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Abstract. The climate of the western coast of South America is controlled by large climate systems known as the Intertropical 

Convergence Zone (ITCZ), the Subtropical Pacific High (SPH) and the Southern Hemisphere Westerly wind (SWW) belt. 

While the large-scale evolution of the SWW belt and the location of the ITCZ are well constrained, the interaction between 

these two climate features is not well understood as a high resolution spatial and temporal reconstruction of the SWW belt is 15 

still lacking. Here, we use the hydrogen isotope ratios of leaf-wax n-alkanes in marine sediments between 33°S and 36°S 

offshore Chile to reconstruct past hydrological regimes and the evolution of the SWW belt since the Last Glacial Maximum 

(LGM, ca. 20,000 cal yr BP). Our results suggest overall wet conditions during the LGM, followed by increasing aridity during 

the deglaciation period. This shift toward drier conditions was briefly interrupted during the Antarctic Cold Reversal. The 

early Holocene was then marked by dry conditions until ca. 7,500 cal yr BP, after which a return to wetter conditions marked 20 

latitudes south of 36°S. During the last 5,500 years, wetter conditions progressively characterized latitudes as far north as 30°S. 

These results reflect past changes in the latitudes of the SWW belt and imply a northward position of the SWW belt during the 

LGM, followed by a southward migration of the SWW belt during the deglaciation period. This shift southward was briefly 

interrupted during the Antarctic Cold Reversal. The SWW belt reached its southernmost latitudes during the early Holocene. 

At ca. 7,500 cal yr BP, a displacement northward of the SWW belt was detected at latitudes south of 36°S and during the last 25 

5,500 years, the SWW belt progressively migrated northward. Our reconstruction, compared with past latitude of the ITCZ, 

shows that the climate was predominantly, but not exclusively, controlled by the El-Niño Southern Oscillation and insolation 

during the Holocene, while atmospheric pathways associated with large interhemispheric temperature gradient and changes in 

the Hadley cell circulation prevailed from 17,000 to 11,500 cal yr BP. 
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1 Introduction 30 

South America is affected by large-scale climate features that shape the Earth’s climate system and its evolution, particularly 

by the location of the Southern Westerly Wind (SWW) belt, the position and extent of the Subtropical Pacific High (SPH), 

and of the position and width of the Intertropical Convergence Zone (ITCZ). For example, the migration of the SWW belt 

located at extratropical to subpolar latitudes is suggested to affect the ventilation of the deep water of the Southern Ocean and, 

by doing so, impact the atmospheric CO2 (e.g., Menviel et al., 2018; Toggweiler et al., 2006; Völker and Köhler, 2013). At 35 

tropical latitudes, the ITCZ – a minimum pressure belt characterized by intense convection corresponding to the ascending 

branch of the Hadley cell (e.g., Waliser and Gautier, 1993) ‒ potentially influence the Hadley cell circulation (Watt-Meyer and 

Frierson, 2019) and, thus, the redistribution of moisture and heat both intra- and interhemispherically (e.g., Hadley, 1997; 

Watt-Meyer and Frierson, 2019). The modern components of the SWW and the ITCZ are relatively well understood (e.g., 

Garreaud, 2009; Garreaud et al., 2009) and several studies have investigated their past evolution (e.g., Arbuszewski et al., 40 

2013; Haug et al., 2001b; Kaiser et al., 2024; Lamy et al., 2001; Sachs et al., 2009), yet forcing mechanisms and especially 

dynamic feedbacks between these systems remain debated.  

Different atmospheric circulation pathways (or teleconnections) have been invoked to connect climate features across latitudes 

in past climate such as atmospheric pathways resulting from large interhemispheric thermal gradient (e.g., Chiang et al., 2014; 

Lee et al., 2011) or the well-studied atmospheric pathways associated with the El Niño–Southern Oscillation (ENSO) 45 

phenomenon (e.g., Campos and Rondanelli, 2023; Ortega et al., 2019). Yet, uncertainties prevail regarding the timing and 

nature of these large-scale atmospheric connections in the past. These arise from the lack of high resolution spatial and temporal 

reconstructions of the SWW belt required to shed light on its interaction with other well-studied climate systems located further 

north. Here, we aim to investigate the atmospheric pathways acting on the west coast of South America and, thus, the Southern 

Hemisphere (SH) since the LGM. 50 

The west coast of South America is well-suited to reconstruct past atmospheric pathways as regional precipitation, temperature 

and winds are highly sensitive to the location of the ITCZ, the SPH and the SWW belt. At tropical latitudes, precipitation 

regimes are controlled by the trade winds and the ITCZ (Garreaud, 2009; Strub et al., 1998). At subtropical latitudes, arid 

conditions are associated with the SPH, a high-pressure cell west of the South American landmass caused by the subsidence 

of air masses of the Hadley cell (Garreaud, 2009; Held and Hou, 1980; Strub et al., 1998). At subtropical to polar latitudes, the 55 

SWWs govern precipitation regimes (Garreaud, 2009; Strub et al., 1998). The ascent of moisture-laden air masses from the 

westerlies’ storm track along the Andes generates orographic precipitations in Central and Southern Chile (e.g., Barrett et al., 

2009; Garreaud, 2009). Any changes in the position or structure of these climate features caused by changes in atmospheric 

pathways should thus be translated by hydroclimate changes in South America. Reconstructing hydrological regimes along 

the west coast of South America can thus shed light on the past connections between these large-scale atmospheric features. 60 

The last 20 kyr were characterized by major climate changes in South America, such as the Glacial-Interglacial transition. 

While the large-scale evolution of the ITCZ (e.g., Arbuszewski et al., 2013; Schneider et al., 2014) and the SWW belt (e.g., 
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Kaiser et al., 2024; Lamy et al., 2001, 2010; Moreno et al., 2018, 2021) have been addressed in several studies, the exact timing 

of the migration of the SWW belt and its latitudinal extent still lacks clarity. This results from contrasting climate conditions 

reconstructed across sites along Chile for the same time periods. For instance, increasingly drier conditions were inferred 65 

between 13.5 and 11.5 ka BP at the latitude of 30°S (Bernhardt et al., 2017; Kaiser et al., 2024), while wetter conditions marked 

this period at the latitude of 34°S (Valero-Garcés et al., 2005). Several records also supported drier conditions along Chile 

between ca. 11 and 7 ka BP (Jara and Moreno, 2014; Jenny et al., 2002a), while some high-altitude records indicated increases 

in relative moisture during the same time period (e.g., Fiers et al., 2019; de Porras et al., 2014). Here we thus focus on 

generating a high-resolution reconstruction of the past evolution of continental hydrological regimes along Chile to shed light 70 

on the past evolution of the SWW belt and the SPH. We then use our reconstruction, that aligns with most existing records, to 

explore the large-scale forcings on South American climate. 

We reconstruct past continental hydrological regimes along Chile using the hydrogen isotope composition of leaf-wax n-

alkanes (2H/H, expressed as δ2Hwax measured on the long-chain n-alkanes n-C29 and n-C31) of sediment deposited at 33°S and 

36°S offshore Chile (Fig. 1 and Fig. S1 reported in the Supplementary Material). These records were supplemented with the 75 

previously published δ2Hwax record of site GeoB7139-2 from Kaiser et al. (2024) to widen the scope of this study.  

δ2Hwax values recorded in marine sediments are mainly determined by the δ2H composition of past meteoric waters (Gaviria-

Lugo et al., 2023a; Sachse et al., 2004, 2006, 2012; Sessions et al., 1999) and thus can be used to trace past hydrological 

regimes (e.g., Kaiser et al., 2024; Polissar et al., 2009; Rach et al., 2014; Schefuß et al., 2005). However, they can also be 

influenced by changes in plant evapotranspiration (Kahmen et al., 2013a, b) and plant type (e.g., Collins et al., 2013; Liu and 80 

Yang, 2008; Niedermeyer et al., 2016). These secondary controls can be investigated with the carbon isotope composition of 

leaf-wax long chain n-alkanes (13C/12C, expressed as δ13Cwax measured on the long-chain n-alkanes n-C29 and n-C31). To 

confirm the dominant role of past hydrology in altering δ2Hwax values along Chile, we therefore measured δ13Cwax values for 

the marine sites as well as for the modern fluvial sediments and marine surface sediments of Gaviria-Lugo et al. (2023a, b). 

Here, we show that the δ2Hwax values from the last 20 kyr can be interpreted as archives of past precipitation δ2H values, which 85 

we subsequently use to reconstruct past evolution of South American hydroclimate. Specifically, we reconstruct the past extent 

of SPH- and SWW-driven moisture and use this new reconstruction to investigate the atmospheric pathways acting on the 

South American climate since the LGM. 
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Figure 1. Sampling sites and the hydrogen and carbon isotope ratios (measured on n-C31 n-alkanes) of fluvial and marine sediments along 90 
Chile. Data represent present-day conditions (river and multicorer [MUC] sediments) and variability spanning ca. 20 kyr in gravity cores. 

(a) Mean annual precipitation map (TRMM 3B43, European Commission, Joint Research Centre (JRC), 2015) and sampling sites (this study, 

Gaviria-Lugo et al., 2023a; Kaiser et al., 2024). (b) Mean annual δ2Hprecip map (Bowen et al., 2005; Bowen and Revenaugh, 2003; 

Waterisotopes Database, 2017) and sampling sites (this study, Gaviria-Lugo et al., 2023a; Kaiser et al., 2024). (c) Hydrogen isotope 

composition (n-C31) of modern fluvial sediments (green, Gaviria-Lugo et al., 2023a, b), marine surface sediments (MUC, light blue, Gaviria-95 
Lugo et al., 2023a, b) and gravity cores (dark blue, site GeoB7139-2 from Kaiser et al., 2024 and sites GeoB3304-5 and 22SL) by latitude. 

(d) Carbon isotope composition (n-C31) of fluvial sediments (green), marine surface sediments (light blue) and gravity cores (dark blue) by 

latitude (this study, see Gaviria-Lugo et al., 2023a for sample site description). The δ13C ratio of modern river and MUC samples were 

corrected for the pre-industrial carbon isotope composition of the atmosphere (Sect. 3.4). Note the consistency of the modern hydrogen and 

carbon isotope ratios along Chile despite substantial changes in the mean annual precipitation amount (panel A). Digital Elevation Model is 100 
from the GEBCO Bathymetric Compilation Group (2019)(The GEBCO_2019 Grid - a continuous terrain model of the global oceans and 

land., 2023). The lake and river maps are from the Biblioteca del Congreso Nacional de Chile (accessed 31.03.2025). Watersheds are from 

Gaviria-Lugo et al. (2023a). Error bars in panels C and D correspond to two standard deviations (2σ) calculated from the δ2H and the δ13C 

values reported in Tables S5 to S7 (Läuchli et al., 2025, see Data availability) . 
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2 Study area 105 

2.1 Geological setting and site selection 

The Chilean active margin is ideal to study past continental environments as distances are relatively short between erosional 

zones (i.e., the Andean and the Coastal Cordillera) and the depositional zones on the Chilean continental margin (Fig. 1, 

Bernhardt et al., 2017). Between 30°S and 36°S, sediments are mainly transported to the Pacific Ocean by rivers. Aeolian 

transport of sediments ‒ occurring today in the hyper-arid to arid regions of northern Chile ‒ was likely minor south of 33°S 110 

during the last 20 kyr (Lamy et al., 1998; Stuut et al., 2007; Stuut and Lamy, 2004). We therefore consider the signal of modern 

fluvial sediments recorded by Gaviria-Lugo et al. (2023a, b) as representative of continental conditions and use it to calibrate 

the signal recorded in marine archives. The dataset reported is Gaviria-Lugo et al. (2023a, b) is composed of fluvial and marine 

surface sediments. The fluvial sediments were sampled in March 2019 near the mouth of the main rivers or streams along 

Chile (26°S - 42°S, Fig. 1), as well as in two smaller catchments in the Coastal Cordillera. The marine surface sediments 115 

(MUC) are from the R/V SONNE cruise-SO156 (Hebbeln and Shipboard Scientists, 2001) and the R/V SONNE cruise SO-

102 (Hebbeln and Shipboard Scientists, 1995). 

