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Abstract Understanding why proximal loess in southern South America (SSA) exhibits a contrasting
evolution of dust deposition flux since the Last Glacial Maximum (LGM) compared to that of distal Southern
Hemisphere (SH) archives remains a major unresolved problem. To shed light on this issue, this study examines
dust emission, transport, and deposition in SSA over the past 43,000 years through multiproxy analysis of a
Pampean loess section. We reconstruct dust mass accumulation rates (DMAR) and their controls through quartz
and feldspar luminescence dating, sediment properties, and paleoclimate simulations. Increased DMAR was
observed during Marine Isotope Stage 3 due to greater sediment availability and humid conditions. A sharp
decline during the LGM was linked to wetter source areas and arid Pampean conditions that reduced wet dust
deposition efficiency, while intensified Southern Westerly Winds strengthened dust emissions from proximal
sources, as well as dry coarse dust deposition at the study site. During deglaciation, dust deposition in the
Pampean region occurred under windier but relatively wetter conditions, resulting in dry sedimentation
dominated by coarser fractions from nearby sources. In the Holocene, DMAR reflects the combined effects of
enhanced dust emission under arid conditions in source regions and increasing precipitation after ~3.9 ka in the
Pampean plains. Our results provide constraints on accumulation modes and sediment provenance, showing
how hydroclimate variability and sediment availability shaped SSA dust dynamics. Together, they reconcile
contrasting dust flux trends between proximal Pampean loess and distal SH archives through coupled changes in
source activity, depositional processes, and atmospheric circulation.

Plain Language Summary Over the past 43,000 years, strong winds have moved vast amounts of dust
across southern South America, yet when, where, and why this happened is not fully clear. We examined a thick
deposit of windblown sediments, known as loess, in the Pampean plains of Argentina to see how dust production
and deposition have changed through time. Using dating methods, sediment analyses, and climate model
simulations, we reconstructed dust accumulation rates and traced their sources. Dust levels increased when source
regions were dry and winds could lift abundant loose material. They dropped sharply during the coldest part of the
last ice age, when sources became wetter and the Pampean plains were drier, reducing deposition. As the climate
warmed, dry nearby sources, and stronger winds brought coarser dust. In recent millennia, dry sources, and wetter
conditions in the Pampean plains together shaped how much dust was deposited.

1. Introduction

Atmospheric circulation is fundamental to Earth's climate, redistributing heat and moisture and transporting
windblown dust across the planet. Dust deposits, such as loess, are a valuable geological archive that record past
atmospheric and environmental variability, including changes in latitudinal position and intensity of major wind
belts, aridity and sediment availability, in response to climatic changes (Kohfeld & Harrison, 2001; Lambert
et al., 2008). These variations are particularly pronounced during glacial-interglacial transitions, which mark
major shifts in global dust activity (Simonsen et al., 2019). Dust emission is generally enhanced under conditions
of strong winds, reduced soil moisture, and limited vegetation cover (Csavina et al., 2014; Munson et al., 2011),
while dust deposition and loess formation are strongly controlled by precipitation patterns (Pye & Tsoar, 1987).
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Southern South America (SSA) is one of the Southern Hemisphere (SH)'s most important dust-producing regions,
supplying mineral aerosols to both the South Atlantic Ocean and the East Antarctic Plateau during glacial and
interglacial periods (Delmonte et al., 2004, 2010; Gaiero et al., 2007; Grousset et al., 1992). The strong rain
shadow of the Andes sustains the South American Arid Diagonal (SAAD; Blisniuk et al., 2005), an extensive
north—south belt of arid and semi-arid environments that hosts the main past and present dust sources: the Puna—
Altiplano Plateau (PAP, ~15-28°S), central-western Argentina (CWA, ~27-36°S), and eastern Patagonia (~37—
54°S; Figure 1). Dust emission in these regions is primarily controlled by wind strength, sediment availability,
and soil moisture (Bullard et al., 2011; Kok et al., 2012; Shao, 2008), with sustained activity requiring both strong
winds and abundant fine-grained material (Bullard et al., 2011; Prospero et al., 2002).

Atmospheric circulation over SSA regulates both hydroclimate and dust transport pathways. During austral
summer, precipitation patterns are dominated by the South American Summer Monsoon System and the South
American Low-Level Jet, which transport Amazonian moisture south toward the subtropical plains east of the
SAAD (Bruniard, 1982; Garreaud et al., 2009; Piovano et al., 2009; Vera et al., 2006). In austral winter, the
Subtropical Jet (STJ, ~15-60°S) intensifies at high altitude, while the low-altitude, sub-polar Southern Westerly
Winds (SWW, ~30-65°S) transport Pacific moisture to western SSA, becoming dry after crossing the Andes
(Garreaud et al., 2009). Together, these zonal systems exert primary control on the mobilization, uplift, and
transport of dust from the main SSA sources.

Within the SAAD, dust sources reflect contrasting geomorphological and atmospheric contexts. In the PAP,
winter strengthening of the STJ favors the entrainment of dust into the upper troposphere, enabling long-distance
transport (Gaiero et al., 2013; Koch et al., 2006). Key deflation surfaces include saline lakes, remnants of large
late Pleistocene lake systems, alluvial fans, evaporite playas, and extensive aeolian deposits (Martin et al., 2018;
McMillan & Schoenbohm, 2020; Milana, 2009; Milana et al., 2010, 2011; Placzek et al., 2006, 2013). In southern
CWA (SCWA, 32-36°S), hot and dry Zonda winds, katabatic flows occurring mainly from May to August, inject
dust into the troposphere, where it is subsequently transported by the STJ and other upper-level jets (Mingari
et al., 2017; Norte et al., 2008). Sediment sources include fluvial and alluvial systems between the Andes and the
Sierras de San Luis, Comechingones, and Cérdoba, with the Bermejo—Desaguadero—Salado system supplying
much of the silt-sized material (Prospero et al., 2002; Schaetzl et al., 2018). Patagonia constitutes another major
dust-producing region due to the combination of persistent SWW, high aridity, and widespread fine-grained
deposits. Major sources include glacial, glaciofluvial, lacustrine, and volcanic sediments located in outwash
plains and ephemeral lake basins between the Andes and the Atlantic coast (Gassé et al., 2010; Ginoux
et al., 2012; Prospero et al., 2002; Villarreal & Coronato, 2017), with seasonal dust maxima in spring—summer
(Cosentino et al., 2020, 2021).

East of the SAAD, the Pampean loess forms the largest loess deposit in the SH, covering ~600,000 km? with
thicknesses up to ~50 m (Figure 1). This region has acted as a proximal dust sink since the Miocene (Iriondo &
Krohling, 2007; Stubbins et al., 2023; Zarate, 2003). Loess deposits preserve past atmospheric circulation patterns
and record dust mass accumulation rates (DMAR) that reflect hydroclimatic variability such as changes in
precipitation frequency and drought intensity (Marx et al., 2018). The Last Glacial Maximum (LGM; 26.5—
19.0 ka; Clark et al., 2009) was characterized by increased dust fluxes in both the South Atlantic Ocean and East
Antarctic Plateau (Lambert et al., 2008; Petit et al., 1990). In contrast, the Pampean loess exhibits its lowest
DMAR values during the same interval (Coppo et al., 2022). These contrasting proximal versus intermediate/
distal trends remain unresolved, with hypotheses invoking changes in transport efficiency, shifts in dust source
activity, or altered precipitation regimes affecting wet scavenging (Coppo et al., 2022; Lambert et al., 2008; Petit
& Delmonte, 2009; Torre et al., 2022).

