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Tierra del Fuego in Argentina is a unique location to examine past Holocene wind variability since it intersects the
core of the Southern HemisphereWesterlyWinds (SHWW). The SHWWare the most powerful prevailing winds on
Earth. Their variation plays a role in regulating atmospheric CO2 levels and rainfall amounts and distribution, both
today and in the past. We obtained a piston core (LF06-PC8) from Bah�ıa Grande, a protected sub-basin at the
southern margin of Lago Fagnano, the largest lake in Tierra del Fuego. This article focuses on the uppermost
185 cm of this core, corresponding to laminated sediment from the last ~6.3 ka. Laminations consist of millimetre-
scale paired dark and light layers. Previous studies and new geochemical analysis show that the dark and light layers
are characterized by differing concentrations of Mn and Fe. We attribute the distribution of Mn and Fe to episodic
hypolimnic oxic–anoxic variations. The age model suggests an approximately bidecadal timescale for the formation
of each layer pair. We propose a new model of these redox changes with the SHWW variations. The most likely
phenomenon to produce complete water-column mixing is thermobaric instability, which occurs in colder winters
with low-intensity SHWW (El Ni~no-like conditions). In contrast, windier winters are characterized by higher
temperatures and reduced mixing in the water column, facilitating a decline in oxygen concentration. Laminations,
and the inferred presence of periodic hypolimnion redox changes, are common features of the past ~6.3 ka.
Geochemical proxy variability is compatible with an intensification of El Ni~no/Southern Oscillation activity during
the past ~2 ka.
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Lago Fagnano (LF) is the most southerly large lake
outside of Antarctica, and it is a key location at which to
understand the relationship between Antarctic and
South American climate variations. Previous studies
based on sediment cores in Lago Fagnano have allowed
the reconstruction of Late Pleistocene and Holocene
climate, environment, glacial fluctuations and tectonic
activity (Waldmann et al. 2008, 2010, 2011, 2014; Moy
et al. 2011; Sanci et al. 2021). Lago Fagnano’s location
and orientation make this site an excellent place to
examine the Holocene variations of the Southern Hemi-
sphereWesterlyWinds (SHWW), because of the weaker
rainshadow effect owing to the lower elevation of the
Andes running parallel to the westerlies (Fig. 1). The
SHWW exert strong control over the amount and
distribution of rainfall (Garreaud et al. 2013; McCul-
loch et al. 2020) and regional vegetation (Markgraf &
Huber 2010), associatedwithAndeanorographic effects
(Garreaud 2007; Moy et al. 2008; Lamy et al. 2010).

The SHWW, together with human activity (agriculture
and cattle farming), have a significant influence on
Patagonian life and water management. Globally, the
SHWW are thought to play an important role in the
regulation of atmosphericCO2 levels through: (i) a direct
effect related to higher gas transfer velocities governing
the air–sea gas exchange at higher wind speeds (e.g. Ito
et al. 2010); and (ii) dynamic changes in ocean produc-
tivity and upwelling/downwelling that influence theCO2

difference between ocean and atmosphere (Canadell
et al. 2007; Lamy et al. 2010).

Many studies have focused on understanding the
SHWW regime and its past latitudinal movement (e.g.
Saunders et al. 2018; Xia et al. 2018). There is evidence
for a northward shift or expansion of the SHWWduring
the Holocene (McCulloch et al. 2000; Toggweiler
et al. 2006), yet we still have few details on how the
winds changed and whether their strength varied by
latitude. Previous insights are derived from glacial
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geomorphology (Mercer 1976; Rabassa & Clapper-
ton 1990; Coronato et al. 2009), pollen (Musotto
et al. 2017; Navatini et al. 2019), charcoal analyses
(Huber et al. 2004; Mansilla et al. 2016), den-
drochronology (Aravena et al. 2002; Masiokas & Vil-
lalba 2004) and multiproxy sediment records (Rogers &
van Loon 1982; Ariztegui et al. 2007; Moy et al. 2008,
2011; Borromei et al. 2010; Lamy et al. 2010; Wald-
mann et al. 2010; Kilian & Lamy 2012; van Daele
et al. 2016; Quade & Kaplan 2017; Zolitschka
et al. 2019). These palaeoclimate reconstructions reveal
apparently contradictory data and regional syntheses
remain controversial (Kilian & Lamy 2012).