We selected two sediment gravity cores to reconstruct past hydrological changes (Fig. 1). At 33°S, core GeoB3304-5 (32.89°S-

72.19°W, R/V Sonne Cruise SO102, Hebbeln and Shipboard Scientists, 1995) comprises sediments transported by the Maipo 

and the Aconcagua Rivers. At 36°S near the mouth of the Biobío and the Itata Rivers, we selected core 22SL (36.22°S - 73-120 

68°W, Sonne Cruise SO161-5, Wiedicke-Hombach and Shipboard Scientific Party, 2002). To extend the latitudinal coverage 

of this study, we combined these two records with the published δ2Hwax record of site GeoB7139-2 (30.20°S-71.98°W, R/V 

Sonne Cruise SO156, Hebbeln and Shipboard Scientists, 2001) from Kaiser et al. (2024). We also report new radiocarbon ages 

for these three sites. From a sedimentological point of view, site GeoB7139-2, located near the mouth of the Elqui and Limarí 

Rivers, closely resembles that of sites GeoB3304-5 and 22SL with source areas extending from the Pacific coast to the high 125 

Andes. The δ2Hwax values measured at this site are thus considered directly comparable to the values reported for sites 22SL 

and GeoB3304-5. This contrasts with latitudes south of 41°S where source areas are restricted to lower altitudes due to 

important sediment storage associated with the Chilean Lake District (Bernhardt et al., 2017). Consequently, the δ2Hwax  record 

of site ODP1233 (41°S; Kaiser et al., 2024) is not directly compared to the records further north. This record is however 

addressed in the Discussion.  130 

2.2 Climate features and temporal patterns along the west coast of South America 

The ITCZ controls precipitation in northern South America (Fig. 2, e.g., Garreaud et al., 2009; Waliser and Gautier, 1993). 

The latitudinal position and the width of the ITCZ vary at different timescales (e.g., Haug et al., 2001b; Koutavas et al., 2006; 

Sachs et al., 2009; Yuan et al., 2023). The modern ITCZ migrates in the Pacific region between approximately 10°N in the 

austral winter to approximately 2-5°N during the austral summer, with a southern extent reaching northern Peru (Fig. 2a and 135 

b; Garreaud, 2009; Strub et al., 1998). These seasonal oscillations resemble the trends detected at longer timescales that suggest 
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a migration of the ITCZ to the warmer hemisphere caused by cross-equatorial heat transport (e.g., Haug et al., 2001b; Koutavas 

et al., 2006; Schneider et al., 2014). This highlights a strong control of temperature differences between the hemispheres, and 

the energy balance in the tropics on the position of the ITCZ from decadal to orbital timescales (Mohtadi et al., 2016).  

The position and intensity of the SPH controls the climate in central Chile (Fig. 2; Ancapichún and Garcés-Vargas, 2015; 140 

Barrett and Hameed, 2017; Dima and Wallace, 2003; Garreaud et al., 2009; Strub et al., 1998). At present, the southern extent 

of the SPH causes warm and dry conditions as far south as ca. 35°S during the austral summer (Fig. 2b), while its southern 

boundary shifts northward during the austral winter, following the migration of the polar front of the SWWs to around 27°S 

in modern climate (Fig. 2a; Ancapichún and Garcés-Vargas, 2015; Flores-Aqueveque et al., 2020; Garreaud, 2009; Strub et 

al., 1998). In addition, the equatorward winds of the SPH enhance upwelling offshore Chile (e.g., Rahn and Garreaud, 2014; 145 

Schneider et al., 2017). The ascent of cold subsurface waters causes a cooler and drier atmosphere aloft, and fog formation 

(e.g., Garreaud et al., 2001, 2008). Moisture spells associated with the SPH are thus primarily sourced from local water.  

The SWW belt lies at extratropical and subpolar latitudes (Fig. 2) and undergoes seasonal shifts in configuration (Fig. 2; e.g., 

Garreaud, 2009; Garreaud et al., 2009; Nakamura and Shimpo, 2004; Strub et al., 1998). During austral winter, modern SWWs 

split into a subtropical jet at ca. 30°S–35°S and a subpolar jet at ca. 50°S–60°S. During the austral summer, the two jets 150 

converge into a mid-latitude jet located around 40°S (Bals-Elsholz et al., 2001; Gallego et al., 2005; Garreaud et al., 2009; 

Inatsu and Hoskins, 2004; Nakamura and Shimpo, 2004). This results in latitudinal migration of SWW-driven precipitation in 

Chile (Garreaud et al., 2009). During winter, the strengthening of the subtropical jet shifts SWW-driven precipitation 

northward, while during the austral summer, the alignment of the SWWs with the mid-latitude jet shifts the SWW-driven 

precipitation southward (Nakamura et al., 2004). On the windward side of the Andes, the SWW-driven precipitation ‒ 155 

modulated by the relative strength of the subtropical and mid-latitude jets ‒ is furthermore divided into two zones: a core zone 

corresponding to the primary westerlies storm tracks and a peripheral zone influenced by the northward propagation of the 

disturbances from the core zone. During the austral summer and autumn, the SWW core zone is centered around 50°S and the 

SWW-driven disturbances (i.e., peripheral zone) extend up to ca. 35°S, where they are blocked by the SPH (see above; Strub 

et al., 1998). During winter, strong precipitation forming the SWW core prevails south of 40°S, while the strengthening of the 160 

subtropical jet drives the SWW-driven precipitation of the peripheral zone northward up to the latitude of 27°S, which 

corresponds to the southern front of the SPH (Barrett and Hameed, 2017; Flores-Aqueveque et al., 2020; Strub et al., 1998). 

In contrast to the moisture spells associated with the SPH, the SWW-driven precipitation thus originates from more distant 

water sources along the storm track. 

Climate phenomena acting at intra-annual to decadal timescales influence the west coast of South America. These include the 165 

El-Niño Southern Oscillation (ENSO; e.g., Cai et al., 2020; Garreaud et al., 2009; Montecinos and Aceituno, 2003), the Pacific 

(Inter)Decadal Oscillation (PDO or ENSO-like variability; e.g., Garreaud et al., 2009; Garreaud and Battisti, 1999; Zhang et 

al., 1997), the Southern annular mode (Gillett et al., 2006; SAM or Antarctic Oscillation; e.g., Gong and Wang, 1999; Marshall, 

2003; Thompson and Wallace, 2000) and the Madden-Julian Oscillation (e.g., Madden and Julian, 1994). Most interannual 

variance in temperature and precipitation in South America can be explained by ENSO, the PDO and the SAM (Garreaud et 170 
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al., 2009; Grimm, 2011; Thompson and Wallace, 2000). Here, as the PDO conditions resemble ENSO conditions (further 

termed here as ENSO-like conditions; Garreaud et al., 2009; Garreaud and Battisti, 1999), we focus on the SAM and the ENSO 

phenomena. 

The SAM affects extra-tropical latitudes in the SH (Garreaud et al., 2009; Gillett et al., 2006; Thompson and Wallace, 2000) 

and refers to the latitudinal displacement of the SWW belt. A positive mode leads to a strengthened SWWs shifted poleward 175 

and a warming of the latitudes south of 40°S, while a negative SAM is associated with an equatorward shift of the SWWs 

(Garreaud et al., 2009; Thompson and Wallace, 2000). Whereas the SAM primarily affects the extra-tropical latitudes of the 

SH, the ENSO phenomenon influences all climate systems of South America (e.g., Cai et al., 2020; Garreaud et al., 2009). 

The ENSO phenomenon consists of sea-surface temperature (SST) anomalies occurring irregularly every 2 to 7 years in the 

tropical Pacific (Diaz and Markgraf, 1992) with two typical modes, i.e., the classically defined El-Niño and La-Niña modes. 180 

During the positive or El-Niño (negative or La-Niña) phase of ENSO, warm (cold) SST anomalies are recorded in the tropical 

Pacific. During El Niño (La Niña) events, the ITCZ commonly migrates southward (northward) (e.g., Schneider et al., 2014) 

and has a wider (narrower) width (Fig. 2; Wodzicki and Rapp, 2020). These displacements are associated with changes in the 

atmosphere-ocean energy balance in the Tropics (Schneider et al., 2014). ENSO also tends to influence the central Pacific 

Hadley cells that contract equatorward (extended poleward) and strengthen (weaken) during El-Niño (La-Niña) modes (Li et 185 

al., 2023; Nguyen et al., 2013). This results in an equatorward shift of the contracted SPH during El Niño phases (Fig. 2d) and 

a southward extending SPH during La Niña phases (Fig. 2c; e.g., Campos and Rondanelli, 2023). Similar climate modulations 

have been observed in connection with the PDO (Ancapichún and Garcés-Vargas, 2015; Pezza et al., 2007). During El-Niño 

events, above-average precipitation also occurs in winter and spring across central Chile (ca. 27°S-35°S) reflecting a northward 

shift of SWW-driven precipitation caused by the contraction of the SPH and anticyclonic activities in the Amundsen-190 

Bellingshausen Seas (Fig. 2d; Campos and Rondanelli, 2023; Montecinos and Aceituno, 2003). Conversely, below-average 

precipitation is associated with the La Niña phase, when the SPH moves south (Fig. 2c; Montecinos et al., 2000; Montecinos 

and Aceituno, 2003). Overall, the strong response of SWW-driven precipitation to SST anomalies near the Equator highlights 

the interconnectivity of SH climate features and underlines the presence of atmospheric pathways (or teleconnections). 

 195 
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Figure 2. Schematic representation of the modern climate conditions on the west coast of South America. (a) Austral Summer, (b) Austral 

Winter, (c) La Niña-like conditions, (d) El Niño-like conditions. The blue arrows indicate the main source of moisture. The black arrows 

indicate wind direction and intensity. The dashed lines indicate the core of the ITCZ and the SWW belt. The blue minus and red plus signs 

indicate more negative and positive δ2Hprecip values, respectively. Note that these schematic climate conditions are described with a focus on 200 
the west coast of South America and are only broadly depicting the climate conditions of the Amazon basin and the east coast of South 

America (see SASM – South American Summer Monsoon). The blue dots correspond to the three marine sampling sites. Mean δ2Hprecip 

maps in January and July are from Bowen et al. (2005) and Bowen and Revenaugh (2003; Waterisotopes Database, 2017, accessed the 

29.03.2024). The digital Elevation Model is from the GEBCO Bathymetric Compilation Group (2019). Sects. 2.2 and 2.3 for references. 
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3 Methods 205 

3.1 Sampling Strategy 

The sampling strategy for the modern data set composed of fluvial sediments and used to calibrate the marine archives ‒ for 

which we report carbon isotope analyses ‒ is described in Gaviria-Lugo et al. (2023a). For hydrogen and carbon isotope 

analyses, the marine cores GeoB3304-5 (Hebbeln and Shipboard Scientists, 1995) and 22SL (Wiedicke-Hombach and 

Shipboard Scientific Party, 2002), consisting of approximately 9 meters of marine sediments, were sampled with a resolution 210 

of ca. 500 years per sample. One to two centimeters of fine hemipelagic sediments were sampled for each depth, specifically 

targeting the intervals showing low signs of reworking and an absence of turbidite deposits. The samples were stored in pre-

combusted glass vials stored in a cold room. To refine age-depth models and complement previously published radiocarbon 

ages, approximately 50 g of fine hemipelagic sediments were sampled at each targeted depth at sites GeoB3304-5, 22SL and 

GeoB7139-2. 215 

3.2 Radiocarbon age-depth models 

We generated new age-depth models for the three marine sites discussed here using previously published radiocarbon ages 

(Bernhardt et al., 2015; De Pol-Holz et al., 2010; Martínez Fontaine et al., 2019; Mohtadi and Hebbeln, 2004) supplemented 

by a set of new radiocarbon ages measured at the Poznań Radiocarbon Laboratory. In total, 6 new radiocarbon ages were 

acquired on monospecific samples of Globigerina bulloides for site GeoB7139-2, to complete the dataset of Mohtadi and 220 

Hebbeln (2004) previously acquired on mixed planktic assemblages. For site GeoB3304-5, the radiocarbon ages published in 

Bernhardt et al. (2015) were supplemented with 7 new radiocarbon ages from G. bulloides. For site 22SL, the existing 

radiocarbon ages of De Pol-Holz (2010) and Martínez Fontaine et al. (2019) from monospecific samples of G. bulloides, mixed 

planktic foraminifera assemblages and mixed benthonic foraminifera assemblages were supplemented by 6 new radiocarbon 

ages acquired on mixed benthic assemblages (due to the low concentration in planktic foraminifera in the uppermost two 225 

meters of sediment). We preferred previously published ages acquired on planktic foraminifera samples over benthic 

foraminifera samples for core sections with a high density of radiocarbon age measurements. 