Despite progress in identifying the main dust sources and transport pathways in SSA, critical knowledge gaps
persist regarding the mechanisms controlling dust fluxes during late Quaternary climate transitions. Four key
uncertainties require further research: (a) how glacial-interglacial transitions change the position and intensity of
the STJ, SWW, and Zonda winds influencing dust mobilization and transport (Kohfeld et al., 2013; Moreno
et al., 2018; Quade & Kaplan, 2017; Rojas, 2013); (b) the potential for higher SWW transport efficiency during
cold periods (LGM, Antarctic Cold Reversal: ACR), possibly linked to strengthened Zonda winds activating
SCWA/northern Patagonian sources; (c) the role of increased El Nifio-like conditions during warm periods
(Holocene) in enhancing sediment deflation from a drier PAP and deposition over the humid Pampas (Torre
etal., 2022); and (d) the possibility that minimum Pampean loess DMARSs during the LGM resulted from reduced
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Figure 1. (a) Distribution of dust records alongside key Southern Hemisphere wind systems. Blue-purple shaded areas indicate regions where the west-east wind
component at 850 hPa exceeds 7 and 10 m s ™", reflecting the influence of the Southern Westerly Winds, while the reddish zone marks the Subtropical Jet, defined by the
18 m s~ contour at 200 hPa. Wind patterns are based on 1979-2020 ERA5 climatological averages, with white arrows showing prevailing directions. (b) Locations of
loess profiles: Lozada (blue dot), Tortugas and Gorina (white squares), and the Marcos Juarez station (black square). The yellow area marks loess deposits in the Chaco-
Pampean plains (Zarate, 2003), while orange regions highlight major dust source areas in southern South America (Prospero et al., 2002), including the Puna-Altiplano
Plateau (PAP), Southern Altiplano (SA), Northern Puna (NP), and Southern Puna (SN), Atacama Desert (AD), Southern Central-West Argentina (SCW), Mar Chiquita
lake (MC), and Northern Patagonia (N-Pat).

wet scavenging of fine-grained dust particles in the region, potentially linked to lower precipitation frequency and
intensity in the Pampas (Coppo et al., 2022) and/or limited sediment availability in dust-producing regions.

To address these uncertainties, we analyze the Lozada loess profile in the western Pampean region (Figure 1).
Using a multiproxy approach, we (a) reconstruct DMAR variability from Marine Isotope Stage 3 (MIS 3) to the
Late Holocene; (b) evaluate how atmospheric circulation and environmental conditions in the PAP, SCWA, and
Patagonian sources influenced dust emission and transport; and (c) assess how hydroclimatic conditions along the
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transport path and at the accumulation site modulated dust deposition. This framework provides new constraints
on long-term SSA dust routing and the climatic drivers shaping contrasting dust fluxes across the SH.

2. Materials and Methods
2.1. Sediment Sampling

We sampled a vertical loess section (Lozada: 31.64983°S, 64.13461°W) exposed along an abandoned road
excavation on an extensive alluvial plain, over the foothills of the eastern Pampean Ranges (Figure 1; Kemp
et al., 2006). This site is located on the western fringes of the Pampean loess belt (e.g., Iriondo & Krohling, 2007).
Here, we complemented previous sampling in this site between 1.8 and 3.8 m below the surface (mbs; Coppo
et al., 2022; Torre et al., 2019), with new sampling between 0.4—1.8 and 3.8-4.8 mbs. See details on sampling
procedure in Text S1 in Supporting Information S1.

2.2. Sediment Physical and Chemical Characterization
2.2.1. Magnetic Susceptibility

The low-frequency (y; ) and high-frequency (yyr) volumetric magnetic susceptibility (MS) of each sample were
measured using a Bartington MS2B sensor. Samples were dried, weighed, and stored in 10-cm® polyethylene
containers prior to measurements.

The values of y; p and yyr were obtained using frequencies of 0.465 kHz + 1% (k) and 4.65 kHz + 1% (kyp),
respectively. Three readings were taken per sample, alternating with a blank (i.e., air) reading used as a correction
factor. Both y; r and yyr were calculated by normalizing by the weight of each sample. Measurement repro-
ducibility was tested using a standard sample (ferrite type B2; SI = 3,064 x 107°).

2.2.2. Organic Matter and Carbonate Contents

Approximately 1 g of each sample was placed in ceramic crucibles and processed in an electric furnace following
the loss-on-ignition (LOI) method described by Heiri et al. (2001). To remove interstitial moisture, samples were
first heated to 105°C. The loss on ignition at 550°C (LOlss,) was calculated in weight percent (wt.%) based on the
difference between the dry weight and the weight after 4 hr of incineration at 550°C. Following Meyers & Lallier-
Verges (1999), total organic carbon (TOC) was estimated as half of the LOIss, value. Organic matter (OM)
content was then calculated by multiplying TOC by 1.724 (van Bemmelen factor), which assumes that soil OM
contains approximately 58% carbon (Howard & Howard, 1990).

A second incineration step was performed at 950°C for 2 hr to remove carbonate minerals. Total inorganic carbon
(TIC) was estimated based on the assumption that carbonate decomposition follows a stoichiometric reaction
(Heiri et al., 2001). In most sediments, carbonates are the main source of inorganic carbon; therefore, carbonate
content is directly related to TIC, representing the amount of inorganic carbon originally bound within carbonate
minerals. According to this method, carbonate content can be calculated by multiplying the percentage weight
loss at 950°C (LOlys) by a factor of 1.36. This factor is derived from the molecular weights of carbon dioxide
(44 g mol™") and carbonate (60 g mol™"), assuming that the observed weight loss at 950°C corresponds entirely to
CO, released from carbonate decomposition.

2.2.3. Grain Size

Grain size of collected samples was determined by laser diffraction with a Horiba LA-950 analyzer. Prior to this,
carbonates were removed, and clay particles were dispersed to avoid post-sampling clay flocculation. See details
on these sample preparation steps in Text S2 in Supporting Information S1.

Measurements were done by triplicate. Reproducibility of the measurements was tested using mixtures of glass
beads as standards (NIST Traceable polydisperse particle standards PS202/3-30 pm and PS215/10-100 pm,
Whitehouse Scientific).
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2.3. Grain Size End-Member Analysis

Since the grain size distributions of the samples were generally multimodal, we conducted a statistical end-
member analysis (EMA) using the AnalySize v1.2.2 algorithm (Paterson & Heslop, 2015). This approach de-
composes the measured grain size distributions into a finite set of end members (EMs), each of which we
interpreted in terms of specific sedimentary processes (Dietze et al., 2022).

2.4. Luminescence Dating

Luminescence dating laboratory work was carried out at the Luminescence and Gamma Spectrometry Laboratory
(LEGAL) of the Institute of Geosciences of the University of Sdo Paulo, Brazil.

Luminescence dating was performed using quartz optically stimulated luminescence (OSL) and K-feldspar post-
infrared infrared stimulated luminescence (pIRIR) signal. Sample tubes were opened under subdued amber light.
The sediment contained at the ends of the tube was set aside for dose rate measurements. The inner portion of the
sediment was wet-sieved to separate the silt (<63 pm) and sand (63-250 pm) fractions. The sand fraction was
further treated to isolate quartz and K-feldspar grains following procedures described in Text S3 in Supporting
Information S1.

