017). c. The Falkland Islands in relation to latitudinal variations in zonal wind speed. d. Location of the core sampling location, Pond Point on Weddell Island, The Falklands.

2.3. Sedimentological parameters

The cores were sliced into 1 cm sections, and a volumetric
subsample was taken and weighed (Heiri et al., 2001). Subsamples
were oven-dried at 60 °C for 72 h and re-weighed to determine the
dry mass. The bulk density of each sample was calculated by
dividing the dry mass by the initial volume of the subsample.
Subsamples were placed into pre-weighed crucibles and fired in a
muffle furnace at 550 °C for 4 h to remove all organic matter, with
the remaining ashed material representing the minerogenic mass.
The minerogenic material was then re-ashed at 950 °C to remove
carbonate material. The remaining material, referred to as min-
erogenic dust, was divided by the volume of the initial subsample
to determine the amount of dust per cm’, called the inorganic
density.

2.4. Radiocarbon dating & age modelling

A total of 24 bulk sediment peat samples were analysed for
radiocarbon dating at the CHRONOS Carbon-Cycle Facility, UNSW.
Samples were dispersed in Milli-Q water then washed through a
250 pm sieve to remove root and rootlet material, and identify
macrofossils (Thomas et al., 2019). Sieved samples were then pre-
pared for dating using an acid-base-acid treatment, following
Turney et al. (2021).

A Bayesian age model was constructed in OxCal 4.4 from the
radiocarbon age determinations using a ‘P_sequence deposition

model’ (Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013) with
the ‘general outlier’ analysis detection method (probability = 0.05)
(Bronk Ramsey, 2009). The '4C ages were converted into calendar
years using the SHCal20 calibration curve (Hogg et al., 2020). The
model uses Bayesian statistics, the probability density from radio-
carbon calibration, and the stratigraphic order of the sequence to
provide a robust age model.

2.5. Rare earth element composition

Rare earth element (REE) composition was determined from 23
samples across a range of inorganic density values. REE's were
unlocked from their matrices following a digestion technique
developed at MWAC's Solid State & Elemental Analysis Unit that
avoids the use of Hydrofluoric Acid. Homogenised minerogenic
dust (0.2 g) was weighed into a platinum crucible with a 1:3 ratio of
Lithium Borate flux before being fused in a rocking furnace (Claisse
TheOx Advanced, Quebec, Canada) at 1050 °C for 2 h, creating a
homogenous glass bead. Beads were transferred to a beaker on a
hot plate and digested in 70% nitric acid (HNOs3). The resulting so-
lution was analysed for REE composition using a Nexion5000
Multiquad Inductively coupled plasma mass spectrometer (ICP-MS,
PerkinElmer, USA) system at UNSW's ICP Laboratory. To determine
the validity of results, the PACS-2 (Esquimalt Harbour marine
sediment) United States Geological Survey certified reference ma-
terial was used as a standard (Begum et al., 2007) and blanks were
run alongside the samples to calibrate the machine. Good
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recoveries for all REE's were observed (~80%).

2.6. Dust and REE flux

Dust flux and REE flux were calculated with equation (2) and
equation (3) respectively to quantify the amount of sediment
delivered to a core with a varying density and accumulation rate (Li
et al., 2020; Marx et al., 2009):

Dust Flux; (gcmfzyr’]) = n.inorganic density; x bulk density;
x AR; x 100.
(2)

To calculate dust flux, each inorganic density measurement was
normalised by 1 gcm™3, producing a unitless, normalised value
(given by n.inorganic density) for the sample i. Bulk density (gcm™3)
is the density of the dried sample i and the AR is the sediment
accumulation rate (cmyr~!) at sample i, calculated from the age
model (Section 2.4).

REE Flux; (gcm’zyr”) = > REE / UCG; x bulk density;
x AR; x 100 (3)

For REE flux, the concentration of each REE value in sample i was
normalised by its respective concentration in the upper continental
crust (UCC) (Taylor and McLennan, 1995). The values in the sample i
were then summed to give the total normalised REE concentration
for each sample, given by > REE/UCC.

2.7. Cryptotephra

High inorganic density and elemental Itrax values indicative of
inorganic material (e.g., K, Ti, Fe) suggested the likely presence of
cryptotephra (microscopic volcanic ash deposits) at two points in
the sequence. Fully ashed minerogenic dust from depths 93—94 cm
and 174—175 cm (corresponding to peak values) was washed
through 90 pm and 25 um sieves, with the material retained in the
25 pm sieve centrifuged and mounted onto glass slides with Canada
balsam (Dugmore, 2008; Pilcher and Hall, 1992). Tephra shards
were visually identified using a light microscope at 20x
magnification.