The age-depth models were generated using the BACON v3.2.0 Bayesian age-depth model algorithm developed by Blauuw 

and Christen (2011). Abrupt changes in sediment accumulation rates as well as turbidites were integrated in the models. To 

consider the complex ventilation history of the water masses along Chile, two different scenarios were modelled for each site 230 

(Sect. 4.1). The parameters used for each BACON age-depth model are detailed in Figs. S2 to S7 reported in the Supplementary 

Material. 

3.3 Lipid extraction and n-alkane abundances 

The lipid extraction method of the modern river and marine surface sediments for which carbon isotope measurements are 

reported here can be found in Gaviria-Lugo et al. (2023a). For the marine hemipelagic sediments of sites GeoB3304-5 and 235 
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22SL, the samples were freeze-dried for 48 h and homogenized in an agate mortar before further treatment. Approximately 20 

g of sediments were used to extract and purify lipids following the procedure described in Rach et al. (2020). The total lipid 

extracts (TLE) were first extracted with a Dionex Accelerated Solvent Extraction system (ASE 350, ThermoFisher Scientific) 

at 100°C and 103 bar pressure using a dichloromethane (DCM): methanol (MeOH) mixture (9:1, v/v). Two extraction cycles 

of 20 min (static time) were used. The TLE were collected in combusted glass vials and evaporated with nitrogen and spiked 240 

with 10 µg of 5α-androstane as internal standard. The organic lipids were then purified and separated into aliphatic, aromatic 

and alcohol/ fatty acid fractions by manual solid phase extraction (SPE) using 8 mL glass columns filled with 2 g of silica gel. 

Hexane, Hexane: DCM (1:1) and DCM: Methanol (1:1) were used to extract the different fractions. The aliphatic and aromatic 

fractions showing signs of sulfur were desulfurized by elution with active copper powder. All aliphatic fractions were cleaned 

by silver nitrate-coated silica gel to remove unsaturated compounds. 245 

The n-alkanes contained in the aliphatic fraction were quantified with an Agilent 7890A gas chromatograph (GC) with a 30 m 

Agilent DB-5MS UI column (0.25 µm film thickness, 25 mm diameter). The GC was coupled to a flame ionization detector 

(FID) and an Agilent 5975C mass spectrometer (MS). The internal standard was used to normalize the peak areas of n-alkane 

and the results normalized to the initial dry weight used for the TLE. 

The abundance of the n-alkanes was assessed by the total concentration of the odd-numbered-n-alkanes C25 to C33 of the dry 250 

weighted samples. Furthermore, the distribution of the n-alkanes was evaluated using the n-alkane average chain length (ACL) 

index (i.e., the weighted abundance of higher plant n-alkanes, C25-C35). The ACL index was calculated using the odd-carbon 

numbered n-alkanes C25 to C33 due to the low abundance of C35 in some samples (Eq. 1). 

𝐴𝐶𝐿 =
25×𝐶25+27×𝐶27+29×𝐶29+31×𝐶31+33×𝐶33

𝐶25+𝐶27+𝐶29+𝐶31+𝐶33
         (1) 

3.4 Hydrogen and carbon isotope analyses 255 

Stable hydrogen (δ2H) and the carbon (δ13C) isotope ratios of the n-alkanes in the aliphatic fraction of the sites GeoB3304-5 

and 22SL were measured with a Trace GC 1310 (ThermoFisher Scientific) coupled to a Delta V plus Isotope Ratio Mass 

Spectrometer (IRMS) (ThermoFisher Scientific) following the procedure described in Rach et al. (2020). 30 m Agilent DB-

5MS UI columns (0.25 µm film thickness, 25 mm diameter) were used in the GC. The program used for the GC oven was 

described in Rach et al. (2014). All measurements were replicated and the average δ2H values was determined for each sample. 260 

The associated standard deviation and the number of replicates are reported for each sample.  

Before and after each sequence an n-alkane standard mix A6 (n-C16 to n-C30) from A. Schimmelmann (Indiana University) 

with known hydrogen isotope values was measured and used to correct and transfer the measured δ2H values to the Vienna 

Standard Mean Ocean Water (VSMOW) scale. The mean standard deviation of all (n) measured for the n-C29 alkane was 1.31 

‰ (n = 198) and 1.08‰ for the n-C31 alkane (n=199). For all peaks of the A6 standard mix (n=900), we calculated a mean 265 

standard deviation of 1.25‰. The H3+ factor was determine before each sequence and had a mean of 5.76 ± 0.45 (n=7) over 

the measuring period. 
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The carbon isotope ratios of the fluvial and marine surface sediments presented in Gaviria-Lugo et al. (2023a) were acquired 

following the same procedure. To compare the carbon isotope composition of sedimentary archives from the pre-industrial 

period with recent sediments, we corrected the δ13C composition of the modern sediments for changes in the carbon isotope 270 

composition of the atmosphere caused by anthropogenic activities (Suess effect). Atmospheric CO2 δ13C was ca. -6.6 ‰ before 

the Industrial Revolution and around -8.4 in 2015 (Graven et al., 2017). Here, the river sediments sampled in 2019 are regarded 

as integrating organic matter produced over 5 to 10 years and a correction of 1.8‰ (δ13Catm 2015- δ13Catm 1850) was thus applied 

to their δ13C values. The marine surface sediments sampled between 1 and 2 cm below seafloor (cmbsf) are regarded as 

integrating over ca. 100 years assuming a sediment accumulation rate of 20 cm/kyr. A correction of 0.4 ‰ (δ13Catm 1950- δ13Catm 275 

1850) was thus applied to their δ13C values. 

3.5 Statistical methods 

In their mathematical form, ratios represent exclusively real positive numbers. Yet, most multivariate statistics were developed 

for datasets ranging from negative infinity to positive infinity (i.e., real numbers). The isotope ratios reported here were 

therefore processed using the theory of compositional data analysis (Aitchison, 1982, 2005; Weltje, 2002; Weltje et al., 1996). 280 

The isotope ratios were transposed from their conventional notation (δ2H in ‰) into simple ratios (Rsample/Rstandard, where 

R=H2/H), before being converted into real-valued numbers by log-ratio transformations. The log-ratio transformed data were 

used to derive simple moving averages (n=15, on the time-series resampled at a frequency of 100 yr). All values were 

transformed back to their native space for further visualizations. Moving averages were used to detect increasing and 

decreasing trends in the δ2Hwax records. 285 

3.6 GIS methods 

To evaluate the controls on the δ2Hprecip signature of modern precipitation along Chile, we extracted catchment-averaged 

δ2Hprecip values for the month of January, July and for the entire year from the raster maps of Bowen et al. (2005) and Bowen 

and Revenaugh (2003; Waterisotopes Database, 2017; annual mean, January and July maps) using catchment outlines from 

the HydroBASINS product (Level 6, Lehner et al., 2006; Lehner and Grill, 2013, Fig. 3 and Fig. S8 reported in the 290 

Supplementary Material). Catchment-averaged mean annual temperature and precipitation amount were also extracted from 

WorldClim (WorldClim v. 2.1, 1970-2000, ca. 5 km spatial resolution; Fick and Hijmans, 2017) and the TRMM 3B43 products 

(European Commission, Joint Research Centre (JRC), 2015), respectively. 

4 Results 

4.1 Age-depth models 295 

New age-depth models were established for cores GeoB7139-2 (30°S), GeoB3304-5 (33°S) and 22SL (36°S) using previously 

published and newly acquired radiocarbon ages (Table S1 in Läuchli et al., 2025, see Data availability). As past changes in the 
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deep ocean stratification are complex along Chile (De Pol-Holz et al., 2010; Haddam et al., 2018; Siani et al., 2013) and water 

masses with different reservoir ages likely influenced the study area (Martínez Fontaine et al., 2019), we consider two 

scenarios. In the first scenario, we use reservoir ages from offshore Chile combined with the atmospheric SHCal20 calibration 300 

curve (Hogg et al., 2020), while in the second scenario, we directly use the Marine20 calibration curve (Heaton et al., 2020) 

with local corrections to the global ocean reservoir. 

In the first scenario, the sites are considered influenced predominantly by Subantarctic Water (SAAW) following scenario 1 

of Martínez Fontaine et al. (2019). This is supported by the modern occurrence of SAAW at 28°S (Silva et al., 2009) and 

evidence for a predominant influence of the SAAW at 31°S before ca. 15.5 ka BP (Martínez Fontaine et al., 2019). After 305 

around 15.5 ka BP, evidence suggests a mixing of the SAAW, the Equatorial Subsurface Water (ESSW) and the Antarctic 

Intermediate Water (AAIW) at the studied sites (Martínez Fontaine et al., 2019). However, we followed a conservative 

approach and attributed the reservoir ages of the SAAW to the entire time-span investigated here as the proportion of the 

different water masses occurring at each site remains unknown. Furthermore, better constraints exist for the reservoir ages of 

the SAAW compared to the ESSW near the studied sites. The reservoir ages of the SAAW were determined at 47°S (Haddam 310 

et al., 2018; Siani et al., 2013), while the reservoir ages of the ESSW were constrained further away at the equator (Umling 

and Thunell, 2017). A modification of the reservoir age of the ESSW is also anticipated during its transport south due to 

potential mixing with Antarctic Intermediate Water (AAIW). A comparison of the reservoir ages of the ESSW and the SAAW 

suggests a difference of less than ca. 400 years for most of the periods where reservoir ages are available for both water masses 

since 20 ka BP. An exception occurred at around 14.4 ka BP during which a difference of about 1,200 years, caused by the 315 

relatively small reservoir ages reconstructed at the equator (Umling and Thunell, 2017), was observed between the reservoir 

ages of the ESSW and the SAAW. In scenario 1, uncertainties of less than about 400 yr are therefore implied for the reservoir 

ages over the last 20 kyr, with potentially higher uncertainties between 13.8 and 14.8 ka BP. For the first scenario, we thus 

combined the reservoir ages characterizing the SAAW water mass, as published in Haddam et al. (2018) and Siani et al. (2013), 

with the SHCal20 calibration curve (Hogg et al., 2020) to reconstruct age-depth models. 320 

In the second scenario, the Marine20 calibration curve (Heaton et al., 2020) was applied directly with corrections to the global 

ocean reservoir (ΔR) based on n reservoir age deviation from Merino-Campos et al. (2019) reported in the 

http://calib.org/marine/ database as follows: -55 ± 25 yr for site GeoB7139-2 (n=1), 19 ± 85 yr for site GeoB3304-5 (n=6, 

weighted mean) and 49 ± 30 yr for site 22SL (n=6, weighted mean). 