The high-resolution millimetric-scale geochemical
study presented by Neugebauer et al. (2022) demon-
strates that the lamination observed at Lago Fagnano is
associated with Fe and Mn enrichments that can be
explained as lacustrine bottom-water redox variations.
In our study, we aim a step further, to provide a
comprehensive conceptual model relating the lake redox
changes to theSHWW, their evolutionand frequencies at

a high-resolution scale in this area. Therefore, our goal is
to infer thepossible relationbetweenclimateand laminae
formation in Lago Fagnano (Fig. 1).

Study area

Tierra del Fuego is an archipelago at the southernmost
tip of South America between Chile and Argentina,
separated from the mainland by the Strait of Magellan.
The archipelago consists of Isla Grande de Tierra del
Fuego (also called Tierra del Fuego) and many islands
and islets. This archipelago is influenced by volcanic and
seismic activity related to the South American and
Scotia–Antarctic plate boundaries (Klepeis 1994). One
of its most prominent features is Lago Fagnano (known
inChileasLagoCami), locatedat26 m a.s.l. It is100 km
long and 5–15 km wide, trending east–west and travers-
ing Isla Grande de Tierra del Fuego at ~54°S/68°W. It is
the largest freshwater lake on the island, and is the
world’s most southerly large lake outside of Antarctica
(Herdendorf 1982) (Fig. 1). Lago Fagnano was formed

Fig. 1. A.MapofsouthernSouthAmerica, indicating inredIslaGrandedeTierradelFuegoand,panelB inblack.B.Terrainmapindicatingwitha
reddot thepositionof thepistoncoreLF06-PC8 fromBahiaGrande.GoogleMaps (accessed17October 2020).C.Satellite imageofBahiaGrande
andsurroundings superimposedby thebathymetry.Thereddot indicates the locationof coreLF06-PC8. Image taken fromGoogleEarth (accessed
10 February 2022, with images acquired on 4 February 2015 by CNES/AirbusMaxar Technologies).
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in the depression created in an asymmetric pull-apart
basin within the principal displacement zone of the
Magallanes–Fagnano fault system, which is part of the
diffuse left-lateral plateboundary (Onorato et al. 2021).
The strike-slip rate along this boundary is approximately
6.6�1.3 mm a�1 (Smalley et al. 2003). The most severe
earthquake measured in Tierra del Fuego (M 7.8)
occurred along the eastern end of Lago Fagnano in
1949 (Pedrera et al. 2014).

Lago Fagnano is divided into two main sub-basins
(230 min theeastand180 mdeep in thewest;Waldmann
et al. 2008). The outflow connecting Lago Fagnano to
the Pacific Ocean is Rio Azopardo, via the Whiteside
Channel and the Strait of Magellan. The lake water
residence time is about 20 years, based on a lake volume
of 43 km3. Lago Fagnano is an oligotrophic lake
(Mariazzi et al. 1987; Ritcher et al. 2010). Its main
source of water is precipitation. However, several small
cirque glaciers between 900 and 1300 m a.s.l. supply
meltwater, with more significance towards the western
part of the lake. The altitude of the present equilibrium
line at ca. 1100 m a.s.l. suggests that most of these
glaciers are in rapid recession (Coronato et al. 2008).
Indeed, Bah�ıa Grande also has a small catchment area
that supplies sediment directly into it.