Two Risg TL/OSL DA-20 readers equipped with blue (470 nm) and infrared (830 nm) LEDs and 2051/°%Y beta

radiation sources with a dose rate of 0.12 and 0.088 Gy s~' were used for luminescence measurements.

For quartz, the single-aliquot regenerative dose (SAR) protocol (Table S1 in Supporting Information S1; Murray
& Wintle, 2003) was applied for equivalent dose (De) determinations. The De values for K-feldspar grains were
determined using the post-infrared stimulated luminescence signal measured at 290°C (pIRIR,q), following
Buylaert et al. (2012) and also described in Table S1 in Supporting Information S1. The pIRIR,q, method was
selected because the De values of some samples were expected to exceed the saturation limit (~150 Gy) of quartz
OSL. Dose rates were calculated based on the concentrations of **U, **Th, and *°K determined by high-
resolution gamma-ray spectrometry and conversion factors by Guérin et al. (2011). The cosmic radiation
contribution to dose rate was calculated using the model by Prescott and Hutton (1994). More details on pro-
cedures and protocols for De and dose rate determinations can be found in Text S3 in Supporting Information S1.

2.5. Age-Depth Model

The Bayesian age-depth model was constructed using the Bacon package (Blaauw & Christen, 2011). The studied
section was divided into 5-cm-thick segments, and the average accumulation rate suggested by the model
(100 yr cm™") was applied. Bacon employs a Bayesian approach to model age-depth relationships in sedimentary
sequences and is particularly robust against outliers, as it models them using a Student's z-distribution with wide
tails. This allows ages that deviate significantly from the general trend to be managed without substantially
affecting the final model (Blaauw & Christen, 2011).

A total of 23 ages were used to derive the age-depth model, estimated using three different OSL dating protocols.
Thirteen of these ages were obtained in this study, and 10 were published previously (Coppo et al., 2022; Torre
et al., 2019). Of these ages, 11 were obtained using the pIRIR,q, protocol on sand-sized K-feldspar grains, seven
were determined using the SAR-OSL protocol on sand-sized quartz grains, and five were derived from silt-sized
quartz grains measured using the post-IRSL OSL (pIRSL-OSL)protocol (Figure 2).

This approach allowed us to produce a consistent age-depth model that: (a) resolved two apparent age inversions
by integrating stratigraphic order constraints, (b) provided a single age for two depths (i.e., 2.8 and 3.8 mbs), each
of which were independently dated using different luminescence dating protocols, (c) provided a chronological
framework to interpret the variability in physical and chemical parameters of the loess profile, and (d) allowed us
to quantify the evolution of DMAR.

2.6. Definition of Stratigraphic Units

Stratigraphic units were defined by integrating field observations with laboratory analyses. In the field, we
identified gradual color changes, from darker, pedogenically altered horizons to lighter, primary loess, along with
key diagnostic features such as carbonate nodule, bioturbation, and locally preserved sub-horizontal lamination.
This macroscopic framework was quantified and refined using systematic variability in measured parameters:
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Figure 2. (a) Stratigraphic record of the Lozada section, including measured physical and chemical parameters, and ages. The
age markers are color-coded by luminescence dating protocol: blue for quartz optically stimulated luminescence (OSL),
green for quartz post-IRSL OSL, and red for K-feldspar pIRIR,q,. (b) Age—depth model for the Lozada section alongside the
stratigraphic units defined in this study. Green polygons depict the probability distributions of luminescence ages, with a gray
shaded area marking the 68% confidence intervals from the Bayesian model. The central age estimates are shown by a red
line. (¢) Mann—Whitney tests applied to median grain size, organic matter, total inorganic carbon (TIC), and yyg. Depth
intervals with significant changes—identified visually or confirmed statistically—are marked by alternating light blue and
white bars. OM: organic matter, TIC: total inorganic carbon, y; : low-frequency magnetic susceptibility, yps: frequency-
dependent magnetic susceptibility.

TIC, OM, grain size median diameter, and frequency-dependent MS (ygs. the change in MS measured at different
field frequencies), calculated as:

s = (Zlf —)(hf)/(lnfhf - lnflf)

where fi; and fi,; are the low and high frequencies used during the experiments, respectively.

The non-parametric Mann—Whitney statistical test, designed to compare two independent samples and assess
whether their medians differ significantly, was employed to identify breaks in the time series. For this, a moving
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window Mann-Whitney test was applied along the profile. For each time series, the first two samples on which the
test was applied consisted of two non-overlapping, contiguous vertical windows of 19 samples. These windows
were subsequently moved along the vertical profile at one data point at a time, defining in each step two new
samples on which the test was applied. The depths at which the medians of the two samples were significantly
different (p value <0.05) were defined as break-points in the time series.

2.7. Calculation of DMAR

The calculation of DMAR (mass distance ™ time ™) was based on Cosentino et al. (2024), as:

Bix X DBD X EC X £,
At

DMAR =

where At is the time represented between two stratigraphic horizons (time), A, is the thickness between those
two horizons (distance), DBD is the interval dry bulk density (mass distance_3), EC (dimensionless) is the mass
fraction corresponding to non-volcanic eolian mineral dust, and f, (dimensionless) is the mass fraction of loess
with particle diameters lower than a specific threshold (x).

We estimated DBD every 2.2 cm based on particle size and OM content using the Soil Water Characteristics
software (Saxton & Rawls, 2006). For EC, we assumed that OM in loess is post-depositional in origin, and thus
we subtracted the OM content to calculate EC (Cosentino et al., 2024). Furthermore, we subtracted 50% of the
TIC to calculate EC, as it was assumed that 50% of the carbonate in loess is authigenic (Cosentino et al., 2024).
Additionally, wet climatic conditions, such as during interglacials, were considered to deplete 10% of the primary
carbonate content in soils (Meng et al., 2015, 2018; Z. Zhang et al., 2023). This post-depositional loss of carbonate
was incorporated into EC calculations for the Holocene section of the Lozada loess profile. The calculation of the
uncertainty in DMARs followed the approach outlined in Cosentino et al. (2024).

2.8. Analysis of Modeled Precipitation and Model-Data Comparison

Model simulations are a valuable tool for reconstructing past climatic conditions, especially in regions where
proxy information is scarce or absent. To gain a more comprehensive understanding of the climatic controls on the
properties and accumulation history of loess in SSA, we evaluated annual total precipitation output from coupled
atmosphere-ocean simulations participating in the Paleoclimate Modeling Intercomparison Project (PMIP)-Phase
4 (PMIP4) for the present-day (1950-2014 Atacama Desert), mid-Holocene (MH: 6 ka) and LGM (defined in this
context as 21 ka).

For the LGM versus present and LGM versus MH comparisons, simulations from a total of three models were
considered, while 12 models were considered for the MH versus present comparison (Table S2 in Supporting
Information S1). These models offer the highest horizontal resolution (~1° X 1° to ~2.5° X 2.5°) and are thus the
most likely to best represent the spatial distribution of precipitation in regions with abrupt topography, such as the
Andes. All simulation grids were interpolated to the coarsest grid for each comparison.