In both scenarios, the radiocarbon ages obtained from benthic foraminifera, under the influence of deeper water masses, were 325 

corrected using the offsets between benthic and planktic radiocarbon ages reported by Siani et al. (2013) at site MD07-3088 

(46°S, 1,536 m water depth).The reservoir ages and offsets used in each scenario are provided in Table S1 (Läuchli et al., 

2025, see Data availability).  

The modelled sediment ages span 36 and 1 ka BP (Scenarios 1 and 2, Table S2 in Läuchli et al., 2025, see Data availability) 

for site GeoB7139-2, and up to about 24 ka BP and 20 ka BP for sites GeoB3304-5 and 22SL, respectively (Scenarios 1 and 330 

2, Tables S3 and S4 in Läuchli et al., 2025, see Data availability). The differences between the two scenarios modelled are 
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reported in the Tables S2 to S4 (Läuchli et al., 2025, see Data availability). Reconstructions based on scenario 2 generally 

yielded older ages compared to those of scenario 1. For sites GeoB7139-2 and GeoB3304-5, the largest differences inferred 

for the two scenarios during the last 25 kyr were approximately 900 years (Tables S2 and S3 in Läuchli et al., 2025, see Data 

availability). In contrast, differences up to 2,400 years were recorded in site 22SL (between ca. 7 and 9 ka BP in scenario 1). 335 

These discrepancies highlight the relatively large uncertainties associated with the age models developed here and the ages 

inferred throughout this work. However, we consider scenario 1 to more accurately reflect the complex stratification and 

mixing of the water masses of the study area, which may not be fully captured by the Marine20 calibration curve based on a 

global-scale simulation. Therefore, we used scenario 1 for further analyses in this study. 

4.2 Biomarker analyses 340 

4.2.1 Average chain lengths (ACL) and abundances of n-alkanes 

The abundance and distribution of n-alkanes in samples from sites GeoB3304-5 and 22SL are reported in Tables S5 and S6 

(Läuchli et al., 2025, see Data availability). At site GeoB3304-5 (33°S), n-alkane concentrations varied between 0.24 and 4.75 

µg g-1 sediment dry weight (dw). At site 22SL (36°S), the n-alkane concentrations ranged between 0.42 and 3.4 µg g-1 dw. 

Similar ACL were derived for both sites with values ranging between 29.2 and 30 for site GeoB3304-5 and 29.5 and 30 for 345 

site 22SL (Tables S6 and S7 in Läuchli et al., 2025, see Data availability). The two most abundant odd-numbered n-alkanes 

were n-C29 and n-C31, with slightly higher concentrations for the n-C31 homologue. No clear trend was detected in the 

abundance and distribution of the n-alkanes in the marine archives.  

4.2.2 Leaf-wax n-alkane hydrogen isotope ratios of the marine sites 

The hydrogen isotope compositions (δ2Hwax, n-C31) of sites GeoB3304-5 and 22SL varied between -188 and -154 ‰ and -188 350 

and -164 ‰, respectively (Figs. 4 and 5, Tables S5 and S6 in Läuchli et al., 2025, see Data availability), while the δ2Hwax 

values of the n-C29 records varied between -181 and -145 ‰ and -181 and -155 ‰, respectively (Figures S11 and S13 reported 

in the Supplementary Material, and Tables S5 and S6 reported in Läuchli et al., 2025, see Data availability). The figures 

showing the n-C29 alkane records  ‒ closely resembling the δ2Hwax n-C31 values albeit with overall higher δ2Hwax ‒ are included 

in the Supplementary Material (Figs. S9 to S13 reported in the Supplementary Material) as not allowing a direct comparison 355 

with the δ2Hwax n-C31 record of Kaiser et al. (2024). In site 22SL, δ2Hwax values smoothed using a 1500-year moving average 

(Sect. 3.5) are relatively stable over time, despite relatively high dispersions of the data (Fig. 4 and Fig. S11 reported in the 

Supplementary Material) and an increase detected in the δ2Hwax n-C31 values between 15 and 13 ka BP (Fig. 4 and Figs. S10 

and S11 reported in the Supplementary Material). At site GeoB3304-5, similar fluctuations were detected in the moving 

average-smoothed δ2Hwax records of the n-C29 and n-C31 alkanes (Fig. S9 reported in the Supplementary Material). These data 360 

suggest past changes in the δ2Hprecip signals along Chile. 
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4.2.3 Carbon isotope ratios (δ13Cwax) of fluvial and marine sediments 

The carbon isotope ratios (δ13Cwax) of leaf-wax n-alkanes in fluvial sediments, corrected for the pre-industrial carbon isotope 

composition of the atmosphere, ranged from -34.6 to -26.8‰ (n-C31) and -34.2 to -27.1 ‰ (n-C29, Fig. 1d, Table S7 in Läuchli 

et al., 2025, see Data availability). The δ13Cwax of marine surface sediments, corrected for the pre-industrial carbon isotope 365 

composition of the atmosphere, ranged from -34 to -29.9‰ (n-C31) and -33.6 to -29.3‰ (n-C29, Fig. 1d, Table S7 in Läuchli 

et al., 2025, see Data availability). At site GeoB3304-5, the δ13Cwax values varied between -32.7 and -29.9‰ for the n-C31 n-

alkane homologue and -32.6 and -29.3‰ for the n-C29 n-alkane homologue (Fig. 4 and Fig. S11 reported in Supplementary 

Material, Table S5 reported in Läuchli et al., 2025, see Data availability). For site 22SL, the carbon isotope ratios ranged 

between -32.8 and -29.9‰ for the n-C31 n-alkane homologue and -32.9 and -30.4‰ for the n-C29 n-alkane homologue 370 

homologue (Fig. 4, Fig. S11 reported in Supplementary Material, Table S4 reported in Läuchli et al., 2025, see Data 

availability). Relatively stable moving averages were detected in the carbon isotope records at sites GeoB3304-5 and 22SL 

with both sites displaying similar ranges of values (Fig. 4 and Fig. S11 reported in Supplementary Material). 

4.2.4 Catchment-averaged climate variables and δ2H values of modern precipitations along Chile 

Catchment-averaged δ2Hprecip values are shown in Fig. 3 and reported in Table S8 (Läuchli et al., 2025, see Data availability). 375 

The modern mean annual catchment-averaged δ2Hprecip values ranged between ca. -103 and -44‰. Modern mean catchment-

averaged δ2Hprecip values ranged between -104 and -23 ‰ for January and between -105 and -28‰ for July. The modern mean 

catchment-averaged temperature and precipitation amounts are reported in Table S8 (Läuchli et al., 2025, see Data 

availability). 

 380 
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Figure 3. Modern catchment-averaged δ2Hprecip values and δ2Hwax values from major river sediments (Gaviria-Lugo et al., 2023a, b) by 

latitude in Chile. Note the negative signal of the SWW belt in the three δ2Hprecip models reported here. During austral summer (January), the 

SPH, characterized by higher δ2Hprecip values due to the more local origin of vapor, is recorded as far south as ca 35°S (Sect. 2.2). The more 385 
negative δ2Hprecip values detected north of 27°S are associated with the South American Summer Monsoon and thus vapor source from the 

amazonian basin. During austral winter, the peripheral zone of the SWWs influences precipitation as far north as 27°S, north of which 

δ2Hprecip values reflect the SPH. Mean annual δ2Hprecip values are mainly controlled by SWW-driven precipitation south of 27°S, as these 

values resemble those of July, and the SASM-driven precipitation north of 27°S, as values then resemble those of January. The δ2Hwax values 

of modern river sediments integrating annual precipitation (Gaviria-Lugo et al., 2023a, b) reflect the signal of the peripheral zone of the 390 
SWWs. The blue gradient is a schematic representation of the SWW core and peripheral zones. 

 

5. Discussion 

5.1 δ13Cwax values as recorders of past changes in plant water use efficiency along Chile 

The carbon isotope ratios of leaf-wax n-alkanes (expressed as δ13Cwax values) are mainly controlled by plant ecophysiology 395 

(i.e., C3 or C4 pathway plant assemblages) and their response to water availability (i.e., water-use efficiency; e.g., Bi et al., 

2005; Diefendorf et al., 2015; Liu et al., 2015). At present, the latitudes between 26°S and 41°S are characterized by highly 

heterogenous vegetation, mostly C3 pathway plants (Powell and Still, 2009), and a strong climate gradient, yet the δ13Cwax 

values from modern river sediments cluster between -34.6 and -31.3‰ (n-C31) between 30°S and 42°S (Fig. 1d). This low 

variability in modern δ13Cwax values is consistent with the predominance of C3 pathway plants and/or suggests similar water 400 

use efficiency of the different plant assemblages between 30°S and 42°S despite the strong climate gradient of Chile.  

The average δ13Cwax values of sites GeoB3304-5 and 22SL remained relatively stable during the last 20 kyr (Fig. 4 and Fig. 

S11 reported in the Supplementary Material), despite evidence for vegetation changes (e.g., Heusser et al., 2006b; Werner et 
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al., 2018). This suggests similar plant ecophysiology and/or water-use efficiency since the LGM and confirms the secondary 

role of vegetation type and ecophysiology in setting the isotope composition of leaf-wax plants n-alkanes along Chile. 405 

At present, higher δ13Cwax values characterize the modern arid and hyperarid conditions north of 30°S. The slightly higher 

δ13Cwax values of the marine archives compared to the present values (corrected for pre-industrial δ13C levels, Fig. 1d) thus 

suggest overall drier conditions than present at latitudes of 33°S and 36°S over the last 20 kyr. Nevertheless, δ13Cwax values 

above -28 ‰ are absent in the paleorecords. Such values are characteristic of modern latitudes north of 27°S (Fig. 1) and are 

attributed to plant and soil water evapotranspiration under hyperarid conditions that also affect the hydrogen isotope ratios 410 

(Gaviria-Lugo et al., 2023a). We thus hypothesize that the hyperarid conditions of today north of 27°S never occurred at 33°S 

and 36°S during the last 20 kyr. 

5.2 Leaf-wax n-alkane hydrogen isotope ratios as a moisture source proxy along Chile 

The δ2H values of leaf-wax n-alkanes (Fig. 4 and Fig. S11 reported in the Supplementary Material) are mainly controlled by 

the isotope signature of local meteoric waters (δ2Hprecip) (Gaviria-Lugo et al., 2023a; Sachse et al., 2012). Gaviria-Lugo et al. 415 

(2023a) assessed the factors controlling δ2Hwax along Chile and found that modern continental meteoric water δ2H is robustly 

recorded in offshore δ2Hwax records under humid to arid conditions, while vegetation type is not a significant parameter. With 

the onset of hyperaridity the relationship between meteoric water δ2H and δ2Hwax ceases to be linear and plant and soil water 

evapotranspiration additionally leads to higher δ2Hwax signal (>ca. -150 ‰) – confirming sedimentary δ2Hwax as a robust 

recorder of hydrological change. As high δ2Hwax values (>ca. -150 ‰) do not occur in the marine archives, we interpret the 420 

past δ2Hwax records as past changes in δ2Hprecip composition. 