The present-day climate is semi-arid and cold (annual
average temperature 5.8 °C,precipitation 550 mm;Moy
et al. 2011).Theprincipal featureof theFuegian climate
is the westerly wind system. Lago Fagnano’s location
and orientation make this site an excellent location to
examine the Holocene variation of the SHWW. The lake
runsparallel to thewind fieldandtheupwindcordillera is
relatively low in elevation (reaching 2469 m a.s.l. (rela-
tive to ~3000 m a.s.l. of the Patagonian Ice Fields) and
above 4000 m a.s.l. further north), resulting in aweaker
rainshadow effect that supports forests of Nothofagus
pumilio and Nothofagus antarctica (Coronato
et al. 2009). The westerlies are important throughout
the year, but as a general rule the SHWW intensity is
stronger in summer (December to February) than in
winter (June to August), when the core of the SHHW is
displaced northwards (Lamy et al. 2010). Precipitation
follows wind speed only during the summer months
(Garreaud et al. 2013). The strength of the westerly
winds and surface air temperature (SAT) are positively
correlated in winter and inversely correlated in summer
(Garreaud et al. 2013).At a larger scale, in Patagonia El
Ni~no events are associatedwithweaker SHWW,whereas
during La Ni~na stronger SHWW occur (Schneider &
Gies 2004). Additionally, the SHWW at the latitude of
Tierra del Fuego are influenced by theElNi~no/Southern
Oscillation (ENSO) (Rees et al. 2015). Garreaud
et al. (2013) correlate Tierra del Fuego summer rainfall
anomalies with the Antarctic Oscillation and winter
anomalies to the strength of the SHWW. Garreaud
et al. (2013) also observe a positive relation between the

SHWWand the SAT in winter. In summer the SHWW
and SATare inversely related.

Material and methods

In thisworkwe focus on the uppermost 185 cmof piston
core LF06-PC8 (54°35026.1600S, 68°29021.8700W, water
depth 69 m;Fig. 2). The corewas acquired in 2006 using
a Kullenberg-type coring system deployed from a 12 m
research vessel, the R/V Neecho (Stanford University,
USA), from Bah�ıa Grande in Lago Fagnano (Figs 1, 2).

Physical properties and magnetic susceptibility

Immediately after core splitting and surface cleaning, we
used the GEOTEK Multi-Sensor Core Logger at ETH
Zurich (Switzerland) to take continuous digital pho-
tographs of core LF06-PC8, and analysed for magnetic
susceptibility (MS) and density at 1-cm spatial resolu-
tion. Magnetic susceptibility was additionally re-
acquired at a higher resolution (0.5-cm intervals) with a
point sensor, on the wet sediment cores after core
splitting using theGEOTEKMulti-Sensor Core Logger
at the USGS Coastal Marine Geology facility in Menlo
Park, CA (USA). Unfortunately, a small section of this
core (between 236 and 253 cm)was lost in transfer to the
photography laboratory and therefore could not be
photographed, creating a noticeable gap in the full core
photograph (Fig. 2C).

Organic geochemical analyses

Thestablecarbonandnitrogen isotopiccompositionand
C and N concentrations of bulk organic matter were
derived from 5 ml (wet) samples collected uniformly
throughout the core at 1 cm intervals. Brodie
et al. (2011) report analytical bias in the d13C and d15N
values of bulk organic matter from various acid treat-
ments. As a result, core LF06-PC8 was tested to
determine whether the removal of inorganic carbon
was necessary (Mucciarone 2021). No discernible dif-
ference was found in the carbon concentration between
1 M HCl treated and untreated samples, thus untreated
samples were freeze-dried andweighed into tin capsules
andanalysedonaCarloErbaNA1500Series 2 elemental
analyser, coupled to a Finnigan Delta Plus isotope ratio
mass spectrometer via a Finnigan ConFlo II open split
interface, at the Stanford University Stable Isotope
Biogeochemistry Laboratory (USA). The results are
presented in standard delta notation, with d13C reported
relative to the VPDB carbonate standard and d15N
relative to air. We used L-glutamic acid USGS-40 (NIST
RM8573) as our standard for calibration, and the
precision reached on 102 USGS-40 measurements is
�0.1& for d15N, �0.08& for d13C, �0.22% for N and
�0.75% for C weight percent concentrations.
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Inorganic geochemical analysis

Major elementsweremeasuredusing theAvaatechX-ray
fluorescence (XRF) core scanner at the Texas A&M
IODP (Integrated Ocean Drilling Program) facility
(USA) at 2-mm resolution in the laminated sediment
intervals and at 5-mm resolutionon the debrite intervals.
The target elements (Al, Si, S, K, Ca, Ti,Mn, Fe, Ba, Ni,
Cu, Br, Rb, Sr and Zr) were measured as counts per
second (cps) using X-rays at both 10 and 30 kV. For this
study only the elements Al, Ca, Fe, Ti and Mn are
represented and interpreted. Data were collected for
40 and 20 s for 2- and 5-mm intervals, respectively. To
corroborate the various factors influencing the geo-
chemical composition of the sediment, we conducted
principal component analysis (PCA) using the software
package PAST version 4.40 (Hammer et al. 2001;
Fig. 3). The normalized element counts were standard-
ized by subtracting the mean and dividing by the
standard deviation (Davis 1986), following Bahr
et al. (2014). For the PCAwe used only those elements
with the highest intensities, that is, Al, Si, K, Ca, Ti,Mn,
Fe, S and Ba.