Additionally, a compilation of proxies representing past hydroclimate conditions in SSA (16-42°S, 45-75°W)
was conducted. The proxies considered may directly describe paleo-precipitation at a specific site, but most often,
they reflect more indirect aspects of the hydroclimate system. These proxies encompass a wide variety of records,
including alluvial, moraine, lacustrine and salt deposits, ice cores, plant macrofossils, paleowetlands, paleodune
sequences, soils, pollen, diatoms, as well as physico-chemical and isotopic proxies. In total, proxies from 44 sites
were available that allowed a comparison of LGM and present conditions (Coppo et al., 2022; Maksic et al., 2022;
Wainer et al., 2005). In turn, 51 indicators were compiled for the MH versus present comparison (Gorenstein
et al., 2022; Orellana et al., 2023; Tchilinguirian & Morales, 2013). Finally, nine sites included proxy data for the
LGM and MH comparison (Berman et al., 2018; Coppo et al., 2022). Table S3 presents the full list of proxies.

3. Results
3.1. Sediment Properties

The loess layers are light-colored and texturally heterogeneous, appear immediately below the BCk horizon, at
approximately 1.4—1.5 mbs, and extend downward through the section. In this interval, discrete sub-horizontal
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laminations (<2 cm thick) composed of fine sand, silt, and clay are particularly evident in the mid-section of the
profile (e.g., around 3.2 mbs). Carbonate mobilization is evident through the development of calcitic nodules
extending into the profile, particularly between 2.8 and 3.8 mbs. These features align with the descriptions
provided by Kemp et al. (2006), who describe the upper section of the profile as a silty loam soil characterized by
bioturbated and leached A and Bw horizons (above 1.4 mbs), and substantial secondary carbonate accumulation
in the BCk and Ck horizons. There was no field evidence of either paraconformities or erosional unconformities in
either the vertical or lateral exposures of the sequence.

The section exhibits a bimodal grain size distribution, with optical diameter modes of ~14 and ~50 pm
(Figure 2a), and median values between ~9 and 43 pm (Figure 2a). The OM content in Lozada generally ranges
between ~2%-5.5%, while TIC, estimated as carbonate content, varies between 1.7% and 5% (Figure 2a). y; p and
Zrs Tange between 1.6-3.1 and 0-0.29 x 10°° m® kg™, respectively (Figure 2a).

3.2. New Regional Chronology

The De and dose rate data for the new quartz OSL and K-feldspar pIRIR,q, ages, along with previously reported
quartz pIRSL-OSL ages from Torre et al. (2019) and K-feldspar pIRIR,q, ages from Coppo et al. (2022), as well
as the newly modeled Bayesian ages, are available in the archived data set (Montecino Jara et al., 2026). The new
ages (prior to Bayesian modeling; Figure 2a) follow a normal stratigraphic order, with only one age inversion. The
overdispersion values remain below 35% (except for a single sample), indicating that sediment bleaching was
complete and that no significant post-depositional mixing occurred (Arnold & Roberts, 2009).

To assess the bleaching efficiency of K-feldspar and evaluate potential overestimation in pIRIR,q, depositional
ages, we analyzed both feldspar and quartz grains from a sample collected at 0.4 m depth (late Holocene). The
pIRIR,q, age obtained was 10.58 + 1.28 ka (37.1 £ 3.5 Gy; 12 aliquots), while the quartz OSL age at the same
depth was 4.19 + 0.43 ka (12.9 £+ 0.7 Gy; 17 aliquots). Assuming that the age calculated using the Central Age
Model for quartz is accurate and that both minerals are dating the same depositional event, the residual dose for
the pIRIR,q, signal at the time of deposition can be estimated as approximately 24.2 + 2.8 Gy, equivalent to an
age of 6.4 ka. This finding suggests: (a) differential bleaching rates between quartz OSL and feldspar pIRIR,q,
signals and (b) that, as numerous studies indicate (e.g., Buylaert et al., 2012; Peri¢ et al., 2020; Yi et al., 2015), the
bleaching of aeolian dust in natural settings likely occurs in repeated cycles over extended periods. With this in
mind, we can assume that K-feldspar grains from Pampean loess has a relatively small residual dose prior at
deposition, and their De estimated provides a reliable approximation of burial time, for the deeper intervals of the
studied profile, more even if we consider that De recorded in this section are of the order of ~100 Gy (Montecino
Jara et al., 2026).

The Bayesian age estimates for the Lozada section, along with their 1o confidence intervals, are presented in
Figure 2b. The new Bayesian ages range from 1.7 + 0.7 to 43.3 £ 1.9 ka, spanning approximately 42,000 years of
dust deposition history in the Pampean plains. These ages encompass MIS3 (57-29 ka), the LGM (29-19 ka), the
last deglaciation (19-14 ka), the Antarctic Cold Reversal (14—12 ka), and the Holocene (<11.7 ka). The new age
data set presented here provides, for the first time, a continuous Pampean loess accumulation record throughout
nearly the entire Holocene and extends the age range for MIS3 by approximately 5,000 years beyond the
chronology reported by Coppo et al. (2022).

3.3. Proposed Stratigraphy

Based on an initial visual inspection and followed by a statistical approach, we divided the Lozada section into
seven major units according to changes in median grain diameter, OM, TIC, and yrg (Figures 2a and 2c; Mon-
tecino Jara et al., 2026):

Unit 1 (4.8-3.8 mbs, 45.3-33.6 ka). Fine to medium yellowish-brown silt, with a median grain diameter between
8.5 and 17 pm, exhibiting low variability. No soil development is present, with low and stable OM and TIC. yLF
remains stable, with values ranging from 2.1 to 2.3 x 107° m® kg™'. yps is relatively high (mean:
2.2 x 1078 m® kg™"), showing a decreasing trend toward the top of the unit (Figures 2a—2c).

Unit 2 (3.8-3.1 mbs, 33.6-25.0 ka). Yellowish silt, with abundant centimetric calcitic nodules. It is primarily
composed of very coarse silt with a median grain diameter between 18 and 38 pm, which displays an abrupt rise at
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the bottom of the unit. OM and TIC increase relative to Unit 1. ypg is relatively low (mean: 1.4 x 107 m* kg™,
with a discrete peak at 3.6 mbs (Figures 2a—2c).

Unit 3 (3.1-2.7 mbs, 25.0-18.8 ka). Very coarse yellowish silt, with a median grain diameter between 31 and
43 pm, coarser than Unit 2, and increasing toward the top of the unit. With respect to Unit 2, OM remains stable
while TIC first decreases and then increases again. ypg exhibits an increasing trend (Figure 2a—2c).

Unit 4 (2.7-1.9 mbs, 18.8-11.6 ka). Yellowish very coarse silt, with a median grain diameter between 33 and
44 pm. Grain size decreases toward the top of the unit. OM shows an increasing trend, while TIC decreases and
subsequently increases. ygg generally decreases, but with high variability (Figures 2a—2c).

Unit 5 (1.9-1.3 mbs, 11.6-7.6 ka). Yellowish very coarse silt, with a median grain diameter between 21 and
42 pm, first increasing to a maximum around 9.8 ka, then decreasing toward the top of the unit. The presence of a
Ck horizon indicates incipient soil development. OM remains stable, except for a peak near the base. TIC is more
variable, reaching a maximum of 5% at 1.4 mbs, with a subsequent decline. Meanwhile, ypg follows a decreasing
trend starting at the base, reaching a minimum around 9 ka, followed by a moderate upward trend, with a
maximum at the top of the unit (Figures 2a-2c).