2.8. HYSPLIT particle modelling

The Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Hess, 2015) was used in conjunction
with REE composition to provenance the dust found in the peat
sequence, and determine similarities between modern and palaeo-
air mass circulation. Three-dimensional forward and backward
airmass travel histories were reconstructed with input data from
the 2.5° NCEP/NCAR reanalysis (Kalnay et al., 1996; available from
https://www.ready.noaa.gov/archives.php). To simulate dust-
analogous airmass trajectories across a range of SWW behaviours,
seasons representing strong, neutral and weak Southern Annular
Mode (SAM) Marshall index values (Marshall, 2021, 2003) were
selected for HYSPLIT modelling. During the selected seasons, tra-
jectories were modelled for 72 h, and released once per day from
the surface of the modelled ground height at each release point.
Forward trajectory release sites in southern South America were
selected to correspond with the dust source regions sampled in Gili
et al. (2017). Back trajectories were released from Pond Point.
Further detail can be found in the Supplementary Information
(Section 1).
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3. Results
3.1. Core composition

The Pond Point sequence covers a total depth of 279 cm. The top
248 cm of the core consists of peat, while lake muds and silty clays
sit below. This study focuses on the peat section of the core. See
Supplementary Information (Section 2) for more detail on core
composition.

3.2. Radiocarbon dates and age model

The age model is presented in Fig. 2. A change in sedimentology
was identified between the sod and core sections (between 23 cm
and 24 cm, Fig. S2). This change corresponded to a large gap in
calibrated ages between 19.5 and 21 cm (-9 cal yr BP) and
34—35 cm (2122 cal yr BP). Therefore, a hiatus was specified in the
age-depth model at 24 cm. The cause of the sedimentary hiatus is
likely due to historical peat excavation at the sampling location.

Attempts were made to combine the calibrated ages of the seed
macrofossils (UNSW-747) and peat at the same depth (UNSW-746)
to produce a more robust result, but the two dates were just outside
error range. We suggest this difference may be due to peat samples

T
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Fig. 2. Age model of the Pond Point sequence constructed from calibrated radiocarbon
dates (Table 1). The light and dark blue envelopes show age ranges of 2¢ and 1¢
respectively. A hiatus (break) was input at 24 cm due to the clear stratigraphic dif-
ference between two core sections and the large gap in the calibrated ages (Table 1,
Fig. S2). Red shaded areas show input stratigraphic boundaries. The model was run
with OxCal 4.4 (Bronk Ramsey, 2017).
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Table 1

Radiocarbon and calibrated ages for the Pond Point sequence. Modelled cali-
brated age range (SHCal20 calibration curve, Hogg et al., 2020) computed in Oxcal
4.4 (Bronk Ramsey, 2017). Calibrated ages are relative to before present (BP) i.e., CE
1950. Errors are +1c. Samples UNSW-728 and UNSW-729 are reported as an F'4C
measurements, and calibrated using the Bomb21_SH1_2 post bomb calibration
dataset (Hua et al., 2013).

Laboratory Depth F14C*/'“C F14C*/'“C Modelled Modelled Material

ID (cm) Age (yr Age +1c mean calibrated dated
BP) (yr) calibrated age +1c
age (cal yr (yr)
BP)

UNSW-728 9—-10.5 1.0890*  0.001* -52 4 Peat

UNSW-729 19.5 1.0333*  0.001* -9 6 Peat
-21

UNSW-730 34-35 2209 20 2122 71 Peat

UNSW-731 44-45 2227 20 2254 49 Peat

UNSW-732 55-56 2473 20 2502 99 Peat

UNSW-733 65—66 2696 20 2767 38 Peat

UNSW-734 76-77 3151 20 3292 45 Peat

UNSW-735 86—87 3615 20 3848 55 Peat

UNSW-736 97—98 3861 20 4201 62 Peat

UNSW-737 107 3999 20 3999 58 Peat
—108

UNSW-738 118 4564 20 5139 82 Peat
-119

UNSW-739 129 5212 20 5907 46 Peat
—130

UNSW-740 140 6092 20 6861 57 Peat
—141

UNSW-741 150 6852 20 7608 32 Peat
—151

UNSW-742 161 7824 20 8516 42 Peat
-162

UNSW-743 176 8874 20 9881 119 Peat
—-177

UNSW-744 189 9464 20 10,616 51 Peat
—190

UNSW-745 203 9613 20 10,988 90 Peat
—204

UNSW-746 206 9808 20 11,121 53 Peat
—207

UNSW-747 206 9665 20 11,121 53 Seeds
—207

UNSW-748 213 9859 20 11,219 19 Peat
—214

UNSW-749 224 10,037 20 11,396 70 Peat
—225

UNSW-750 234 10,050 20 11,525 75 Peat
—235

UNSW-751 245 10,131 20 11,709 63 Peat
—246

UNSW-752 257 10,851 20 12,705 10 Organic
—258 Lake

Muds

representing an age averaged over a 1 cm section, while the seed
represents a single depositional event which may have also been
affected by post depositional processes. As both the seed and peat
occur at the same depth, they are assigned the same mean cali-
brated age by the age model.

3.3. Dust flux

Dust flux is characterised by two large peaks in the late Holo-
cene and a clear increase in strength and variability from the late to
the early Holocene (Fig. 3a). From 11,800 to 11000 cal yr BP the dust
flux is low and moderately variable, with an average of 0.05
gcm~2yr~ L. The dust flux is at a minimum from 11,000 to 5700 cal yr
BP with average values of 0.02 gcm™2yr~!, except for a peak at ca.
9700 cal yr BP, representing a cryptotephra deposit (Section 3.4).
From 5700 to 1700 cal yr BP, the dust flux becomes higher and more
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variable with peaks at 4800—2500, 3700—3400 and 2300-
1700 cal yr BP. The largest peak on the record at ca. 4100 cal yr BP
indicates another cryptotephra deposit. Modern (—70 to O cal yr BP)
values are highly variable, ranging from 0.04 to 1.44 gcm 2yr~!
(Fig. S2) and are likely to be influenced by the unhumified nature of
the sod.