The chemical composition of the glass particles of
glass (tephradeposit)wasdeterminedusingaJEOL8900
electron microprobe with a 15 kV, 10 nA beam, defo-
cused (10 lm) to avoid mobilizing the alkali metals.

Chronology

Dating lacustrine sediments in a cold environment
presents a significant challenge owing to the scarcity of
carbon suitable for radiocarbon analysis. The chronol-
ogy for core LF06-PC8 is based on four radiocarbon
analyses of wood fragments and bryophytes (Table 1)
carried out at the Center for Accelerator Mass Spec-
trometry at Lawrence Livermore National Laboratory
(USA). Calibrated ages were obtained by means of
CALIB 8.2 software (Stuiver et al. 2021) and the
SHcal20 (Hogg et al. 2020) calibration curve at the
95% confidence interval. Since dates at depths 228 and
253.5 cm were obtained from turbidite/debrite deposits,
they were not used in the age model. An additional age
was provided by a tephra layer, identified as HudsonH1
(Stern et al. 2016). Therefore, we decided to show all of

Fig. 2. A. High-resolution seismic profile of Bah�ıa Grande indicating the sediment core and a schematic acoustic facies interpretation. B. False
colour satellite image of the western part of Lago Fagnano and Bah�ıa Grande, with a red line indicating the seismic profile (A). C. Image of core
LF06-PC8, lithologyandvisuallydescribedgrainsize (vfs=very findsand; fs=finesand;ms=mediumsand;cs=coarsesand).D.Detailed imageof
the upper part of core LF06-PC8 with characteristic lamination.
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the data in depth along with the obtained 14C calibrated
ages, and to perform a simple linear age model for the
uppermost hemipelagite.

Optical microscopy

We undertook microscopic observation of the sediment
samples using a petrographic microscope at USGeolog-
ical Survey, Menlo Park. This method was especially
relevant to understanding the biogenic composition of
the lighter sediments lying on top of the turbidites.

Qualitative observational data helped us to correlate the
LF06-PC8 tephra to the H1 event. The andesitic glass
exhibits a distinct green/brown tint when observed
through a microscope.

Results

Sediment stratigraphy

Six sediment facies characterize core LF06-PC8: hemi-
pelagites, debrites, turbidites, diatom layers, glacio-

Fig. 3. A. Principal component analysis using PAST version 4.40 software (Hammer et al. 2001) of XRF data of only the laminated intervals,
avoiding turbidites, and the elements Al, Si, K, Ca, Ti, Mn, Fe, S and Ba. B. Table of principal components (PCs), and their eigenvalues and
variance. C. Bar chart indicating the values corresponding to PC1, responsible for 53.4% of the variance of XRF data. D. Bar chart indicating the
values corresponding to PC2, responsible for 17.6% of the variance of XRF data. E. Correlation matrix with significant positive correlation (r
> 0.60 and p-value<0.01) betweenAl, Si,K,Ca, andTi (green), and significant negative correlationbetweenFe and theother elements (red) for the
laminated sediment intervals.

Table 1. AMS radiocarbon ages from core LF06-PC8’s sedimentary record. Calibrated ages were obtained using Calib 8.2 (Stuiver et al. 2021)
and the SHCal20 calibration curve (Hogg et al. 2020) at 95% confidence intervals. The age of theHudsonH1 tephra represents themean 14C age
determined at various lakes (Stern et al. 2016).