Unit 6 (1.3-0.8 mbs, 7.6-3.9 ka). Yellowish-brown very coarse silt, with a median grain diameter between 21 and
33 pum, showing a decreasing trend, with two major peaks near the base and top of the unit. Soil development is
indicated by Bck and Ck horizons. OM follows an increasing trend, while TIC exhibits significant variability. ygg
increases toward the top (Figures 2a—2c).

Unit 7 (0.8-0.4 mbs, 3.9-1.7 ka). Dark yellowish-brown very coarse silt, with median grain diameter between 21
and 34 pm, showing a decreasing trend toward the top of the unit with significant variability. Soil development is
marked by a Bck horizon. OM and TIC follow similar trends, dropping sharply toward the top. Meanwhile, ygg
shows an increasing trend toward the top of the unit (Figures 2a—2c).

3.4. Grain Size End-Members Analysis

The EMA indicates that ~98% of the data set variance is explained by three EMs (Figure 3a; Montecino Jara
et al., 2026). Statistical diagnostics showed that improvements from one to three EMs are substantial, whereas
additional components produce only marginal gains, supporting the selection of a 3-component model.

Their median values are 8.6 pm (EM1), 19 pm (EM2), and 54 pm (EM3; Figure 3a), which corresponds to fine,
medium and coarse silt, respectively. A minor coarse tail is present in a few samples, but the EMA did not extract
it as a separate component. We interpret this feature as locally derived lithogenic particles (>63 pm) that were not
transported as part of the sustained aeolian suspension load, given that such coarse grains are rarely carried over
long distances. Because this material represents only a very small fraction of the total volume and does not form a
consistent modal peak, its limited representation in the model does not compromise the subsequent interpretations
of the EMA.

These components exhibit significant variations over time (Figure 3b). EM3 is the most stable, with an average
abundance of 46%. However, a sharp increase is observed between base and top of Unit 1 (45.3-33.6 ka).
Conversely, EM3 increases between the base of Unit 3 and the top of Unit 4 (25-11.6 ka), followed by a
decreasing trend toward the top of the section (11.6-1.7 ka). EM1, with an average abundance of 27%, is most
dominant in the lower part of the sequence (Unit 1; 45.3-33.6 ka; Figure 3b). It then undergoes a sharp decline at
the base of Unit 2 (33.6 ka), followed by a gradual increase. A decreasing trend is observed in Units 3 and 4
(25-11.6 ka). In the upper section (Units 5, 6, and 7; 11.6-1.7 ka), EM1 stabilizes, fluctuating between 11% and
26%. EM2 has a mean abundance of 27%. In the lower half of the record, its trend closely follows that of EM1
(Figure 3b). However, in the upper half, EM?2 exhibits a distinct increasing pattern.

On the other hand, Cosentino et al. (2020) identified and characterized three end-members (EMs*; Figure 3a) in
modern dust samples collected at Marcos Juarez (MJ) station, located in the core of the Pampean loess belt
(Figure 1). This close analogy between modern and paleo-dust end-members allows us to infer the environmental
significance of each EM in the loess record. The modern dust EMs closely resemble those observed in the Lozada
loess profile, which have coarser median sizes, reflecting the influence of transport distance and associated
particle size reduction. Previous studies have shown that both modern dust and paleo-dust originate from the same
source regions (Cosentino et al., 2020; Gaiero et al., 2013; Gili et al., 2017; Torre et al., 2020, 2022), in this
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Figure 3. Grain-size distributions and end-member modeling results for the Lozada section. (a) Grain size distribution curves
for the full data set (gray) and for the Lozada section. End-member (EM) curves for Lozada are shown in orange (EM1), blue
(EM2), and yellow (EM3). Dashed green, brown, and violet lines represent EM1*, EM2*, and EM3*, based on modern dust
samples from Marcos Judrez (Cosentino et al., 2021). An inset includes the statistical results of the grain size unmixing
analysis for the Lozada samples. (b) Temporal variability of dust mass accumulation rates (DMARs) and grain-size end-
members (EMs) for the Lozada section. From bottom to top, it presents changes in the proportions of identified end-
members, followed by DMARs for different grain size fractions: <63, 30-63, 14-30, and <14 pm.

context, the finer grain sizes at MJ likely reflect greater atmospheric transport and preferential removal of coarser
particles before reaching the sampling site (Pye & Tsoar, 1987; Vandenberghe, 2013).

3.5. Loess Dust Mass Accumulation Rates

DMARSs and their 1o confidence intervals, based on the age-depth model, are presented in Figure 3b and in the
associated data set (Montecino Jara et al., 2026). DMAR was calculated for the grain size fraction of loess with
particle diameters lower than 63 pm (DMAR _g45). This threshold, consistent with the conventional boundary
between silt and sand, allows us to separate dust particles that are susceptible to prolonged atmospheric transport
(<63 pm) from sand-sized particles (>63 pm), which are rarely transported over long distances and could include
lithogenic components that are not strictly eolian in origin (e.g., Adebiyi et al., 2023; Kok et al., 2012). Addi-
tionally, DMARs were estimated for the granulometric fractions corresponding to the three identified EMs
(Figure 3a), with cut-off sizes at 14 and 30 pm (DMAR_,,, DMAR,, 35, DMAR;, ¢3).

Studies conducted on modern dust in the region (Cosentino et al., 2020; Torre et al., 2020) suggest that these
fractions reflect: (a) long-distance (>1,000 km) (14-30 pm and <14 pm; Pye & Zhou, 1989; X. Y. Zhang
et al,, 1997) and short-distance (several tens to hundreds of kilometers) (30-63 pm; Pye & Zhou, 1989;
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correspond to deposits from the LGM and early MIS3.

Additionally, some samples deviate toward higher ypg. Like the previously
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Figure 4. Relationship between ypg and y; . for the complete Lozada data set,

— — mentioned samples, they have median grain diameters above the average and
cluster temporally between ~12 and 19 ka. Finally, another subset of samples,
primarily from the early Holocene and MIS3, exhibits lower-than-average
median grain diameters (<31 pm) and low y; g.

and their association, according to the color scale, with: (a) the age of the

analyzed samples, and (b) the median grain size. The linear trend describing
the magnetic enhancement of loess during pedogenesis, commonly referred
to as the “true loess line,” is shown as an orange curve.

3.7. Paleo-Precipitation Based on PMIP4 Simulations

Several studies have analyzed regional climatic characteristics in SSA during
the LGM and the MH using various paleoclimatic simulations produced by
PMIP Phase III (PMIP3; Berman et al., 2016, 2017, 2018; Coppo et al., 2022;
Prado et al., 2013). Here, we evaluate PMIP4 simulations to explore how differences in precipitation between the
LGM and the MH influenced mineral dust aerosol emissions at source regions and subsequent dust accumulation
in the Pampean plains. Changes in precipitation patterns can strongly influence dust accumulation rates,
particularly through wet deposition processes that primarily control the accumulation of fine particles (Miller
et al., 2006; Woodward, 2001; Zender et al., 2003).