The main controls on δ2Hprecip values are air temperature (itself controlled by latitude and elevation, Bowen et al., 2019; 

Dansgaard, 1964; Rozanski et al., 1993), rainfall amount in tropical regions (Bowen et al., 2019; Dansgaard, 1964), continental 

re-evaporation (Bowen et al., 2019; Salati et al., 1979) and/or the moisture source region and vapor transport (Bailey et al., 

2018; Bowen et al., 2019; Putman et al., 2017; Tian et al., 2007). The short and homogenous distances to coastline along Chile 425 

suggest re-evaporation is unlikely to affect δ2Hprecip values (i.e., δ2Hwax values along Chile). Low to absent correlations 

determined between catchment-averaged δ2Hprecip values and mean annual precipitation amount (r2=0.22, n=39) also indicate 

negligible control on δ2Hprecip values by precipitation amount. Catchment-averaged δ2Hprecip values and mean annual 

temperature are correlated (r2= 0.67, n=40 with an increase of ca. 6‰ per °C), although this partly results from the modelling 

of δ2Hprecip values as a function of altitude and latitude (i.e., temperature; Bowen et al., 2005; Bowen and Revenaugh, 2003). 430 

A direct comparison of modern δ2Hwax values (n-C31) and mean annual temperature from Gaviria-Lugo et al. (2023a) yields 

less correlation (r2=0.4, n=26) suggesting a secondary role of temperature in setting δ2Hwax ratios. This secondary role of 

temperature is confirmed by the divergent response of past δ2Hwax records (sites GeoB3304-5 and 22SL) to similar changes in 

sea surface temperature (ca. 4°C between 17 and 11 ka BP) at 30°S (SST, UK’37 Index, site GeoB7139-2, Kaiser et al., 2008, 

2024) and 36°S (SST, UK’37 Index, site ODP202-1234, de Bar et al., 2018a, Fig. 5). By a process of elimination, we thus 435 

consider δ2Hwax ratios mostly controlled by moisture source origin and vapor transport.  
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We recognize four distinct δ2Hprecip signals along Chile based on the modern catchment-averaged δ2Hprecip values (Figs. 2 and 

3). North of 27°S, catchment-averaged δ2Hprecip values more negative than ca. -60‰ (January) are associated with South 

American Summer Monsoon-driven precipitation (SASM, Figs. 2 and 3, e.g., Garreaud et al., 2009; Vera et al., 2006). Such 

δ2Hprecip values are consistent with water vapor transport over the Amazonian basin (Fig. 2). Note that north of 27°S, mean 440 

annual δ2Hprecip values are mainly governed by SASM-driven precipitation. Higher δ2Hprecip values (> -40‰, Figs. 2 and 3) 

between ca. 27°S and 35°S in January, and north of 27°S in July are consistent with SPH-associated moisture and its more 

local vapor sources (Sect. 2.2). Further south, SWW-driven precipitation controls δ2Hprecip values. Between ca. 45°S and 50°S, 

values as negative as -100‰ characterize the SWW core, while, further north, values around -60‰ characterize the peripheral 

zone of the SWW belt. Note that SWW-driven precipitation controls mean annual δ2Hprecip signals south of 27°S as these values 445 

resemble those of July (Fig. 3). Past changes in δ2Hprecip values (and thus δ2Hwax values) at a fixed latitude thus reflect latitudinal 

migration of these climate features. As SASM-driven precipitation are largely limited to north of 27°S on the windward side 

of the Andes by the topographic barrier associated with the Arid Diagonal Zone (Luebert, 2021), we interpret past δ2Hwax 

records between 30°S and 36°S in terms of precipitation associated with the SPH, the peripheral zone of the SWW belt and 

the SWW core.  450 

We use the modern δ2Hwax values of river sediments reported in Gaviria-Lugo et al. (2023a) to constrain the signal of the 

peripheral zone of the SWW belt. Under the assumption that modern river sediment δ2Hwax ratios integrate precipitation over 

the entire year, the values reported in Gaviria-Lugo et al. (2023a) between 30°S and 42°S reflect the signal of the peripheral 

zone of the SWW belt (Fig. 3). We thus derived the 5th and 95th percentiles of the modern δ2Hwax values of rivers located 

between 30°S and 42°S to classify past δ2Hwax records. The δ2Hwax values ranging between -178 ‰ and -156 ‰ (n-C29) and -455 

172 ‰ and -158 ‰ (n-C31) were classified as under the influence of the peripheral zone of the SWW belt. Values above these 

ranges were classified as under the influence of the SPH and below, as indicating a closer proximity to the SWW core (Fig. 4 

and Fig. S11 reported in the Supplementary Material). Note that, while the modern δ2Hprecip values cover a range of ca. 60‰, 

a maximum range of ca. 35‰ was recorded by the past δ2Hwax values. This suggests that the latitude between 36°S and 30°S 

did not experienced the entire range of modern conditions (i.e., SWW core to SPH). Nevertheless, we interpret higher δ2Hwax 460 

values as indicating a stronger influence of the SPH ‒ that is, drier conditions ‒, while lower δ2Hwax values reflect a stronger 

influence of the SWW core ‒ meaning more frequent and intense precipitation. 

5.3 Past hydrological regime in central Chile (30°S to 36°S) 

Here, we first describe the origin of precipitation reconstructed at sites 22SL, GeoB3304-5 (this study) and GeoB7139-2 

(Kaiser et al., 2024) and compare it with previously published paleoclimate reconstructions (Sects. 5.3.1 to 5.3.5).  465 

Site 22SL (36°S) is characterized by δ2Hwax values ranging between -181 and -155 ‰ (n-C29) and -188 and -164 ‰ (n-C31) 

that corresponds to an influence of the SWW belt (peripheral and core zones, Sect. 5.2). These δ2Hwax records exhibit 

considerable scatter, which we attribute to the larger source area at this site compared to sites further north. The source area of 

site 22SL encompasses the catchments of the Itata and the Biobío Rivers between 36°S and 39°S, while narrower source areas 
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centered around 33°S and 30°S characterize sites GeoB3304-5 and GeoB7139-2, respectively. The source area of site 470 

GeoB3304-5 corresponds to the catchments of the Maipo and the Aconcagua Rivers (34°S to 32°S) and the source area of site 

GeoB7139-2 to the catchments of the Elqui and Limarí Rivers (29°S to 31°S). The records at 36°S are thus more likely to 

integrate signals from two distinct climate features simultaneously and/or a larger portion of the latitudinal δ2Hprecip range. 

Alternatively, some alteration of δ2Hwax signals before deposition by mixing with the older sediments stored in the Central 

Valley (Fig. 1; Lowrie and Hey, 1981) could also explain the dispersion of the data at 22SL, yet the clear trends detected in 475 

the nearby high-resolution pollen records of site ODP1234 (<1 km, Heusser et al., 2006a) suggest terrestrial signals were not 

significantly altered before deposition. Despite this large scatter, a trend was detected in the δ2Hwax n-C31 record at 36°S, with 

lower δ2Hwax values before 14.5 ka BP, suggesting a stronger influence of the SWW core, and slightly higher δ2Hwax n-C31 

values after 14.5 ka BP suggesting an influence of the peripheral zone of the SWW belt (Fig. 4). The relatively stable δ2Hwax 

n-C29 values additionally suggest a persistent influence of the peripheral zone of the SWW belt over the last 20 kyr (Fig. S11 480 

reported in the Supplementary Material). We thus infer a continuous influence of SWW-driven precipitation in the source area 

of site 22SL for the studied time-span with a potential stronger influence of the SWW core before ca. 14.5 ka BP. 

At 33°S (site GeoB3304-5), δ2Hwax values suggest an influence of both the SPH and the SWW belt on local meteoric water 

composition over the last 20 kyr. Before 17 ka BP, relatively low δ2Hwax values indicate an influence of SWW core precipitation 

that aligns with the values detected further south (see site 22SL). It also agrees with the δ2Hwax ratios (n-C31) of site GeoB7139-485 

2 (30°S; Kaiser et al., 2024) indicating an influence the peripheral zone of the SWW belt. We thus infer a northern extent of 

the SWW belt during the LGM (Fig. 4 and Fig. S11 reported in the Supplementary Material). The following increases in δ2Hwax 

values detected at sites GeoB3304-5 (this study) and GeoB7139-2 (Fig. 4, Kaiser et al., 2024) between ca. 17 and 14 ka BP 

(this study) and ca. 17 and 13 ka BP, respectively, then suggest a southward migration of the SWW belt. This southward 

migration was likely interrupted between 14 and 11.5 ka BP as a slight decrease in the δ2Hwax value is recorded at 33°S (Fig. 490 

4). Despite these fluctuations, the δ2Hwax records indicate a dominant influence of the SWW belt at 33°S until ca. 11.5 ka BP. 

Between 11.5 and 7 ka BP, an influence of both the SPH and the SWW belt is detected at 33°S, with δ2Hwax values ranging 

between those of sites GeoB7139-2 (30°S, Kaiser et al., 2024) and 22SL (36°S). Site GeoB3304-5 thus likely lay at the 

boundary between the SPH and the SWW belt at that period, which implies a southward and contracted SWW belt. Between 

7 and 5.5 ka BP, a clear influence of SPH-associated moisture is then recorded at 33°S (Fig. 4 and Fig. S11 reported in the 495 

Supplementary Material) confirming the southward position of the SWW belt. During the last 5.5 kyr, the δ2Hwax records from 

sites GeoB7139-2 and GeoB3304-5 then converge toward the values recorded further south. This suggests a gradual return 

northward of SWW-driven precipitation that aligns with the relatively homogenous δ2Hwax values recorded at present along 

Chile (Figs. 1 and 3, Gaviria-Lugo et al., 2023a). Note that at around 4 ka BP, high variability characterizes the δ2Hwax n-C29 

values of site GeoB3304-5 (Fig. S11 reported in the Supplementary Material), which potentially indicates abrupt climate 500 

changes. Overall, the δ2Hwax records of site GeoB3304-5 highlight the strong sensitivity of the latitude of 33°S to past 

displacements of the SWW belt and the SPH. 
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The reconstruction of the latitudinal displacement of SSW- and SPH-driven precipitation at 33°S and 30°S allows defining 

five time periods, or phases. Phase I (25-17 ka BP) is characterized by an influence of the SWW core extending northward to 

about 33°S. During Phase II (17-14 ka BP), a progressive increase in the δ2Hwax values suggests a southward migration of 505 

SWW-driven precipitation. Phase III (14-11.5 ka BP) is defined by a pause in the southward migration of the SWW belt 

detected at 33°S. The SPH and the SWW belt likely reached their southernmost position during Phase IV (11.5-5.5 ka BP). 

The Phase IV is subsequently separated in Phase IV A and B as climate changes were detected south of 36°S during this period 

(Sect. 5.3.4). Phase V (last 5.5 kyr) is marked by a return northward of the influence of the peripheral zone of the SWW belt 

up to at least the latitude of 30°S and higher climate variability. Note that relatively high uncertainties are associated with 510 

timings of transitions between phases reflecting the uncertainties on the age-depth models (Sect. 4.1). We also acknowledge 

time lags effects between the different records discussed throughout this work, which we attribute to different age model 

calibrations (e.g., Lamy et al., 1999), low age model resolutions (e.g., Valero-Garcés et al., 2005), different response times of 

the proxies used (e.g., Tofelde et al., 2021). The ages determined in this study are thus regarded as broad estimates. 