3.4. Cryptotephra deposits

High concentrations of tephra shards were identified in the
sequence at 174—175 cm and 93—94 cm, confirming the spikes of
inorganic material at ca. 9700 and 4100 cal yr BP are cryptotephra
deposits (Fig. 3, S2, S3). The cryptotephra deposit at ca. 9700 cal yr
BP coincides with the eruption of Mt Burney (MB1), which has
previously been detected in the Falklands (Monteath et al., 2019).
Glass shard morphologies (Smith et al., 2019) for this deposit are
cuspate, fluted and bubble-walled. Some shards are moderately to
densely vesicular (Fig. S3b). The cryptotephra deposit at ca.
4100 cal yr BP roughly coincides with the eruption of Mt Hudson
(H2), an eruption previously detected in Falklands peat records
(Panaretos et al., 2021). Glass shard morphologies for this deposit
(Smith et al., 2019) are predominantly cuspate and fluted (Fig. S3a).
The origin of these deposits will be confirmed through further
geochemical analysis and chemical fingerprinting of glass shards,
allowing for chemical correlations to known eruptions (Panaretos
et al. in prep).

3.5. Itrax elemental composition

Itrax core scanning detected 37 elements. Elements P, Cl, Cs and
Pb were removed from further analysis due to high numbers of
measurements with 0 cps. Itrax values before 11,700 cal yr BP are
not interpreted due to the influence of lake muds (Fig. 3b and c).

The ratio of Si/Fe was used as a proxy for grain size. Fe is asso-
ciated with fine particles and Si with coarse-grained particles
(Cuven et al., 2010). Higher ratio values are therefore associated
with coarser grains. 11,600-10100 cal yr BP has the lowest Si/Fe
ratio, indicating finer grained material. The ratio increases and is
more variable from 10,100 to 4900 cal yr BP. From 4900 cal yr BP
there is a shift to larger proportions of coarse grains and moderate
variability for the rest of the record. 2400-1700 cal yr BP has the
highest proportion of coarse grains, peaking at 2100 cal yr BP.

The principal components analysis was applied to the peat
section of the Pond Point sequence (Fig. S2). The first axis (PC1) of
the PCA biplot (Fig. S4) explains 23% of the variance and describes
the strong relationship between the minerogenic elements of K, Si
and Ti. These elements have a more moderate relationship with Fe.
PCA Axis 1 is highly influenced by the Mt Burney cryptotephra
deposit at ca. 9700 cal yr BP, a peak at ca. 5100 cal yr BP and the Mt
Hudson cryptotephra deposit at ca. 4100 cal yr BP. Despite being
able to identify the two cryptotephra deposits, PCA Axis 1 is not
solely representative of tephra deposition. Instead, it is likely
detecting the minerogenic elements (e.g., Si, Ti, K) contained within
the tephra shards that are also present in the minerogenic material
and lake muds. From 11,700 to 10000 cal yr BP values are at a
minimum, though they remain variable. Values slightly increase
and become less variable from 10,000 to 1700 cal yr BP, remaining
reasonably consistent (Fig. 3c). See Supplementary Information
(Section 6) for detail on PCA Axis 2.

3.6. Rare earth element composition
Individual Rare Earth Element (REE) normalised concentrations

range between 0.3 and 1.5, while concentrations within samples
typically stay within a range of less than 0.83 (Fig. 4a). Samples at
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11,760—11120 and 8270 cal yr BP have higher individual elemental
concentrations that range from 0.79 to 6 and higher variation
within samples, with differences in concentrations as high as 3.95.
The sample at 2000 cal yr BP has much lower individual concen-
trations (0.28—0.4) and range (0.12) than all other samples. We
therefore infer the samples at 11,760—11120, 8270 and 2000 cal yr
BP are distinctly different from the rest of the samples. The similar
elemental concentrations and patterns between the rest of the
samples illustrate the high relatedness of this sample group.

Dust provenance was examined by comparing the Eu/Eu* and
La/Yby relationships (REE indicators of distinct geochemical
composition) of minerogenic dust in the Pond Point sequence to a
southern South American reference dataset (Gili et al., 2017).
Samples at 12,900—11120, 9700, 4870, 4320—4080, 3150, 2430
and —10 cal yr BP lie outside of all southern South American
reference spaces (Fig. 4b). Given the record consists of lake muds