According to the PMIP4 model simulations, the western slope of the central Andes experienced wetter conditions
during the LGM compared to the present (Figure 5a). Wetter conditions also extended to the Altiplano and some
sectors of the northern and southern Puna. These results broadly align with most compiled proxy records. In
contrast, extra-Andean eastern Patagonia, the southern Andes (37-52°S), and the Pampean region were generally
drier than today, a pattern also supported by available paleoclimatic records. In SCWA, the models suggest wetter
conditions, with a transition to drier conditions toward the east.

For the MH, simulations indicate that areas south of 30°S on the western slope of the Andes remained wetter than
present, while north of 30°S the models disagree (white pixels) and the proxies generally show drier conditions
(Figure 5c). On the eastern slope of the Andes, proxies indicate increased humidity in the PAP and the southern
SCWA, whereas the models again suggest drier-than-present conditions. These mismatches may be attributed to
the models' limited spatial resolution (Coppo et al., 2022). While we restricted our analysis to simulations with the
greatest resolutions, these may still be low enough to hinder the accurate representation of first-order precipitation
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Figure 5. Mean annual precipitation across different periods: (a) Last Glacial Maximum (LGM) versus present, (b) LGM versus Mid-Holocene (MH), and (c) MH versus
present. Percentage changes in precipitation were calculated relative to the reference period for each case. Shifts toward blue colors indicate wetter conditions relative to
the reference period, while shifts toward red colors indicate drier conditions. Panels (a) and (b) share the same color scale, while panel C uses a different scale to enhance
the visualization of MH-PRE differences, which would be difficult to discern if the same scale were maintained. White pixels indicate low model agreement (1o/
mean > 0.5). Arrows represent proxy-based paleo-precipitation data: upward for wetter, downward for drier conditions, and white dots for no significant change. The
Lozada section is marked with a white square; blue squares mark Tortugas and Gorina.

gradients along the Andes. In the Pampean region, the models simulate drier conditions during the MH than at
present, but proxy data for this area remain inconclusive.

When comparing the LGM and MH, both the compiled proxies and model results generally agree (Figure 5b). The
models indicate wetter conditions during the LGM than during the MH along the western slope of the Andes and
in the region between 15° and 35°S west of 60°W. Further east, in a portion of the Pampean region, this rela-
tionship reverses. Here, the models suggest wetter conditions during the MH, a trend that extends to the Atlantic
coast. In Patagonia, the models indicate drier conditions during the LGM compared to the MH.

4. Discussion
4.1. Processes Influencing Magnetic Enhancement

Two widely accepted conceptual frameworks explain increases in MS parameters in loess-paleosol sequences: the
pedogenic and the wind vigor models (Evans, 2001; Evans & Heller, 1994; Forster et al., 1994). The pedogenic
model attributes increases in both y; r and ygg to the in situ formation of magnetic minerals during soil devel-
opment (Dearing et al., 1996; Forster et al., 1994; Heller et al., 1993; Maher, 2011, 2016; Maher & Taylor, 1988),
particularly in interglacial soils, where warmer temperatures and higher precipitation favor the formation of
ultrafine magnetic grains. The linear trend representing loess magnetic enhancement through pedogenesis is often
referred to as the “true loess line” (Forster et al., 1994; Maher, 2011; Panaiotu et al., 2001; Zeeden et al., 2016). In
contrast, the wind vigor model explains higher y; ¢ values in loess (rather than in paleosols) as the result of se-
lective enrichment of coarser magnetic minerals in units dominated by larger particles (Evans, 2001).

However, magnetic minerals are susceptible to alteration in varying environmental settings (Hu et al., 2013;
Orgeira et al., 2011), making reconstructions based solely on loess—paleosol MS records more complex than
initially assumed (Hu et al., 2015; Orgeira & Compagnucci, 2006). Recognizing this, Liu and Mao (2021)
proposed a model relating MS to effective precipitation (precipitation minus evaporation), categorizing three
scenarios to interpret MS patterns across climatic gradients.

In hyper-arid areas close to dust sources, physical weathering dominates and pedogenesis is limited, resulting in
MS values that primarily reflect the concentration of coarse-grained magnetic minerals, with a negative

MONTECINO JARA ET AL.

12 of 21

a2 ‘9202 'SesveLSe

'sdny woly

'sgndr

85U8017 SUOWIWOD dAIIRID 3|l |dde au) Aq peusenob ae sajo1e O ‘85N JO SaINJ 10} Akeiq i 8UIIUO AB]IM U (SUO N PUOO-PUE-SWLSYW0D" A3 1M AReiq iUl Uoy/Stny) SUORIpUOD pue swiie 1 8L 8eS *[9202/20/62] Uo Areiqiaulluo A|im ‘|1Zeig - ojred 0es JO AISAIUN Ad 10ES00VdSZ02/620T 0T/10p/w0o M| im Areiqiipul



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2025PA005304

relationship between MS and pedogenesis (Song et al., 2010; Zan et al., 2010, 2012). In transitional arid settings,
farther from sources, a weak correlation between MS and pedogenesis is observed (Liu et al., 2017). With
increasing effective precipitation, pedogenesis intensifies, evidenced by processes such as carbonate leaching and
the development of features like filaments, nodules, and carbonate-rich horizons (Zamanian et al., 2016).
However, beyond an effective precipitation upper threshold, seasonal water saturation can promote the trans-
formation of iron oxides into hydroxides (e.g., goethite), reducing MS (Han et al., 1996; Liu & Mao, 2021; Maher
& Thompson, 1995).

Given the sensitivity of MS to pedogenic processes and soil moisture, its interpretation must be contextualized
within a broader framework of complementary pedogenic indicators. These include soil color (as a proxy for
redox conditions), paleosol structures (reflecting the intensity of soil development), and sediment physical pa-
rameters such as grain size distribution (Liu & Mao, 2021). In this context, our results from the Lozada section
suggest that the MS signal reflects the combined influence of multiple mechanisms of magnetic enhancement at
the western margin of the Pampas.

In the Lozada section, the Pearson correlation coefficient between ygg and y; g is high (r = 0.9) for the set of
Holocene samples (Units 5-7). This is consistent with pedogenic enhancement under oxidizing conditions, as
evidenced by features such as soil color, the presence of pedogenic carbonates, spongy microstructure, and
bioturbation in the upper stratigraphy (Bradak et al., 2021; Liu & Mao, 2021).

However, several samples, primarily from LGM (Unit 3) and late MIS3 (Unit 2), display two distinct patterns.
One subset aligns with the lower part of the pedogenic enhancement trend, suggesting incipient pedogenic
enhancement. Another subset departs from this trend, exhibiting higher y;  values. These samples tend to have
median grain diameters exceeding the average median and show no clear age dependence. This dispersion can be
explained by the wind vigor model, as an increase in median grain diameter and in the proportion of EM3 suggest
generally stronger wind conditions (Bradék et al., 2021; Liu & Mao, 2021).

Additionally, some samples of last deglaciation and ACR age (Unit 4) deviate toward higher yps. They also
possess median grain diameters and proportion of EM3 above the sequence averages, suggesting a period likewise
associated with enhanced wind activity (Figure 4). A possible explanation, as suggested by Bradak et al. (2021), is
the formation of nanoscale magnetic particles by fragmentation during aeolian transport (e.g., through grain
collisions). This nano-fragmentation process increases yrg Without substantially altering y; g, since the total
concentration of magnetic minerals remains unchanged, a scenario consistent with intensified physical weath-
ering during transport under stronger wind conditions.