AMS laboratory reference Core depth (cm) Sample material Radiocarbon age (a BP�1r) Median age (cal. a BP) 2r range (cal. a BP)

154 730 2.5 Wood 190�30 174 0–283
N92831 136.0 Wood 4135�30 4617 4447–4817
N92832 228.0 Wood 6105�45 6925 6753–7156
N92833 253.5 Bryophytes 6965�40 7757 7671–7917
Hudson 1 8434 8379–8537
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lacustrinesediments,andtephra(Fig. 2).Theuppermost
185 cm of the succession is dominated by hemipelagic
sediments. Below 185 cm, the sediment succession is
dominatedbyveryfinetocoarsesandturbidites (between
5- and 55-cm thick) and debrites (ranging from a few
centimetres to almost 1.5-m thick). Turbidites and
debrites generally underlie a grey layer with a high
diatom content (microscopic observation; Fig. 2). A
tephra deposit is observed at 397.5 cm top and 401.4 cm
bottom. The bottommost section corresponds to a
succession of millimetric very fine sand layers related to
glaciofluvial processes.

Focusing our attention on the core’s uppermost
185 cm, we found hemipelagites and turbidities. Hemi-
pelagite facies inLagoFagnanoarecharacterizedbyolive
and dark olive laminations that exhibit a homogeneous
clayeygrain size.Thereafter,weconsidereda laminatobe
a pair of olive and dark olive clay sediment layers. The
uppermost185 cmrepresent thebest-preservedrecordof
hemipelagic sediments in the core, and they contain 275
laminae (visual count). The mean thickness of each
lamina is~0.65 cm, and they range from severalmillime-
tres to several centimetres (Figs 2, 4, 5). Hemipelagic
sediments are characterized byMSvalues between 2 and
10 SI and densities between 1.2 and 1.35 g cm�3. There
are four exceptions at 46, 66, 108 and 112 cmdepth, with
densities of 1.1, 0.6, 0.6 and 0.9 g cm�3, respectively.
Three thin (~2 cm) turbidite deposits interrupt the
hemipelagic sedimentation at the core top, at 42 and
127 cm.At 185 cm, amassive (182-cm-thick)multievent
debrite divides the sediment core’s upper interval,

dominated by hemipelagic sediments, from its lower
one, dominated by mass transports deposits (Fig. 2).
Turbidites are olive-grey clayey to fine sand layers
characterized by a fining sequence upwards, sharp bases
and density values around 1.5 g cm�3 and MS values
vary from 5 to 12 SI.

Age model

We analysed four radiocarbon samples to obtain a
chronological framework (Table 1). However, only the
uppermost two samples, which correspond to pieces of
wood deposited within the hemipelagic interval at 2.5
and 136 cm depth (~170 and ~4620 cal. a BP, respec-
tively) were used for the age model, since the lowest two
samples were obtained from debrites (Table 1). Finally,
at ~400 cm we found a deposit corresponding to the
HudsonH1 tephra, whose age and composition are very
well constrained in the region (Figs 2and6; themeanage
of the various lakes is 8434 cal. a BP; Stern et al. 2016).

Because of the complexity of the stratigraphy and the
lack of datable sediments, we could develop only a basic
agemodel for thecore’suppermost185 cm.Basedonour
frail or poorly constrained agemodel, the average rate of
hemipelagic sedimentation in the Bahia Grande basin
was~30 cm ka�1,whiletherateintheadjacentdeepbasin
of Lago Fagnanowas 18 cm ka�1 (Moy et al. 2011).

Geochemical proxies

Isotopic composition of organic matter. – In core LF06-
PC8, hemipelagic sediments show C/N ratios between 8
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Fig. 4. Scanned image of core LF06-PC8 showing laminations and the greyish diatom layers. A. LnMn/Al ratio plotted on the image to illustrate
the connections between laminations and geochemistry on a logarithmic scale (Weltje et al. 2015). B. Ln Ti/Al and Ln Fe/Al ratios, showing that
several enrichments are not overlapped. Colour bars indicate Ln Mn/Al ratio (grey bars) and Ln Fe/Al ratio (orange bars) paired enrichment,
interpreted as preserved palaeo-redox fronts.
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and 10 (Fig. 7). Light layers have average values of C/N,
d13C, and d15N of 10.1�1.7, �25.4�0.6&, and
2.9�0.5&, respectively, whereas dark layers have mean
values of 9.7�0.6, �25.2�0.3&, and 3�0.4&, respec-
tively. Therefore, we did not observe significant differ-
ences between the light and dark layers. Turbidites
exhibit higher C/N peaks, and the C/N ratios associated
with these C/N peaks range from 12 to 20 (Fig. 7). The
d13Candd15Nvalues (�26.0 to�27.5&and1.3 to2.3&,
respectively) decrease relative to the rest of the sediment
facies. This is especially evident in the turbidites at ~44
and ~125 cm (Fig. 7).