before 11,800 cal yr BP (Fig. S2), it is likely that the sample at
12,900 cal yr BP is confounded by local minerogenic material. While
the samples 11,760-11120 cal yr BP are within the peat section of
the record, they have distinctly different REE concentrations from
the rest of the peat samples (Fig. 4a). Given the proximity of Pond
Point to southern South American dust source regions and persis-
tent westerly airflow over the Falklands (Fig. 1, Section 2.1), it is
highly unlikely that these samples represent dust from other
Southern Hemisphere source regions, such as Australia or southern
Africa. We therefore infer that these samples have been affected by
local depositional processes (such as local material washed into the
lake basin) that mask the presence of southern South American
dust. The samples at 9700 and 4320-4080 cal yr BP lie within the
peaks of the Mt Burney and Mt Hudson cryptotephra deposits, with
high concentrations of tephra shards likely confounding the
geochemical analysis. While the samples at 4870 and 3150 yr BP do
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not lie within obvious cryptotephra deposits, 4870 (16 = + 73) cal
yr BP aligns with the largest-volume Holocene eruption of Chaitén
(Cha2), dated at 4950 + 100 cal yr BP (Watt et al., 2013). Addi-
tionally, 4870 cal yr BP has been identified as a likely age for
cryptotephra deposits in other Falkland Islands records (P. Panar-
etos, personal communication). The sample at 3150 (16 = + 42) cal
yr BP aligns roughly with the Aguilera 1 (A1) eruption, dated at
3000 + 100 cal yr BP (Stern, 2008) and 2978 +91/-104 cal yr BP
(Klaes et al., 2022), which has an easterly dispersion axis (Stern,
2008). It is therefore possible that these samples have been
confounded by the presence of cryptotephra deposits, though they
have not been examined for tephra shards. The sample at
2430 cal yr BP, while not falling within the Patagonia reference
space, is assumed to be similar enough when accounting for
possible variation in the Eu/Eu* and La/Yby relationships that is not
captured in the reference dataset. The two samples from the
modern period are variable, with the sample at —10 cal yr BP lying
outside of all reference spaces, but the sample at —60 cal yr BP lying
within the Patagonian reference space. It is possible that the sample
at —10 cal yr BP has been affected by anthropogenic activities or
local depositional processes, however, given the small number of
datapoints, we cannot confidently provenance dust with REE con-
centrations in the modern period. From the 11 samples uninflu-
enced by cryptotephra deposits in the period 10,450-2000 cal yr BP,
eight fall clearly within the Patagonian reference space, while the
sample at 2000 cal yr BP falls within southern CWA. Therefore, the
results of this analysis suggest that dust deposited between 10,450
and 2000 cal yr BP originated primarily from Patagonia, with a
possible minor southern central west Argentina component at ca.
2000 cal yr BP.

REE flux is characterised by large peaks in the early and late
Holocene with relatively consistent values throughout the mid
Holocene. From 11,800 to 11,000 cal yr BP REE flux peaks, before
declining till 10,500 cal yr BP (Fig. 3d). REE flux is at a minimum
from 10,500 to 4500 cal yr BP, with an average value of 0.23
gcm~2yr~ 1. From 4500 to 2000 cal yr BP REE flux increases, peaking
at ca. 3700 cal yr BP. Similar to dust flux, modern (—10 to —60 cal yr
BP) values are high, peaking at 8.44 gcm2yr~! (Fig. 3d) and are also
likely influenced by the unhumified nature of the surface
sediments.

La/Yby is characterised by an increase in the late Holocene
compared to the early Holocene (Fig. 3e). From 11,800 to 9700 cal yr
BP the ratio is at a minimum, with a mean value of 0.76. From
9700 cal yr BP values steadily increase, peaking at 5400 cal yr BP.
From 5400 cal yr BP the ratio declines till 3100 cal yr BP, though
remains higher than the early Holocene, before increasing till
2000 cal yr BP. Modern values are consistently moderate compared
to the late Holocene, with an average of 0.57.

3.7. HYSPLIT trajectory modelling

Though our use of HYSPLIT is restricted to modern meteoro-
logical data, previous observational and modelling studies have
demonstrated that strong similarities between modern and palaeo-
wind conditions exist, allowing for parallels to be drawn between
modern and palaeo-air mass circulation (De Vleeschouwer et al.,
2014; Fagel et al., 2008; Haug et al., 2001; Kilian and Lamy, 2012;
Markgraf et al., 2000).

Despite our release of trajectories spanning time periods
encompassing the full range of SWW belt variations across with the
late 20th and early 21st centuries, a clear boundary at ~35° S is
present between the southern South American dust source regions.
Forward trajectories released from the sites north of 35° S do not
reach the Falklands in any of the modelled meteorological sce-
narios, while back trajectories show no contributions from areas
north of 35° S. In comparison, sites south of 35° S consistently have
forward trajectories that reach the Falklands, with high concen-
trations of back trajectories across these sites (Fig. S5).

4. Discussion
4.1. Minerogenic deposition

Previous studies have recorded post-depositional mobilisation
of elements in peat bogs via groundwater leaching or organic
processes such as decomposition and redox cycling (Longman et al.,
2017; Novak et al., 2011; Rothwell et al., 2010; Yang et al., 2021).
However, Ti and Si have been shown to be highly immobile and
conservative elements in peat bogs (Bozau et al., 2021; Novak et al.,
2011), and have a strong positive relationship to the mobile
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elements of K and Fe in the Pond Point sequence (Fig. S4). This
indicates that the distribution of elements representing minero-
genic inputs in the Pond Point sequence is largely unaffected by
post-depositional mobilisation processes. Combined with a high
organic matter (average = 79%) and low bulk density
(average = 0.17 gcm~3), the Pond Point peat record can be defined
as ombrotrophic, meaning that it receives all inputs (e.g. minero-
genic, nutrients, moisture) via atmospheric loading (Longman et al.,
2017). This record can therefore provide a robust record of past
atmospheric minerogenic deposition.