To validate our results, we compare them with previously published climate reconstructions extending as far south as 56°S to 515 

capture the entire structure of the SWW belt. The relative changes in the hydrological regimes of each record are summarized 

in Fig. 4 and Figs. S11 and S12 reported in the Supplementary Material. Note that we consider here almost exclusively past 

reconstruction of hydrological regimes from low-altitude sites on the windward side of the Andes, as high-altitude or leeward 

records were potentially influenced by the climate of the lee side of the Andes (e.g., Quade and Kaplan, 2017; Tiner et al., 

2018). The overall agreement between past climate conditions inferred from previously published reconstructions and those 520 

inferred from past δ2Hwax values corroborate the use of the modern δ2Hwax ratios to calibrate past δ2Hwax records. 
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Figure 4 Reconstruction of the past extent of the SWW belt and the SPH based on the hydrogen isotope records of leaf-wax n-alkanes (n-

C31) and previously published literature. (a) δ2Hwax records of sites GeoB7139-2 (30°S, Kaiser et al., 2024), GeoB3304-5 and 22SL (this 

study). (b) δ13Cwax records of sites GeoB3304-5 and 22SL. (c) Map of the west coast of South America between the latitudes of 25°S and 525 
56°S with the locations of the marine sites. (d) Reconstruction of the past extent of the SWW belt and the SPH. Note the southward migration 

of the SWW belt at around 17 ka BP, its northward migration during Phase III, its abrupt shift southward during Phase IV and its return 

northward during Phase V. References: (1) (Stuut and Lamy, 2004), (2) (Muñoz et al., 2020), (3) (Kaiser et al., 2008), (4) (Bernhardt et al., 

2017), (5) (Ortega et al., 2012), (6) (Maldonado and Villagrán, 2002), (7) (Maldonado and Villagrán, 2006), (8) (Flores-Aqueveque et al., 

2021), (9) (Jenny et al., 2002a), (10) (Jenny et al., 2003), (11) (Villa-Martínez et al., 2003), (12) (Valero-Garcés et al., 2005), (13) (Frugone-530 
Álvarez et al., 2017), (14) (Heusser et al., 2006a), (15) (Muratli et al., 2010), (16) (Vargas-Ramirez et al., 2008)in which only a cooling was 

recorded during the ACR, (17) (Jara and Moreno, 2014), (18) (Jara and Moreno, 2012), (19) (Heusser et al., 2006b), (20) (Kaiser et al., 

2024), (21) (Moreno et al., 2018), (22) (Moreno and León, 2003), in which only a cooling was recorded during the ACR (23) (Moreno and 

Videla, 2016), (24) (Moreno, 2004), (25) (Moreno et al., 2010), (26) (Pesce and Moreno, 2014), (27) (Abarzúa et al., 2004), (28) (Haberle 

and Bennett, 2004), (29) (Montade et al., 2013), (30) (Ashworth et al., 1991), (31) (Fesq-Martin et al., 2004), (32) (Lamy et al., 2010), 535 
centered at 53°S, (33) (Heusser et al., 2000), and (34) (Perren et al., 2025). See Sects. 5.3.1 to 5.3.5; Text S1 to S3 and Fig. S12 in the 

Supplementary Material for details. Error bars correspond to two standard deviations (2σ) calculated from the values reported in the Tables 

S5 and S6 (Läuchli et al., 2025, see Data availability). The gradient of blue shades in panel C schematically reflects the core and peripheral 

zone of the SWW belt as shown in Fig. 3. 

5.3.1 Phase I (> 17 kyr BP) 540 

Lower δ2Hwax values before 17 ka BP imply a more northern position of the SWW core than today, with wetter conditions 

between 33°S and 36°S. Such conditions are consistent with wet and/or cold conditions previously inferred between 30°S and 

36°S (Fig. 4, Flores-Aqueveque et al., 2021; Heusser et al., 2006a; Kaiser et al., 2008; Lamy et al., 1999; Valero-Garcés et al., 

2005). The detection of slightly higher δ2Hwax values at 30°S (Kaiser et al., 2024) indicating an influence of the peripheral 

zone of the SWW belt, and cold and dry conditions at 31°S (Zech et al., 2007) support reduced precipitation at ca. 30°S 545 

compared to the southern latitudes. This indicates an overall northern extent of SWW-driven precipitation during Phase I. 

Further south, previously published literature also confirm a northern influence of the SWW core with cold and wet conditions 

inferred between 40°S and 46°S (Fig. 4, e.g., Heusser et al., 2006b; Montade et al., 2013; Moreno et al., 2018; Moreno and 

León, 2003). The lower δ2Hwax values at site OPD1233 (41°S, Kaiser et al., 2024) relative to the δ2Hwax values recorded during 

the Holocene also implies a northern position of the SWW core (i.e., wetter conditions, Kaiser et al., 2024). Here, we locate 550 

the southern limit of the SWW core between 46°S and 53°S, as wet conditions were reconstructed at 46°S (Montade et al., 

2013) and dry and cold conditions at 53°S (Heusser et al., 2000). This implies a wide SWW core extending between 33°S and 

at least 46°S during Phase I (Fig. 4).  

5.3.2 Phase II (17 to 14 ka BP) 

The southward migration of the SWW belt inferred from the decrease in δ2Hwax records at 30°S and 33°S during Phase II 555 

implies a decrease in humidity recognized in most records along Chile. A gradual decreases in humidity was inferred from the 

grain-size distributions of site GeoB3375-1 between ca. 17 and 11 ka BP (27°S, Stuut and Lamy, 2004) and site GeoB7139-2 

(30°S) between ca. 16 and 12 ka BP (Bernhardt et al., 2017; recalibrated to the new age-depth model). At 33°S, changes in 

clay assemblages, grain-sizes and sedimentation rates at the marine sites GIK 17748-2 and GeoB3302 also suggested gradually 

drier conditions after 18 ka BP (Lamy et al., 1999). At 34.5°S, dry conditions were reconstructed in Laguna Tagua Tagua 560 
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between 17 and 15 ka BP (Valero-Garcés et al., 2005). At 36°S, a transition toward drier and warmer conditions was also 

inferred at ca. 17 ka BP (Heusser et al., 2006a; Muratli et al., 2010). However, relatively stable average δ2Hwax values were 

recorded at site 22SL before 14.5 ka BP. The low response of site 22SL to the southward migration of the SWW belt is 

attributed here to the large scatter of the data, potentially masking low amplitude changes in the δ2Hwax values, and/or a 

persistent influence of the SWW core in the source area of site 22SL. As both hypotheses nevertheless support an influence of 565 

SWW-driven precipitation in the source area of site 22SL during Phase II, we consider a southward migration of the SWW 

belt as the most likely scenario during this period.  

Between 36°S and 46°S, the increase in the δ2Hwax values at site OPD1233 (Fig. 5, 41°S, Kaiser et al., 2024), and the detection 

of drier and warmer conditions between ca. 17.8 ka BP and 14.8 ka BP (e.g., Montade et al., 2013; Moreno et al., 2018; Moreno 

and León, 2003; Moreno and Videla, 2016; Pesce and Moreno, 2014, further details in Fig. 4, Fig. S12 and Supplementary 570 

text S1 in the Supplementary Material) also imply a southward migration (or contraction, Kaiser et al., 2024) of the SWW belt. 

We also conclude to a southward migration of the southern limit of the SWW core between 49°S and 54°S as a transition from 

dry to wet conditions was detected at ca. 15.9 ka BP at 49°S (Ashworth et al., 1991) and at ca. 15.5 ka BP at 54°S (Heusser et 

al., 2000). Most records therefore confirm a southward migration of the SWW belt during Phase II. 

5.3.3 Phase III (14 to 11.5 ka BP) 575 

Increasing δ2Hwax values in site GeoB7139-2 (Kaiser et al., 2024) and slightly decreasing values in site GeoB3304-5 during 

Phase III suggest a decoupling of the climate north and south of ca. 32°S. The increasing values at 30°S indicate an increasing 

influence of the SPH (Kaiser et al., 2024) consistent the drier conditions reconstructed by Bernhardt et al. (2017) and Stuut 

and Lamy (2004), and the influence of more local moisture spells inferred between 13 and 11.8 ka BP at 31.5°S by Ortega et 

al. (2012). The decreasing δ2Hwax values at 33°S (GeoB3304-5) instead indicate a return northward of SWW-driven 580 

precipitation roughly consistent with the colder and/or wetter conditions reconstructed between 13.5 and 11.5 ka BP in Laguna 

Tagua Tagua (Valero-Garcés et al., 2005). Most records located between 40°S and 46°S also suggested colder and wetter 

conditions from ca. 14.8 ka BP and until 12.8 ka BP (e.g., Montade et al., 2013; Moreno et al., 2018; Pesce and Moreno, 2014, 

Fig. 4, Fig. S12 and Text S2 in the Supplementary Material for further references). This colder and wetter period was followed 

by a transition period characterized by slightly less precipitation and climate variability until ca. 11.5 ka BP (e.g., Montade et 585 

al., 2013; Moreno et al., 2018; Pesce and Moreno, 2014, Fig. 4, Fig. S12 and Text S2 in the Supplementary Material). Such 

transition period is however not detected in the δ2Hwax records of site GeoB 3304-5 as our records only poorly cover this time 

interval. At site ODP 1233 (41°S, Kaiser et al., 2024), the stable values δ2Hwax recorded during Phase III suggest that the 

northward migration of SWW-driven precipitation only weakly influenced δ2Hwax records in the southern latitudes. During 

Phase III, we also locate the southern limit of the SWW core at around 54°S as relatively wet conditions were detected at ca. 590 

53°C (Fesq-Martin et al., 2004), while a drier interval was suggested between ca. 14.8 and 12.8 ka BP at 54°S (Heusser et al., 

2000). Overall, these findings confirm a northward migration of SWW-driven precipitation south of 32°S while progressively 

drier conditions prevailed north of this latitude between ca. 14 and 12 ka BP. 
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5.3.4 Phase IV (A and B, 11.5 to 5.5 ka BP) 

The high δ2Hwax values of sites GeoB7139-2 and GeoB3304-5 during Phase IV suggest the SPH (i.e., dry conditions) reached 595 

latitudes as far south as 33°S (Fig. 4 and Fig. S11 reported in the Supplementary Material). This agrees with the dry and warm 

conditions previously detected at 30°S (Kaiser et al., 2008; Muñoz et al., 2020, pollen moisture index). Between 32 and 35°S, 

several records also suggested dry conditions until 5.7 ka BP (Jenny et al., 2002a, 2003; Maldonado and Villagrán, 2006; 

Valero-Garcés et al., 2005; Villa-Martínez et al., 2003) and 4.2 ka BP (Maldonado and Villagrán, 2002), which confirms a 

southern extend of the SPH during Phase IV.  600 

The δ2Hwax values of site GeoB3304-5 (33°S) also showed some lower values between ca. 11 and 7 ka BP. This suggests 

temporary northward intrusions of SWW-driven precipitation that agrees with the sporadic precipitation events and wetter 

intervals detected between 11 and 8.5 ka BP from 31°S to 33°S (Jenny et al., 2002a, 2003; Maldonado et al., 2010; Maldonado 

and Villagrán, 2006; Ortega et al., 2012; Veit, 1996). An increase in the frequency of torrential rainfall was also identified 

between 8.6 and 6 ka BP in the sedimentological record of the Quebrada Santa Julia archeological site (31.5°S Ortega et al., 605 

2012). This confirms the high sensitivity of site GeoB3304-5 to past δ2Hprecip values. 

While predominantly dry and warm conditions prevailed north of 36°S, we recognize two distinct climate periods south of 

36°S based on previously published literature. Most records between 40°S and 46°S suggested dry and warm conditions until 

7.5 ka BP, after which colder and wetter conditions occurred (e.g., Abarzúa et al., 2004; Moreno et al., 2010, 2018; Pesce and 

Moreno, 2014, see Fig. 4, Fig. S12 and Text S3 in Supplementary Material for further references). This implies a northward 610 

migration of the SWW core at ca. 7.5 ka BP supported by the lower δ2Hwax values recorded at ca. 8 ka BP in site ODP 1233 

(Fig. 5, 41°S, Kaiser et al., 2024). Note however that an increase in the δ2Hwax values of site ODP 1233 was then recorded until 

5.5 ka BP (Kaiser et al., 2024) suggesting the latitudinal shift of the SWW core was only brief. During Phase IV, we locate 

the southern limit of the SWW core south of 56°S between ca. 10 and 7.5 ka BP as suggested by the wet conditions inferred 

by Perren et al. (2025). After ca. 7.5 ka BP, the SWW core likely migrated northward as drier conditions prevailed after 8.5 615 

ka BP between 51°S and 53°S (Lamy et al., 2010) and after 7.5 ka BP at 56°S (Perren et al., 2025). Because of the pronounced 

climate changes detected at ca. 7.5 ka BP, we divided Phase IV into Phase IV A (11.5-7.5 ka BP) and B (7.5-5.5 ka BP). 

Mostly dry conditions prevailed as far south as 56°S during Phase IV A, while a decoupling of the climate north and south of 

36°S marked Phase IV B, with dry conditions in the north and wet conditions in the south. 