Finally, a subset of samples, primarily from MIS3 (Unit 1), display lower-than-average median grain diameters
(<31 pm) and low y; g values. This trend is attributed to a reduction in the magnetic signal through dissolution
(Bradak et al., 2021), likely associated with hydromorphic processes such as prolonged water saturation or intense
chemical weathering (Zeeden et al., 2018a, 2018b). According to Liu and Mao (2021), this phenomenon typically
occurs under conditions of abundant rainfall, fluctuating water tables, or seasonal waterlogging.

4.2. Controlling Factors for Dust Emissions and Loess Accumulation

To investigate paleoclimatic patterns and shifts in sediment availability influencing loess accumulation in the
Pampean region, a comparative chart was constructed (Figure 6). This integrates diverse paleoclimate proxies
from SSA's main dust source areas (Figures 6a—6f) with DMARs from the Lozada section (this study;
Figures 6g—6j) and <63-um DMARs from Tortugas and Gorina sections (Figures 6k and 61; Figure 1; Coppo
et al., 2022). To avoid confusion, it should be noted that the proxy compilations in Figures 5 and 6 differ in
scope. Figure 5 addresses qualitative moisture variability during the LGM and MH, whereas Figure 6 incor-
porate records reflecting not only paleohydrological conditions but also sediment supply and geomorphological
processes. Based on this regional compilation of paleoclimate proxy information, we define the following
regional paleoclimate phases:

Phase 1: Abrupt decrease in wet accumulation (45.3-33.6 ka). Evidence from tufa deposits and gamma radiation
records at Salar de Uyuni indicates wetter conditions at PAP between 45 and 39 ka (Baker et al., 2001; Placzek
et al., 2006). Earlier, two major lacustrine phases between 120-98 and 95-80 ka also reflect wetter periods
(Placzek et al., 2006). In the Puna, Pozuelos Lake records show a positive precipitation-evaporation balance until
ca. 36 ka (McGlue et al., 2013). Glacial advances at 24°S and 26°S around 40 ka support this regional humidity
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(Martini et al., 2017; J. Zech et al., 2017). Despite these wetter intervals, sediment from previous lake high-stands
(115-100 ka) and long-term landscape stability (Toledo Geosol; Placzek et al., 2006) left the Altiplano with
ample dust supply between 95 and 45 ka. In Patagonia, evidence of older glacial advances (Hein et al., 2017,
Leger et al., 2023; Mendelova et al., 2020; Peltier et al., 2023; J. Zech et al., 2017) suggests active dust sources on
relict outwash plains. On the other hand, based on the geomorphology, facies analysis and fossil content, Kruck
etal. (2011) recognize a humid phase in the Chaco-Pampean plains between 28 and 41 ka. This is also concordant
with the MS data of the analyzed samples of Unit 1, that suggest water saturation or intense chemical weathering
typically linked to conditions of abundant rainfall, fluctuating water tables, or seasonal waterlogging according to
Liu and Mao (2021).

At Lozada, DMAR_¢5, DMAR_,, and DMAR, 5, all decreased between 43 and 33 ka. DMAR5_¢3 reached its
lowest value, suggesting that during this interval, wet deposition dominated dust input. This aligns with the wetter
conditions in the Pampean plains suggested by Kruck et al. (2011), and increased dust supply from the PAP,
consistent with DMAR values and isotopic signatures reported by Coppo et al. (2022) for the Gorina section.

Phase 2: Slight decrease in wet accumulation (33.6-25.0 ka). Paleoclimate records indicate increasing aridity in
the southern Puna and Altiplano between ~36 and 25 ka (Baker et al., 2001; McGlue et al., 2013; Placzek
etal., 2013). However, limited data from northern Patagonia and SCWA during this interval hinders interpretation
in other potential dust source regions. In contrast, the Chaco-Pampean plains experienced wetter conditions
initially, turning arid by ~28 ka with only weak humid episodes (Kruck et al., 2011).

The estimated DMARs from Lozada show a decreasing trend for DMAR _45. A similar pattern is observed for the
finer fractions. In contrast, the DMAR;, ;3 displays a slight increase. These patterns suggest a reduction in dust
contribution from distant sources, and a relative increase in dust supplied by proximal sources, reflected in the
growing proportion of coarse particles. The increase in coarse particles is consistent with the MS signal for late
MIS3 (Unit 2) that suggests stronger wind conditions, likely associated with an intensification, strengthening, or a
northward latitudinal shift of the SWW.

These patterns agree with Coppo et al. (2022), who reported low DMARSs in the Pampean plains during late MIS3
and the early LGM, along with reduced dust supply from the PAP, a trend also supported by isotopic evidence
from Torre et al. (2022). The decline in fine particle accumulation reflects decreased sediment availability in
distant sources like the PAP due to limited sediment recharge.

Phase 3: Enhanced aridity in the Pampean plains, wetter conditions in distal dust sources and minimum DMARs
(25.0-18.8 ka). Proxy records suggest wetter and cooler conditions on the Altiplano and Northern Puna (NP)
between ~25 and 19 ka, as indicated by a modest expansion of the Poépo/Coipasa/Uyuni Lake system (Baker
et al., 2001; Placzek et al., 2013), and by glacial geochronology from the eastern Andes (22°-24°S; Martini
et al., 2017; R. Zech et al., 2008; J. Zech et al., 2017). These humid conditions likely reduced dust availability.
However, some areas within the NP may have experienced increased aridity during this period. For example, the
Late Quaternary stratigraphy and sedimentology of Pozuelos basin shows evidence of drier conditions between
~26 and 23 ka (McGlue et al., 2013), which could have favored sediment deflation and positioned this region as a
potential dust source. Further south (28°-34°S), flood deposits near Salinas del Bebedero indicate increased
humidity in SCWA (Quade et al., 2022), where glacial and fluvial activity during wetter periods likely promoted
sediment production. South of 34°S, glacier advances in southern SCWA and northern Patagonia (J. Zech
et al., 2017) would have generated abundant fine sediments, which became available for deflation once exposed.

Both the accumulation rates calculated for Lozada (this study) and those estimated by Coppo et al. (2022) for the
Tortugas and Gorina sections reach their minimum values during the LGM (~24-20 ka). At Lozada, DMARs for
fine distal fractions (<14 pm and 14-30 pm) drop significantly. The decline in DMARs linked to distal sources
aligns with wetter conditions in potential source areas and increased aridity in the Pampean region, as shown by

Figure 6. Estimated dust mass accumulation rates (DMARs) from the Lozada section with regional paleohumidity records. It includes <63-pm DMARs for the 1. Gorina
and (k) Tortugas sections (Coppo et al., 2022), and Lozada DMARs for different grain size fractions: (g) <63 pm, (h) 30-63 pm, (i) 14-30 pm, and (j) <14 pm. Shaded
areas indicate 1-sigma uncertainties. The DMAR trends are compared to (f) water level changes at Salinas del Bebedero (Quade et al., 2022), () Mar Chiquita Lake
fluctuations (Cuifia-Rodriguez et al., 2020), (d) Compiled glacial chronologies from the Andes (Leger et al., 2021; Martini et al., 2017; Peltier et al., 2023; Soteres

et al., 2022; J. Zech et al., 2017), (c) environmental changes at Laguna Pozuelos (McGlue et al., 2013), (b) Paleolake reconstructions from the Altiplano (Placzek

et al., 2013), and (a) Gamma radiation records from Uyuni (Baker et al., 2001).
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the paleoprecipitation index in Figure 5a. This agrees with the reconstructed scenario by Cuifia-Rodriguez
et al. (2020), based on the Mar Chiquita Lake level. However, stable DMARs for coarser, locally sourced dust
(SCWA and northern Patagonia) suggest these proximal sources remained active, continuously supplying ma-
terial susceptible to dry deposition. This pattern is also consistent with the MS results, which show an increase in
magnetic signal associated with a wind-vigor model. The enhanced MS signal and the dominance of coarser
fractions together point to a strengthened and sustained influence of the SWW.