Major elements. – The relative abundance of major
elements can be used to infer sedimentary processes as
well as diagenetic phenomena. We differentiated two
groups of major elements. First, Al, Ti and Ca exhibit
correlation coefficients close to 1 (Fig. 3), suggesting a
relationship between Ca and the detrital fraction, prob-
ably caused by lowcarbonate productivity as observed in
other lacustrine systems (Mesa-Fern�andez et al. 2018).
The second group,Mn andFe, relates to redox processes
occurring within the sediments rather than with detrital
input, in both the lacustrine and marine records (e.g.
Davison et al. 1982; Naeher et al. 2013; Jimenez-

Fig. 5. Progressive cross-sections (south to north) of Bah�ıa Grande in Lago Fagnano, indicating the stages of lamination formation and detailed
schemesof chemical reactionsat thewater–sediment interface.A,A’. Initial stagewithmixedandventilated lakewateroccurringduringwinter (low
temperatures and low SHWW), and initial conditions of C/N, Ti andMn/Al. B, B0. Laminae production with dysoxic/anoxic hypolimnion when
warmconditionsprevail (probablyassociatedwith intenseSHWWorhigher insolation)anddecrease inC/NandTiandcertain increases inMnand
Fe. C,C0. Third stage corresponds to a normalwinter, withmixed lakewater and an absence of hypolimnion, andC/Ndecreases to similar levels to
stage A’. High enrichment in Mn at the boundary between dark and light lamina (see article for details). C″. Eventual persistence of C0 stage
conditions.During this stageoxygenatedwaters originate a redox front.Theoxidant frontpenetrates downwards (dashedorange line), forming the
lowerMn/Al peak. D, D0. Similar conditions to (B) stage. E, E0. Mass transport event with higher C/N ratio, as upland plants are contained in the
sediment, and higher Ti owing to more terrigenous influence. F, F0. Diatom blooms associatedwith the increase in nutrients promoted by a mass
transport event; the diatom layer has a high Si content.
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Espejo et al. 2020). Additionally, we conducted a PCA
on the XRF data for only the laminated intervals to
obtain a more detailed insight into the main factors
governing the elemental composition. The first two
principal components (PCs) explain 70.9% of the vari-
ance (Fig. 3B). PC1 explains 53.4%of the total variance,
showing high scores forAl, Si, K, Ca andTi, negative for
Mn and Ba, and strongly negative for Fe (Fig. 3C). This
evidence indicates that the Fe record at Lago Fagnano is
not associated with siliciclastic elements but with other
mineral phases. Non-detrital Fe-enriched phases are
common redox-sensitive minerals, typically pyrite and
iron oxides, and their presence is confirmed by previous
millimetre-scale studies in this core (Neugebauer
et al. 2022). PC2 (17.5% of total variance) shows a high
score for Ca, S and Ba, slightly positive for Mn and Fe,
andnegative forAl,SiandK(Fig. 3D).PC2pointsagain

to the lackof covariancebetweenFe andMnanddetrital
elements such as Al and K.

To correct for dilution effects, Mn and Fe concentra-
tionswerenormalized toAl.Thisnormalizationassumes
that the Al in sediments is contributed by alumino-
silicates (Calvert 1990). Most Mn/Al enrichments are
coincident with Fe/Al enrichments (Fig. 4) and com-
monly found in the transition fromdark to light layers or
within the thin dark layers between light laminae
(Fig. 4).

Tephra analyses. – Core LF06-PC8 contains a tephra at
~400 cm, and in the studied core this level is character-
ized by the presence of andesitic volcanic glass enriched
by FeO and TiO2 (Fig. 6).