The strong positive relationship between elements indicating
minerogenic inputs via atmospheric loading with PCA Axis 1
(Fig. S4) demonstrates its effectiveness as a proxy for minerogenic
deposition. The high correlation between PCA Axis 1 and inorganic
density (R = 0.92, p < 0.0001, Fig. 3c) validates the dust flux as a
proxy for minerogenic deposition to a core with a varying density
and accumulation rate. Variations in ratios of elements associated
with coarse (e.g. Si, Zr) and fine (K, Fe, Ti) grained particles has been
proven to be an effective qualitative proxy for grain size in peat
records (Chawchai et al., 2016). While Chawchai et al. (2016) uses
Si/Ti as an indicator of minerogenic grain size variations, Si/Fe was
selected in this study as Ti and K have many O cps values in the
younger sections of the sequence, indicating high noise levels. REE
flux has been proven to be a valid method of examining changes in
minerogenic deposition (Hooper et al., 2020; Li et al., 2020). The
relationship between REE flux and dust flux (Fig. 3a, d), evidenced
by concurrent peaks in intensity, further lends support to the val-
idity of our use of dust flux. The ratio of La/Yby was used as another
proxy for minerogenic deposition. While Pond Point is located on a
quartz sandstone (a sedimentary rock) outcrop of the Port Stephens
formation (Aldiss and Edwards, 1999), silicic igneous rocks make up
large portions of the Andes mountain range (Gaiero et al., 2004;
Monteath et al., 2022). As igneous rocks are associated with higher
La/Yby values than sedimentary rocks, in the context of this study,
we interpret high values of La/Yby as indicating higher levels of
minerogenic deposition from Patagonia (Monteath et al., 2022). The
close relationships observed in the variations between the min-
erogenic deposition proxies (Fig. 3) provides confidence in the use
of these proxies for reconstructing atmospheric dust fluxes.

4.2. Dust provenance

Through distinct REE compositions and HYSPLIT modelling, the
source of minerogenic dust deposited into the Pond Point sequence
can be identified. Convergence of forward and back HYSPLIT tra-
jectories across a range of meteorological scenarios highlights the
consistent contribution of particles from southern Patagonia and
Tierra del Fuego to Pond Point (Fig. 5). While no REE reference
dataset exists for the Falkland Islands, its geology is closely related
to southern Africa (Monteath et al., 2022; Stone, 2015), which has
distinctly different REE compositions to southern South America (Li
et al., 2020). Our REE analysis (Section 3.6, Fig. 4b), indicates it is
highly likely that the vast majority of minerogenic dust deposited
into the sequence from 10,500 to 1700 cal yr BP originates from
Patagonia, while the outlying REE samples are influenced by tephra
or local minerogenic input. Outlying samples from 11,760 to
11,120 cal yr BP occur concurrently with the highest variation in
PCA Axis 2 (Fig. S6). While modern meteorological data was used to
represent Holocene airmass circulation in HYSPLIT modelling, and
REE samples suitable for dust provenancing have a coarse temporal
resolution in our record, these analyses both highlight Patagonia as
the primary source of dust in our record. This result aligns with
findings in Monteath et al. (2022), a similar wind-blown dust re-
cord from the Falkland Islands. We therefore infer that southern
South America and specifically Patagonia is the source of the vast
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majority of minerogenic material in the record from 10,500 to
1700 cal yr BP.

4.3. SWW proxy interpretation

Atmospheric circulation in the Falklands is dominated by the
SWW (Fig. 1). By identifying southern South America as the pri-
mary source of minerogenic dust from 10,500 to 1700 cal yr BP,
changes in these proxy relationships can be interpreted as relative
changes in SWW intensity at Pond Point during this period. This
study uses multiple independent proxies to measure dust deposi-
tion, providing reliable evidence of past local SWW behaviour.
Given that stronger SWW mobilise and transport more dust, it is
inferred that periods of elevated (lower) dust flux indicates stron-
ger (weaker) SWW intensity (Marx et al, 2009). The relative
changes in elements indicative of minerogenic deposition (repre-
sented by PCA Axis 1, REE flux and La/Yby) can be used as separate
proxies for changes in SWW intensity (Lewis et al., 2020; Li et al.,
2020; Monteath et al.,, 2022; Saunders et al., 2018). With the
same relationship as dust flux, higher (lower) PCA Axis 1, REE flux
and La/Yby values indicate periods of stronger (weaker) SWW in-
tensity. Given that stronger SWW mobilise and transport coarser
grains (Stuut et al., 2002; Turney et al., 2017), a period of higher
(lower) Si/Fe ratios represents a higher (lower) proportion of
coarse-grained particles mobilised and deposited into the core.
Therefore higher (lower) Si/Fe ratios represent stronger (weaker)
SWW intensity.