Phase 4: Dust deposition in the Pampean region under wetter but windier conditions (18.8-11.6 ka). Between ca.
18-12 ka, paleoclimatic indicators suggest wetter conditions in both the Altiplano and SCWA (Baker et al., 2001;
Placzek et al., 2013; Quade et al., 2022). During this period, the Altiplano was home to paleolake Tauca. This lake
began to rise between 18 and 17 ka, reaching its hydrologic maximum between 16.4 and 14.1 ka, then declined
after 14 ka (Placzek et al., 2006). A brief resurgence, known as the Coipasa Lake phase, occurred between 13 and
11 ka (Placzek et al., 2006). These lake highstands broadly overlap with the hydrologic maximum and flooding of
Laguna Bebedero (15.67-14.43 and 13-11 ka) (Quade et al., 2022). The wet period coincided with glacier ad-
vances in the arid Andes, driven by increased precipitation from a southward shift of the South American Summer
Monsoon (Martini et al., 2017; J. Zech et al., 2017). These wet and dry phases were also recorded in the Pampean
plains as changes in physical and isotopic indicators, as well as variations in the reconstructed lake level of the
Mar Chiquita Lake (Cufia-Rodriguez et al., 2020). Meanwhile, in southern Puna, sedimentary facies suggest arid
conditions during this period (McGlue et al., 2013).

DMAR _¢; from the Lozada increased significantly, with slight rises in fine DMARSs (<14 pm and 14-30 pm). A
larger increase is observed in DMARj_¢;. The slight increase in DMARSs linked to distal sources aligns with
wetter conditions in these regions, while stable EM3 values and continued sediment supply from nearby sources
(SCWA, northern Patagonia) indicate these areas remained active. MS signal of the analyzed samples suggests
intensified physical weathering during transport under stronger wind conditions, possibly as a result of a sustained
influence of the SWW. On the other hand, according to Coppo et al. (2022), an increase in DMAR values at the
Gorina and Tortugas loess section is observed over the same period.

Phase 5: Regional aridification, enhanced sediment availability and increase in wet accumulation (11.6-3.9 ka).
Between 12 and 4 ka, sustained regional aridification is documented in the Altiplano (Baker et al., 2001; Placzek
et al., 2013), southern Puna (McGlue et al., 2013), and SCWA (Quade et al., 2022), creating ideal conditions for
sediment deflation. Prior high lake stands left abundant exposed sediments available for aeolian transport. In the
Pampean region, a highstand phase in Mar Chiquita Lake during the Early Holocene was followed by declining
lake levels and reduced precipitation, reaching a MH lowstand (Cufia-Rodriguez et al., 2020). This drying trend is
consistent with widespread Early Holocene aridity in SSA at both sides of the Andes (Abarzia & Moreno, 2008;
Iglesias et al., 2011; Llano et al., 2020; Porras et al., 2012; Whitlock et al., 2006).

DMAR _¢; from the Lozada section increased significantly between 12 and 8 ka. DMAR_,, and DMAR , 3,
showed similar upward trends, while DMAR;, ¢; rose only slightly. The sharp rise in fine dust from distal
sources reflects increased aridity and sediment availability in PAP, alongside relatively wetter conditions in the
Pampean plains, which aligns with the paleoprecipitation index in Figures 5b and 5c. Despite the decrease in
precipitation rates over the Pampean plains, we suggest that moisture conditions were still sufficient to favor wet
deposition, which were greater than those prevailing during the LGM (Figure 5b). Meanwhile, the moderate
increase in DMAR;, 5 suggests that dust from proximal sources (i.e., SCWA, northern Patagonia) was modu-
lated by changes in wind speed and a weakening of the SWW during this period.

Phase 6: Increased wet accumulation driven by sediment availability and rising precipitation in the Pampean
plains (<3.9 ka). After 4 ka, continued aridification in the Altiplano and southern Puna (Baker et al., 2001;
Martini et al., 2017; McGlue et al., 2013; Placzek et al., 2013) enhanced sediment availability. Similarly, Quade
et al. (2022) report extreme aridity at Salinas del Bebedero, with no flood deposits, suggesting no significant
precipitation or ice accumulation in SCWA. Concurrently, increased precipitation in the Pampean plains (Cuiia-
Rodriguez et al., 2020) favored loess accumulation. This is consistent with soil developed in the upper strati-
graphic unit, the presence of pedogenic carbonates, spongy microstructure, and with the pedogenic enhancement
of the MS signal recorded in the Holocene samples (Units 5-7).
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Expanded provenance study of this aeolian section is necessary to support interpretations about sediment
availability and environmental conditions in the dust source areas through the time-lapse under study. This would
also help explain the wind patterns responsible for transporting dust toward the Pampean region.

5. Conclusions

This study reconstructs dust emission, transport, and accumulation dynamics in SSA over the past 43 ka, using
multiproxy data from the Lozada loess section. Dust fluxes were driven by interactions between hydroclimate
variability, sediment availability, and large-scale atmospheric circulation. Moisture and temperature fluctuations
controlled sediment supply in source areas, while shifts in the STJ, SWW, and Zonda winds regulated dust
transport. Precipitation changes affected both sediment deflation and deposition via wet scavenging in the
Pampean plains. The temporal patterns of dust accumulation documented in the Lozada section indicate: (a) high
DMAR during MIS3 due to abundant sediment supply in dust sources and wetter conditions in the Pampas that
enhanced wet dust deposition, (b) a marked decline during the LGM, linked to wetter source areas limiting
deflation and enhanced aridity in the Pampean plains reducing wet dust deposition, and (c) a recovery in DMAR
during the deglaciation and Early Holocene, associated with alternating wet/dry phases that recharged sediment
supply at the sources, subsequent increased aridity in source areas, and high hydroclimatic variability in the
Pampean plains.

Our DMAR data reveal millennial-scale fluctuations in dust accumulation, which cannot be explained solely by
short-term meteorological variability. These patterns support the idea that large-scale reorganizations of the
SWW and the STJ, orbitally modulated changes in the frequency of cold surges, and shifts in the position of the
polar front have played a dominant role in controlling dust emissions over longer timescales.

Future research should focus on expanding the provenance analyses of this aeolian section, including the depths
sampled in this study, to refine interpretations of sediment availability and past environmental conditions. This
would improve reconstructions of ancient wind patterns and dust transport pathways, contributing to a better
understanding of the links between atmospheric circulation, climate variability, and dust dynamics in SSA during
the late Quaternary. Additionally, as dust from SSA is thought to represent an important source to the South
Atlantic Ocean, identifying its provenance and quantifying its fluxes is essential for assessing its potential
biogeochemical impacts on ocean productivity, nutrient cycling, and its possible role in modulating past and
present climate systems.
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