5.3.5 Phase V (last 5.5 kyr) 620 

Decreasing δ2Hwax values at sites GeoB7139-2 and GeoB3304-5 during Phase V suggest a northward migration of SWW-

driven precipitation, implying progressively wetter conditions along Chile (Fig. 4 and Fig. S11 reported in the Supplementary 

Material). This agrees with the wetter conditions reconstructed at the Guanaqueros Bay (30°S) after around 5 ka BP (Muñoz 

et al., 2020, pollen moisture index) and the gradual increase in humidity reconstructed between ca. 5.7 and 4.2 ka BP at the 

Palo Colorado swamp forest (32°S; Maldonado and Villagrán, 2006), and between 5.7 and 3.2 ka BP at Laguna Aculeo (33°S; 625 
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Jenny et al., 2002a; Villa-Martínez et al., 2003). At Laguna Aculeo, higher lake levels were furthermore reconstructed after 6 

ka BP (Jenny et al., 2003). A minor change in sediment provenance suggesting a transition toward wetter conditions, and a 

more variable climate was also detected at around 5 ka BP in the record of site GIK 17748-2 (33°S; Lamy et al., 1999). This 

contrasts with the record of the Lago Vichuqué at 34.5°S indicating a stronger influence of the SPH between 6.2 and 4 ka BP 

(Frugone-Álvarez et al., 2017). Yet, as most records suggests an earlier increase in humidity, we consider an onset of the 630 

northward migration of SWW-driven precipitation at ca. 5.5 ka BP more likely. 

The high variability of the δ2Hwax n-C29 values at site GeoB3304-5 furthermore indicates some climate variability at ca. 4 ka 

BP, in line with short-term drought and flood events inferred at the Palo Colorado swamp forest after 4.2 ka BP (32°S, 

Maldonado and Villagrán, 2006) and at Laguna Aculeo after 3 ka BP (33°S, Jenny et al., 2002a, b, 2003; Villa-Martínez et al., 

2003, 2004). Similar climate variability was also detected in Southern Chile. 635 

Between 40°S and 46°S , the wet conditions inferred at ca 7.5 ka BP persisted over the last 5.5 kyr (Fig. 4, Abarzúa et al., 

2004; Haberle and Bennett, 2004; Jara and Moreno, 2014; Montade et al., 2013; Moreno, 2004; Moreno et al., 2010, 2018; 

Moreno and León, 2003; Pesce and Moreno, 2014; Vargas-Ramirez et al., 2008) and progressively led to modern climate 

(Haberle and Bennett, 2004; Montade et al., 2013; Moreno et al., 2010). This agrees with the northward expansion of the SWW 

belt previously suggested by the δ2Hwax record of site ODP1233 (Fig. 5, Kaiser et al., 2024). Superimposed on this progressive 640 

increase in precipitation, several records suggested the occurrence of drier (e.g., droughts) and wetter intervals at centennial to 

millennial timescales (Abarzúa et al., 2004; Haberle and Bennett, 2004; Jara and Moreno, 2012, 2014; Moreno, 2004; Moreno 

and Videla, 2016; Pesce and Moreno, 2014; Vargas-Ramirez et al., 2008). This confirms an overall high climate variability 

along Chile during Phase V.  

During Phase V, we locate the southern limit of the SWW core between 53°S and 49°S as dry conditions characterized the last 645 

5.5 ka BP between 51°S and 53°S (Lamy et al., 2010), while a return to wetter conditions was inferred after 3 ka BP at 49°S 

(Ashworth et al., 1991). Considering these findings, we conclude to a northward migration of SWW-driven precipitation, 

associated with shorter-term climate variability, as the most likely scenario during Phase V. 

5.4 Atmospheric pathways of the South American West Coast since the LGM 

To investigate the dynamic feedbacks between the climate systems of the west coast of South America, we report and compare 650 

the past latitudinal extent of the ITCZ to past latitudes of the SPH and the SWW belt. This allows identifying the dominant 

large-scale atmospheric circulation pathways (or teleconnections) over the last 20 kyr. 

At present, the main atmospheric pathways between tropical and extratropical latitudes in South America are mainly attributed 

to stationary Rossby wave trains ‒ atmospheric pressure anomalies extending toward the poles (e.g., Mo and Paegle, 2001; 

Rutllant and Fuenzalida, 1991) ‒ generated by convection at the tropics mainly related to ENSO events (ENSO-atmospheric 655 

teleconnections; Cai et al., 2020; Mo and Paegle, 2001; Montecinos and Aceituno, 2003; Rutllant and Fuenzalida, 1991; 

Turner, 2004; Yeh et al., 2018). Two main atmospheric pathways emerge during ENSO. During the positive phase of ENSO 

(El-Niño), warm SST anomalies and a southward-shifted ITCZ (Schneider et al., 2014) are often associated, through Rossby 

https://doi.org/10.5194/egusphere-2025-3153
Preprint. Discussion started: 10 July 2025
c© Author(s) 2025. CC BY 4.0 License.



25 

 

wave trains, with a positive pressure anomaly over the Amundsen and Bellingshausen Seas, and intensified Hadley cells shifted 

equatorward in the central Pacific (Li et al., 2023; Oort and Yienger, 1996). This leads to an equatorward displacement of the 660 

SPH and a strengthening of the subtropical jet (Cai et al., 2020; Turner, 2004; Yuan et al., 2018) implying enhanced 

precipitation in central Chile (e.g., Montecinos and Aceituno, 2003; Yeh et al., 2018). El-Niño-like teleconnections are thus 

mainly associated with a southward and northward position of the ITCZ and SWW belt, respectively. The opposite situation 

tends to prevail during La Niña events (e.g, Campos and Rondanelli, 2023; Sinclair et al., 1997). Cold SST anomalies in the 

tropical Pacific and a northward-shifted ITCZ are then often associated with a weakened subtropical jet (i.e., a strengthened 665 

mid-latitude jet) leading to a decrease in precipitation amounts in central Chile. La-Niña events are thus mainly associated 

with a northward and southward position of the ITCZ and SWW belt, respectively. During ENSO events, the strength of the 

Hadley cell is mainly controlled by the energy flux at the tropic (Schneider et al 2014). 

As ENSO events are responsible for most of the modern interannual climate variability on the west coast of South America 

(Garreaud, 2009; Zhang et al., 2022), no details are given on the atmospheric pathways associated with other modern climate 670 

phenomena such as the Madden–Julian Oscillation or the Pacific Decadal Oscillation (Reboita et al., 2021; Zhang et al., 2022). 

Note however that these phenomena can interfere with the atmospheric pathways associated with ENSO (Yuan et al., 2018). 

For instance, during negative ENSO-SAM correlation (e.g., El-Niño and a negative SAM, Sect. 2.2, Fogt et al., 2011) ‒ the 

most frequently observed correlation in recent climate (Carvalho et al., 2005; Dätwyler et al., 2020; Kim et al., 2017) ‒ the 

above-described ENSO-atmospheric pathways are more frequent. Conversely, when the ENSO-SAM cycles are positively 675 

correlated (e.g., La Niña and a negative SAM), these tend to be reduced (Dätwyler et al., 2020; Fogt et al., 2011; Fogt and 

Bromwich, 2006).  

Different atmospheric pathways have been invoked to explain past climate, in which the migration of the ITCZ to the warmer 

hemisphere – associated with large interhemispheric thermal gradient and cross equatorial heat transport from the warmer to 

the colder hemisphere (Bjerknes, 1964; Bordoni and Schneider, 2008; Broccoli et al., 2006; Geen et al., 2020; Schneider et al., 680 

2014) is thought to weaken the Hadley cell in the hemisphere to which it migrates (Broccoli et al., 2006; Ceppi et al., 2013; 

Chiang et al., 2014; Chiang and Bitz, 2005; Chiang and Friedman, 2012; Lee et al., 2011; Lindzen and Hou, 1988; Prohaska 

et al., 2023). A weakening of the Hadley cell, in turn, results in a weaker subtropical jet and a shift southward of the Westerlies 

storm tacks, and vice versa (Ceppi et al., 2013; Chiang et al., 2014; Lee et al., 2011; Lindzen and Hou, 1988). Such climate 

conditions resemble modern seasonal climate changes and imply a southern position of the ITCZ associated with a southern 685 

position of the SWW belt, and vice versa. These atmospheric pathways were mainly invoked to explain past climate associated 

with abrupt changes in interhemispheric temperature (e.g., Chiang et al., 2014; Lee et al., 2011).  

Considering the control exerted by the above-mention atmospheric pathways on climate, any changes in the leading 

atmospheric pathway regime should be reflected by changes in hydroclimate along the west coast of South America. We thus 

use our reconstruction of the SWW belt, compared to the past latitudes of the ITCZ, to identify dominant atmospheric pathways 690 

influencing the South American climate during the last 20 kyr. Note that our approach is based exclusively on the relationship 

detected between the SWW belt and the ITCZ along the west coast of South America, whereas atmospheric pathways or 
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teleconnections act at a larger scale. Future research should thus focus on investigating the consistency between our 

reconstruction of atmospheric pathways and climate at other locations. 

5.4.1 Last Glacial Maximum: Phase I (>17 ka BP) 695 

During Phase I, The ITCZ was located south of its modern position (Fig. 5 and Fig. S13 reported in the Supplementary Material, 

Arbuszewski et al., 2013; Koutavas et al., 2002; Koutavas and Lynch-Stieglitz, 2004; Reimi and Marcantonio, 2016; Yuan et 

al., 2023) and the SWW belt extended as far north as at least 30°S. Such southern and northern positions for the ITCZ and the 

SWW belt, respectively, imply a contracted Hadley cell consistent with the lack of evidences for a signal of the SPH at the 

studied sites. A southward ITCZ is furthermore consistent with a colder NH relative to the SH during the LGM (e.g., Annan 700 

et al., 2022; Osman et al., 2021; Shi et al., 2023). Yet, considering the mechanisms described by Lee et al. (2011), Ceppi et al. 

(2013) or Chiang et al. (2014), such conditions also imply a weaker subtropical jet and a shift southward of the SWW belt not 

observed. The northern position of the SWW belt during the LGM thus suggests that mechanisms differing from the above-

mentioned ones might have acted on the climate during this period. Further in-depth investigation of climate under the 

conditions of an ice age ‒ not acquired within the scope of this study ‒ are needed to explain the observed conditions. 705 

5.4.2 The deglaciation period: Phase II and III (17 – 11.5 ka BP) 

During the deglaciation period (Phase II and III, ca. 17-11.5 ka BP), the climate conditions along the west coast of South 

America are consistent with the atmospheric pathways associated with large changes in interhemispheric thermal gradients 

and a modulation of the Hadley cell circulation (e.g., Chiang et al., 2014; Lee et al., 2011). During Phase II (17-14 ka BP, 

roughly corresponding to the Heinrich Stadial I), the southward shift of the SWW belt inferred here is coeval with a southward 710 

position of the ITCZ (Fig. 5; Arbuszewski et al., 2013; Deplazes et al., 2013; Yuan et al., 2023). During Phase III (14-11.5 ka 

BP), the δ2H records ‒ mainly covering the period of the Antarctic Cold Reversal (ACR; 14.7 to 13 ka BP; Pedro et al., 2016) 

‒ then indicate a northward shift of the SWW belt coeval with a northward shift of the ITCZ (Fig. 5; Deplazes et al., 2013; 

Pedro et al., 2016; Yuan et al., 2023). Here, the southward shift of the ITCZ during Heinrich Stadial 1 (northward during the 

ACR) likely caused a reduction (strengthening) of the SH Hadley cell in turn weakening (enhancing) the subtropical jet and 715 

strengthening (weakening) the mid-latitude jet (Chiang et al., 2014; Lee et al., 2011; Pedro et al., 2018). We furthermore detect 

a decoupling between north and south of 32°S during the ACR ‒ confirmed at larger scale by Pedro et al. (2016) ‒ possibly 

resulting from a stronger subtropical jet and the blocking of the SWW belt by the stronger subsidence of the air masses of the 

Hadley cell (i.e., a stronger SPH). These climate conditions thus directly follow the mechanisms described by Lee et al. (2011) 

and Chiang et al. (2014). 720 

During the Younger Dryas (YD, 12.9-11.6 ka BP), a southward shift of the ITCZ is detected (Fig. 5; Deplazes et al., 2013; 

Haug et al., 2001b) and reduced precipitation inferred in some records between 40°S and 46°S (Montade et al., 2013; e.g., 

Moreno et al., 2018; Moreno and León, 2003) suggests a southward shift of the SWW. These reconstructions are in line with 

an influence of the atmospheric pathways resulting from large interhemispheric temperature gradients. Some uncertainties are 
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however associated with this period as not well-covered by the δ2H data. Nevertheless, current results suggest that climate was 725 

controlled by changes in interhemispheric thermal gradients during the entire deglaciation period. 