Changes in distal dust source regions can act as a proxy for the
latitudinal position of the SWW belt (Gili et al., 2017). Source areas
of distal dust deposited into the sequence are identifiable through
distinct variabilities of REE composition and HYSPLIT modelling.
These techniques demonstrate Patagonia is the primary dust
contributor to the Falklands over the Holocene (Fig. 4b), with
possible minor contributions from southern central west
Argentina. However, HYSPLIT also indicates contributions from
Tierra del Fuego, likely masked in the REE signature by the domi-
nance of Patagonian dust (Fig. 5). Patagonia spans a large latitudinal
range (from 38° Sto 51° S) (Fig. 1b), and REE and isotopic signatures
alone cannot divide Patagonia into smaller sub-regions (Gili et al.,
2017; Li et al., 2020), limiting tracking of SWW latitudinal move-
ments. While the REE sample at 2000 cal yr BP appears to originate
from southern Central West Argentina, we cannot confidently
interpret an extended latitudinal shift in the SWW from one
datapoint. Our results therefore indicate no extended shifts of the
SWW outside the latitudinal range of Patagonia during the Holo-
cene. However, it is likely that shifts inside this range occurred,
reflected by changes in the dust flux, grain size, PCA Axis 1 and
other reconstructions (Gray et al., 2021, in press; Monteath et al.,
2022; Voigt et al., 2015). The coarse resolution of the REE analysis
does not capture decadal or centennial-scale changes in the posi-
tion of the SWW, masking potential migrations. Further sampling of
Patagonian dust or novel provenancing methodologies would be
needed to track latitudinal variations of the SWW on finer temporal
and spatial scales.

REE signatures cannot accurately constrain the latitudinal
movement of the SWW belt over the Holocene. However, parallels
can be drawn between modern and palaeo-air mass-circulation by
selecting meteorological scenarios (i.e., SAM phases) where tra-
jectories skew towards maximum input from Patagonian sites and
minimal input from Tierra del Fuego.

The scenarios best meeting this criterion are Neutral Summer
(2003) and Weak Spring (2002) (Fig. S7, Table S1). No clear rela-
tionship is evident however, between SWW position and contri-
butions of particle trajectories to the Falklands from different
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release regions. See Supplementary Information (Section 7) for
further detail.

4.4. Addressing proxy assumptions

South American dust emissions vary on seasonal, interannual
and centennial to millennial timescales in response to changes in
vegetation cover, precipitation, anthropogenic land use and SWW
latitudinal position (Gass6 and Torres, 2019; Huber and Markgraf,
2003; Jara et al.,, 2019; Mercer and Ager, 1983). Changes in each
of these variables could impact minerogenic deposition into the
Pond Point sequence, confounding interpretations of SWW
behaviour. Postglacial climates of southern South America suggest a
general increase in precipitation since the Pleistocene-Holocene
transition. Increases in precipitation and temperature since ca.
12,500 cal yr BP resulted in the expansion of open Nothofagus
forests on the western side of the Andean Mountain range and the
development of shrub or grass steppe in eastern regions
(Echeverria et al., 2022; Mancini, 2009; Tonello et al., 2009). Wet
conditions and expansion of closed Nothofagus forests dominated
the early to mid-Holocene in most regions of southern South
America. This period coincides with an increase in Andean glacial
advance from 6900 to 4200 cal yr BP, suggestive of cold and moist
conditions (Kaplan et al., 2016). The late Holocene from 4200 cal yr
BP-present is characterised by the most variable climates of the
Holocene, however many records from southern South America
indicate that from ca 3600 cal yr BP vegetation in the region was
stable (Alvarez-Barra et al., 2020; De Porras et al., 2008; Pendall
et al,, 2001). Increased or stable vegetation cover decreases dust
availability (Mancini, 2009), which should have reduced dust
emissions (Marx et al., 2018). However, a period of weakened
minerogenic deposition is not seen in the Pond Point sequence
during the late Holocene (Fig. 5). This may suggest that southern
South American vegetation cover is not significantly impacting the
dust record at Pond Point. However, the heterogeneity of climates
and vegetation across southern South America and limited number
of records available from the region since the late Pleistocene
indicate additional complexity that may influence the dust avail-
ability to our record. While interannual and interdecadal variabil-
ities are not captured in the peat record due to its temporal
resolution, seasonal variations may influence interpretations of
SWW position. Patagonian dust emissions peak in austral summer,
when the SWW belt migrates south (Bory et al., 2010; Gassé and
Torres, 2019). Therefore, the majority of the dust deposited in the
core was likely mobilised in summer, providing a summer-
dominated picture of SWW behaviour.

4.5. Holocene dynamics of the SWW

Dust flux was compared with other paleo-atmospheric and
oceanographic proxies to interpret local SWW behaviour in the
context of hemispheric-wide changes (Fig. 6).

4.5.1. Late glacial - early Holocene: 13,600-10500 cal yr BP

As demonstrated in the REE analysis (Section 3.6), local material
appears to dominate minerogenic input in the record till
10,500 cal yr BP. We therefore do not interpret our record as
representative of SWW behaviour during this period.