Selected proxies and interpretation

Provenanceanddeliverymechanismswere inferredusing
bulk organic matter d13C and d15N values, as well as
elemental data derived from XRF scanning. The C/N
ratio is commonlyused todifferentiatebetweenalgal and
terrestrial sources of the organic matter in lacustrine
sediments (Meyers & Teranes 2001). Terrestrial organic
matter derived fromvascular land plants typically hasC/
Natomic ratios greater than 20,whereas lacustrine algae
typically have C/N values lower than 10 (Meyers 2003).
Because lacustrine organic matter is a mixture of
terrestrial and aquatic organic matter, C/N ratios may
be used to identify the relative contributions of these two
endmembers to the sediment (Meyers & Teranes 2001).
Moreover, grain sizemay exert control on the C/N ratios
(Ghazoui et al. 2019), and d13C and d15N can be
considered as indicators of productivity (Meyers &
Teranes 2001). Nevertheless, it must be noted that the
sampling intervals inherent to each of these three
methods are different: while d13C and d15N values (at
1-cm intervals) are useful to identify centennial varia-
tion,XRFcore-scan data (at 2-mm intervals) potentially
provide decadal-scale resolution.

Discussion

This palaeoenvironmental study of Lago Fagnano
focused on the uppermost 185 cm of core LF06-PC8,
corresponding mostly to hemipelagic sediments.

Sedimentary processes

Tephra and mass transport deposits. – The tephra layer
analysed has been geochemically correlated to themajor
Early Holocene eruption H1 of the Hudson volcano
(Table 2,Fig. 6).Glass fromtheHudsonevent is distinct
from other large eruptions of the Andean Volcanic Zone
as its andesitic composition (rich in FeO and TiO2)
differs from that of the rhyolitic glass associated with
other tephra (Fig. 6) (Stern 2008). Glass from the

Fig. 6. Elemental composition of glass from major late Quaternary
volcanic eruptions of the Andean Volcanic Zone (Naranjo &
Stern 1998; Stern 2008). Plot showing the weight percents of: (A)
SiO2 vs. K2O and (B) TiO2 and FeO. In red, we show the analysed glass
in this study.
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Hudson 1 tephra is also notable for its relatively high
K2O content (Stern 2008). The Late-Holocene Aguilera
tephra is the only regional major Holocene event to
contain higher K2O values.

Turbidites and debrites are sedimentary deposits
resulting from rapid and ephemeral mass transport
processes (Stow & Zeinab 2020). In the Bah�ıa Grande
sediment core’s uppermost 185 cm, the only mass
transport deposits observed correspond to turbidites
exhibiting higher C/N peaks, indicative of terrestrial
organic matter (C/N values 12.4�2.5), compared with
more ‘algal’hemipelagites (9.9�1.1).All turbidites show
high C/N ratios and significantly lower d13C and d15N,
influencedbyorganicmatter from littoral areas, fromthe
catchment basin or associated with grain size variations
described in turbidite layers (Fig. 7). Diatom-rich layers
occur above each of the turbidites, probably related to an
increase in nutrient availability in the lake water follow-
ing mass transport events (Mackay et al. 1998).

The age of this uppermost turbidite is compatiblewith
the historic 1949Fagnano earthquake. Situated along an
active plate boundary with regular and strong seismic
events, earthquakesareaprobable triggermechanismfor
mass transport episodes (Costa et al. 2006; Waldmann
et al. 2008). The synchroneity found between this tur-
bidite and the seismic record opens the door to more
palaeoseismic studies in the region.

Hemipelagic sediments: formation of laminations. – The
hemipelagic interval is characterized by conspicuous
millimetric lamination of olive and dark olive clays. In
coreLF06-PC8weinferredanalgalorigin for theorganic
matter in the hemipelagic facies, based on its C/N ratio
(Fig. 7), but we did not observe this distinction between
darker and lighter levels. However, since the isotopic
composition between light and dark layers is highly
homogeneous, we used XRF data to characterize the
hemipelagic deposits and todescribe the laminations.Al,
Ti, and Ca variability exhibit high correlation coeffi-
cients between each other (Fig. 3), but the Ti/Al ratio
shows a weak relationship to the dark/light laminations
(Fig. 4). In contrast,Mn andFe are enriched in the dark
laminae (Fig. 4). Most Mn/Al enrichments are coinci-
dent with Fe/Al enrichments (Fig. 4) and commonly
occur at the transition between dark to light layers or in
thin dark layers between light laminae (Fig. 4; Neuge-
bauer et al. 2022). Also, conspicuous differences are
discernible with depth regarding the content of Mn and
Fe at the transitions between a dark and a light layer.
SuchMn–Feoxides typically reflect past lakehypolimnic
redox conditions (Davison et al. 1982; Eusterhues
et al. 2005; Rush 2010; Kasper et al. 2013; Dr€ager
et al. 2019).