Consensus exists on the predominant role of the interhemispheric thermal gradient on large-scale oceanic and atmospheric 

circulation changes during the deglaciation period (Fig. 5, Osman et al., 2021; Shakun et al., 2012). During Phase II, the 

southward positions of the ITCZ and the SWW belt are consistent with large temperature differences between the hemispheres, 

with a colder NH relative to the SH (Bjerknes, 1964; Osman et al., 2021; Pedro et al., 2018; Schneider et al., 2014; Shakun et 730 

al., 2012), resulting from a reduced AMOC (Crowley, 1992; McManus et al., 2004; Moreno-Chamarro et al., 2019; Pedro et 

al., 2016, 2018; Pöppelmeier et al., 2023b). During the Bølling-Allerød interstadial period (or ACR), the northward migration 

of the ITCZ is also in line with a decrease in interhemispheric thermal gradient caused by the relative warming of the NH 

compared to the SH (Fig. 5, Deplazes et al., 2013; Osman et al., 2021; Pedro et al., 2016; Shakun et al., 2012; Yuan et al., 

2023) associated with a strengthened AMOC (e.g., McManus et al., 2004; Pöppelmeier et al., 2023b). During the YD, the shift 735 

southward of the ITCZ then agrees with the cooling of the NH, relative to the SH, increasing the temperature differences 

between the hemispheres (Shakun et al., 2012) associated with a reduced AMOC (Fig. 5; Deplazes et al., 2013; Haug et al., 

2001b). The consistency between the change in interhemispheric temperature and the response of the ITCZ and the SWW belt 

confirm the role of the mechanisms described, among others, by Lee et al. (2011) and Chiang et al. (2014) on the climate of 

the west coast of South America during the deglaciation period. 740 

5.4.3 The Holocene (Phase IV A and B, 11.5- 5.5 ka BP and Phase V, 5.5 ka BP-present) 

During the Holocene, insolation is considered the main forcing of climate as stable AMOC strength (Lippold et al., 2019; 

McManus et al., 2004; Pöppelmeier et al., 2023b) stable atmospheric CO2 concentrations (Köhler et al., 2017a; Monnin, 2006), 

and small temperature difference between the hemispheres characterize this period (Fig. 5; Erb et al., 2022b; Osman et al., 

2021; Shakun et al., 2012). Specifically, lower summer insolation is recorded in the SH relative to the NH during the early 745 

Holocene (Phase IV A, Fig.. 5, Berger, 1988) likely causing a relative cooling of the SH, whereas the opposite conditions 

prevail during the late Holocene (Phase V). Furthermore, at the late Holocene, the relative warming of the NH compared to 

the SH was likely enhanced by the larger proportion of landmasses in the NH compared to the SH, responding faster to 

temperature changes than oceans (e.g., Byrne and O’Gorman, 2013; Joshi et al., 2008). The transition between these two 

periods (mid-Holocene, between Phase IV B and V) was characterized by lower seasonality (Berger, 1988). Distinct climate 750 

conditions were detected over the Holocene, suggesting different atmospheric pathways marked this epoch. 

During most of the early and late Holocene (Phase IV A and V), a relationship is detected between the climate conditions, 

changes in insolation and the atmospheric pathways associated with ENSO (see above). During Phase IV A (11.5-7.5 ka BP), 

a northward position of the ITCZ (Fig. 5; Arbuszewski et al., 2013; Haug et al., 2001b; Koutavas et al., 2006; Reimi and 

Marcantonio, 2016; Schneider et al., 2014; Yuan et al., 2023), consistent with lower summer insolation in the SH relative to 755 

the NH, is associated with a southward SWW belt (Sect. 5.3.4). These conditions resemble La-Niña events and/or a positive 

SAM phase also inferred elsewhere in South America during the same period (Carré et al., 2012; Jenny et al., 2002a; Koutavas 
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et al., 2002; Ortega et al., 2012; Vargas et al., 2006). During the last 5.5 ka BP (Phase V, late Holocene), the opposite conditions 

prevailed. The ITCZ was progressively shifted southward (Fig. 5, Haug et al., 2001b; Schneider et al., 2014; Yuan et al., 2023), 

reflecting the progressive increase in summer insolation in the SH relative to the NH, while the SWW belt gradually migrated 760 

northward (Sect. 5.3.5). This progressive onset of El-Niño-like conditions (and/or a negative SAM) aligns with previously 

publish studies (Haug et al., 2001b; Jenny et al., 2002a; Lamy et al., 2010; Ortega et al., 2019; Sandweiss et al., 1996; Vargas 

et al., 2006) and the detection of muted ENSO conditions during the mid-Holocene (ca. 5-3 ka BP, e.g., Chen et al., 2016; 

Emile-Geay et al., 2016; Koutavas and Joanides, 2012). This confirms a predominant role of ENSO in setting the climate of 

the Holocene and highlights the major role of precession cycles (i.e., insolation, Lamy et al., 2019) in setting the climate of the 765 

west coast of South America during the Holocene.  

Between 7.5 and 5.5 ka BP (Phase IV B), the climate mechanisms however remain unclear. Both the ITCZ and the SWW core 

are then located northward, which resemble the climate conditions of the ACR (see above). Yet, a small interhemispheric 

thermal gradient mark this period (Fig. 5, Erb et al., 2022b). Both atmospheric pathways associated with ENSO and those 

resulting from large interhemispheric thermal gradients therefore cannot explain these climate conditions. Furthermore, time 770 

lags are detected between the northward migration of the SWW core at ca. 7.5 ka BP and the short-term decrease in the AMOC 

strength associated with the NH 8.2 ka BP cooling event (e.g., Renssen et al., 2001; Thomas et al., 2007), the lower seasonality 

detected at ca. 6 ka BP (Fig. 5, Berger, 1988) and muted-ENSO detected between ca. 5 and 3 ka BP (see above). Here, we 

hypothesize that Phase IV B climate could result from a positive ENSO-SAM correlation attributed in recent climate to internal 

forcings (Dätwyler et al., 2020). This agrees with La Niña-like conditions detected north of 36°S (this study, Carré et al., 2012, 775 

2014; Salvatteci et al., 2019; Vargas et al., 2006), while the latitudes south of 36°S resembled El-Niño conditions and/or a 

negative SAM phase. We however consider that further in-depth investigation, not performed within the scope of this study, 

are needed to understand further such correlations in the climate context of Phase IV B. 
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Figure 5 Comparison of the leaf-wax n-alkane hydrogen isotope records (n-C31, l) to past changes in insolation (a), seasonality (b) and 780 
independent paleoenvironmental records (c-k). (a) Equatorial seasonality modelled as the difference in insolation between June and 

December at the equator (Berger, 1988; Berger and Loutre, 1991). (b) Past insolation during the austral summer at the latitude of 35°S 

(Berger, 1988; Berger and Loutre, 1991). (c) Reflectance at site MD03-2621 indicating past latitudinal migrations of the ITCZ (Deplazes et 

al., 2013). (d) Titanium content of site ODP 1002 indicating past latitudinal migrations of the ITCZ (Haug et al., 2001b, a). (e) AMOC 

strength derived from the model of Pöppelmeier et al. (2023b, a) for the North Atlantic (45-70°N) between 1000 and 3000 m water depth. 785 
(f) Continuous record of atmospheric CO2 (spline-smoothed data) compiled by Köhler et al. (2017a, b). (g) Southern Hemisphere surface 

temperature from Shakun et al. (2012, dark green) and Erb et al. (2022b, a, light green) reported as temperature difference to pre-industrial 

values (ΔT). (h) Northern Hemisphere surface temperature from Shakun et al. (2012, dark green) and Erb et al. (2022b, a, light green) 

reported as temperature difference to pre-industrial values (ΔT). (i) Sea surface temperature (Uk’
37, SST) at site GeoB7139-2 (30°S, Kaiser 

et al., 2008, 2024). (j) Sea surface temperature (Uk’
37, SST) at site ODP 1234 (36°S, de Bar et al., 2018a, b). (k) δ2Hwax (n-C31) record of site 790 

ODP 1233 (41°S, Kaiser et al., 2024). (l) δ2Hwax (n-C31) record of sites GeoB7139-2 (30°S, Kaiser et al., 2024), GeoB3304-5 (33°S) and 

22SL (36°S). Error bars in (l) represent two standard deviations (2σ) calculated from the values reported in Tables S5 and S6 (Läuchli et al., 

2025, see Data availability). 

6 Conclusion 

This study provides a new, high-resolution reconstruction of past hydrological regimes along Chile over the last 20,000 years, 795 

based on δ²Hwax records from marine sediments at key latitudes spanning the interface between the Southern Westerly Wind 

(SWW) belt and the Subtropical Pacific High (SPH). Our results suggest that central Chile was marked by wet conditions 

during the Last Glacial Maximum, after which increasingly drier conditions, partly interrupted during the Antarctic Cord 

Reversal, marked the deglaciation period. During the early Holocene, dry conditions characterized central Chile that were 

replaced, at ca. 7.5 ka BP and south of 36°S, by wetter conditions. A gradual increase in moisture then marked central Chile 800 

over the last 5.5 kyr. Our reconstruction indicates a southward migration of the SWW belt during the deglaciation period, 

briefly interrupted during the Antarctic Cold Reversal. During the early Holocene, the SWW belt and the SPH reached their 

southernmost latitudes, after which a displacement northward was detected at ca. 7.5 ka BP for the SWW-core. The late 

Holocene was then marked by a progressive northward shift of the SWW belt. By integrating these new δ²Hwax records with 

reconstructions of past ITCZ positions, we identify major shifts in circulation regimes.  805 

Our reconstruction, combined with past reconstructions of the ITCZ, allow identifying two dominant atmospheric pathways 

modulating the climate of the west coast of South America since the LGM. Atmospheric pathways driven by large 

interhemispheric temperature contrasts and changes in the strength of Hadley cells likely prevailed during the last deglaciation 

period, while, atmospheric pathways associated with ENSO likely dominated during the Holocene, except between 7.5 and 

5.5 ka BP. These shifts correspond to changing dominance of major forcings: Atlantic Meridional Overturning Circulation 810 

(AMOC) and hemispheric temperature contrasts during the deglaciation period, and orbital insolation forcing (precession) 

during most of the Holocene. This work highlights the value of δ2Hwax records for unraveling complex hydroclimate patterns 

and underscores the need for further constraints on large-scale atmospheric pathways to deconvolve past Earth’s climate. 
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Data availability 

All data generated or analysed during this study (Table S1 to S8) can be found in the following GFZ Data Services repository 815 

(Läuchli et al., 2025)  

Review link: 

https://dataservices.gfz-

potsdam.de/panmetaworks/review/4a3d7c9d56459440ad3e3c94dd66c5cedb89015bf859c30e3a25f8077d7993b4/ 

The repositories will be made publicly available upon publication. 820 

Sample availability 

The samples with IGSN stored at the GFZ Helmholtz Centre for Geosciences are listed in the data publication (see Data 

availability). 
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