4.5.2. Early Holocene: 10,500-6000 cal yr BP

Dust flux and the other intensity proxies are weak in the early
Holocene (Fig. 3), indicating weak local SWW intensity, an inter-
pretation aligning with other Falklands reconstructions (Fig. 6¢)
(Groff et al., 2020; Monteath et al., 2022). While the Mt Burney
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cryptotephra deposit manifests as a spike in all proxies at ca.
9700 cal yr BP, this does not indicate a change in SWW behaviour
(Fig. 3). Regionally, reconstructions from all sectors of the southern
mid-latitudes experienced relatively weak SWW intensity during
this period, consistent with this study (Fig. 6b,c,d,e) (Groff et al.,
2020; Kaplan et al., 2020; Monteath et al., 2022; Moreno et al.,
2021, 2010; Saunders et al.,, 2018; Turney et al.,, 2017). However,
between these records, there are differing interpretations of SWW
position. Reconstructions disagree on whether the SWW were
displaced north (Voigt et al.,, 2015) or south (Gray et al., 2021;
Kaplan et al., 2020; Monteath et al., 2022) of their modern position,
or whether the weak SWW intensity is due to reduced baroclinity
of the atmosphere (Moreno et al., 2021). While our record cannot
determine which of these interpretations is correct, it lends further
evidence to the notion of weak intensity in the core of the SWW
belt during the early Holocene.

4.5.3. Mid Holocene: 6000-5000 cal yr BP

At ca. 5700 cal yr BP, dust flux triples in strength, and grain size,
PCA Axis 1 and La/Yby values increase, indicating an intensification
of the SWW over the Falklands (Fig. 3). This change is consistent
with other reconstructions, which see an increase of SWW in-
tensity in records from the northern (Fig. 6b and c) and core regions
of the SWW (Fig. 6¢,d,e) (Groff et al., 2020; Lamy et al., 2001; Li
et al,, 2020; Mayewski et al., 2013; Moreno et al., 2010; Saunders
et al,, 2018; Turney et al., 2017). The strong agreement between
records across the longitudinal extent of the SWW, utilising
ecological (Groff et al., 2020; Moreno et al., 2010; Strother et al.,
2015), oceanic (Lamy et al, 2001) and atmospheric proxies
(Saunders et al., 2018; Thomas et al., 2018; Turney et al., 2017),
lends confidence to interpreting these increases as an intensifica-
tion across the northern and core regions of the SWW belt. From
similar behaviour observed in modern records and other SWW
reconstructions, a possible mechanism for this intensification is a
latitudinal migration of the SWW belt (Fogt and Marshall, 2020; Li
et al., 2020; Monteath et al., 2022; Perren et al., 2020). However,
reconstructions from the regions south of the core SWW belt do not
record an intensification in this period (Kaplan et al., 2020;
Shevenell et al., 2011). This is possibly due to a mid-Holocene
migration or latitudinal contraction of the southern extent of the
SWW belt between Chile and the West Antarctic Peninsula
(Etourneau et al., 2013), or confounding local Antarctic climatic
influences.

4.5.4. Late Holocene: 5000-1700 cal yr BP

Dust flux, PCA Axis 1 and grain size further increase in the late
Holocene (Fig. 3), indicating higher SWW intensities over Pond
Point than the mid-Holocene. From 4400 to 3400 cal yr BP, the Mt
Hudson cryptotephra deposit confounds interpretations of SWW
behaviour from all intensity proxies in the sequence except for La/
Yby, which indicates relatively weak local SWW intensity
compared to the mid Holocene. Records from central Chile and the
Falklands align with this interpretation, showing a weakening of
SWW intensity (Fig. 6b and ¢, 14) (Lamy et al., 2001; Moreno et al.,
2010; Thomas et al., 2018), while records from the core of the SWW
in the southwest Pacific see sustained intensity (Fig. 6c.e, 14c,e)
(Saunders et al., 2018; Turney et al., 2017). The divergence between
these reconstructions indicates the possible onset of asymmetric
behaviour in the SWW, either due to a localised latitudinal shift or
contraction of the SWW belt from the southeast Pacific to the
southwest Atlantic (Fig. 7). Although this is a significant change in
SWW behaviour, Patagonia remains the primary distal dust
contributor to the Falklands.

The onset of asymmetrical variations in the SWW after
5000 cal yr BP has been recorded across a wide range of proxies and
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longitudinal positions (Fletcher and Moreno, 2012), with the most
likely cause being a breakdown in the relationship between the
SWW and precession-modulated insolation changes. This break-
down has been attributed to the increasing influence of inter-
decadal climate modes over the Holocene, such as the El Nino
Southern Oscillation, whose onset has been dated to ca. 5000 cal yr
BP in the western Pacific and ca. 6000 cal yr BP in the eastern Pacific
(Fletcher and Moreno, 2012; Moy et al., 2002; Shulmeister and Lees,
2016; Wanner et al., 2008).

While weakening of the SWW has been reported from central
Chile after ca. 3000 cal yr BP (Lamy et al., 2001; Moreno et al., 2021,
2010), the Pond Point record shows extremely strong SWW in-
tensity from 3000 to 1700 cal yr BP. This is demonstrated by the
highest dust flux and grain size values on the record outside the
influence of tephra deposits, along with strong REE flux and La/Yby
values (Fig. 3). Consistent with our results, other reconstructions
from the southwest Atlantic all see sustained or increased SWW
intensity during this period (Fig. 6¢c and d) (Groff et al., 2020;
Moreno et al., 2010; Strother et al., 2015; Thomas et al., 2018). The
long term increase of ssNa* over the mid-to late-Holocene (Fig. 6g)
(Mayewski et al., 2013) also implies a deeper (lower pressure) and
more intense ASL during this period, with increasing control over
southwest Atlantic climate. Therefore, we propose that the
increased SWW intensity in these records is due to an eastwards
projection of the ASL into the South Atlantic from 3000 to
1700 cal yr BP (Fig. 7) (Thomas et al., 2018), which would increase
the ASL's influence over southern South America, the Falklands and
South Georgia Island. Although a projection of the ASL is a possible
explanation for the divergence in South Atlantic records, more
well-dated, multi-proxy reconstructions from the South Atlantic
and southern regions of the SWW are needed to confirm its exis-
tence and accurately define its boundaries. It is also uncertain to
what extent a projection of the ASL would explain the poor
agreement between continental South American SWW re-
constructions compared to other proposed reasons for disagree-
ment, such as indirect proxies, poorly resolved chronologies and
confounding continental influences.

120°W

(c) i. Stewart Island tarn

(e) Maquarie Island lake
sediment core

150°E

~

N“undsen Sea . on,

(f) Siple Dome ice core™

the,
" Westerly winds

60°E

Quaternary Science Reviews 305 (2023) 108007
4.6. Linkages to atmospheric CO,

The cause of mid-to late-Holocene increases in atmospheric CO;
concentrations (Fig. 6h) (Monnin et al., 2004), not seen in previous
interglacial periods, has multiple proposed mechanisms (e.g.
anthropogenic land use changes, peat accumulation and the soft
tissue carbon pump) (Brovkin et al., 2016). While this study cannot
provide insights into the initial increase in CO, around ca.
7000 cal yr BP, this rise may be linked to an intensification of the
SWW, perhaps triggered by a latitudinal shift of the wind belt or
changes to regional sea ice and oceanic temperature gradients
(Moreno et al., 2010; Sime et al., 2013).

The mid-Holocene intensification of the SWW described in this
study is consistent with prior research demonstrating their role in
the ventilation of carbon-rich deep water in the Southern Ocean
during this period (Saunders et al., 2018; Toggweiler et al., 2006).
This relationship between increasing SWW intensity and CO; in the
mid-to late-Holocene provides further support for future links
between the projected intensification of the SWW and atmospheric
CO,. Given the similarities of our record in the early Holocene with
Monteath et al. (2022), which suggests that warmer atmospheric
temperatures are associated with a southern movement of the
SWW, we propose that periods of higher (lower) SWW intensity in
our record are associated with a southwards (northwards) migra-
tion of the SWW belt. With this proposed relationship, we interpret
that a likely result of a continued poleward migration and inten-
sification of the SWW would be an increase in the upwelling of
carbon-rich deep water to the surface of the southern ocean,
weakening the Southern Ocean carbon sink (Le Quéré et al., 2007;
Toggweiler et al., 2006), and further amplifying the impacts of
anthropogenic climate change.

5. Conclusion

The Southern Hemisphere westerly winds are an important
component of global climate. However, there is poor agreement on
their behaviour on centennial to millennial timescales. This study
utilises a multi-proxy approach to create a high-resolution, pre-
cisely dated Holocene reconstruction of local SWW intensity from a

(a) Central Chile lake sediment core
(b) Central Chile marine sediment core

Falklands Studies (c) ii., (c) iii. , (d)
30°W

(c) iv. South Georgia Island
lake sediment core

Fig. 7. Location of SWW and atmospheric reconstructions in Fig. 6. Black arrows mark the modern core of the SWW. Red arrow indicates the proposed asymmetric northwards
migration or latitudinal contraction of the SWW over the southeast Pacific, southern South America and southwest Atlantic. Grey shaded area marks the range of the modern ASL
(Fogt et al., 2012; Thomas et al., 2018). Grey arrow illustrates the proposed projection of the ASL.

1



J. Tamhane, Z.A. Thomas, H. Cadd et al.

Falkland Islands peat core using dust characteristics. These results
are compared with other SWW reconstructions from the wider
Southern Hemisphere to interpret regional climate dynamics.

We find an increase in SWW intensity over the Falklands in the
mid-Holocene, in agreement with other records, which is likely
linked to a latitudinal migration or contraction of the wind belt.
Importantly, we present evidence that suggests the development of
asymmetrical SWW behaviour over southern South America in the
late Holocene and propose an associated projection of the
Amundsen Sea Low into the South Atlantic. Our results provide an
important new reconstruction of SWW behaviour, placing modern
changes in a long-term context, and providing new insights into the
mechanisms of regional climate dynamics with implications for
future global climate.
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