ReactiveMnisdelivered to the lakebyrainfall andalso
by diffusion from coastal sediments. In addition, dis-
solved Mn+2 is present in aquatic systems in low
concentrations. However, changes in redox conditions

led to a change in dissolvedmanganese (Mn2+) and iron
(Fe2+) content within the water column and/or pore
waters, with consequent precipitation of Fe and Mn
oxides (Fig. 5C0; e.g. Schaller & Wehrli 1997; Pakho-
mova et al. 2007). Similar models have been proposed
for other lakes (e.g. Schaller & Wehrli 1997; Haberzettl
et al. 2006). In thick dark laminae the Mn/Al enrich-
ments often exhibit double peaks (Fig. 5A). This pattern
can be explained by a redox front associatedwith better-
ventilated deep water entering the basin after sediments
havebeendepositedunder lesswell-ventilatedconditions
(Fig. 5C; Rutten et al. 1999; Mangini et al. 2001).

The distribution of Mn and Fe within the laminated
sediment succession canbe explainedbyepisodic anoxic/
oxichypolimnionchanges (Fig. 5), asdescribed forother
lakes worldwide (Dean 1997; Dr€ager et al. 2019). Low
levels of primary production in Lago Fagnano and/or
poor organic matter preservation (Mucciarone 2021)
suggest that these variations cannot be explained by
biological processes alone. Rather, they are best
explained by periodic oxygenation of the hypolimnion
responding to energetic water column mixing and
associated deep lake ventilation (Neugebauer
et al. 2022). The same link between Mn variations and
water oxygenation has been described for another
Patagonian lake (Jouve et al. 2013) as well as for
lacustrine (Schaller et al. 1997; Eusterhues et al. 2005;
Rush 2010; Naeher et al. 2013; Dr€ager et al. 2019) and
marine environments (e.g. L€owemark et al. 2008; De
Lange et al. 2008; Jimenez-Espejo et al. 2020). This
differential variation inMnandFe preservationwithin a
lacustrine basin has been described in other regions and
linked to variations in local conditions and sedimenta-
tion rates (e.g. Granina et al. 2004).

Taken together, the geochemical data indicate that
laminations in the upper sediment column of Lago
Fagnano result from the presence of a variable redox
boundarywithin thewater column. In lacustrine systems
such redox boundaries are typically associated with
incomplete water column mixing and consequent
hypolimnetic anoxia/dysoxia (e.g. Naeher et al. 2013;
Dr€ager et al. 2019). In lakes such as Lago Fagnano,
water columnmixing is caused by a numberof processes,
such as wind-generated wave forcing and cooling. The
sediments forming under these well-oxygenated condi-
tions are light in colour. In contrast, dark laminae are
indicative of poor ventilation. These laminations are
probably controlled by winter climatic conditions, yet
warmer and calmer periods during summers might also
generate water column stratification and increase bio-
logical production, a model similar to other locations
(e.g. Davies et al. 2004; Naeher et al. 2013; Makri
et al. 2021). We note that the presence of persistently
stratified conditions has not been described in the few
water column studies conducted at Lago Fagnano
(Mariazzi et al. 1987). To test our interpretation of
laminae origin related to winter climatic conditions, a
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seasonal andmultiannual lakemonitoringprogramme is
needed to examine the epilimnion and hypolimnion at
Bahia Grande in Lago Fagnano.

Laminations: cyclicity and triggering process

Even though our age model has limitations, we infer an
average periodicity of ~22 years for pairs of laminae
(light–dark) during the last ~6.3 ka (275 laminae in
~6130 years, corresponding to the first ~185 cm of
hemipelagic sedimentation), as described above. These
bidecadal quasicycles have a period coinciding with that

of the Hale solar cycle (Raspopov et al. 2004) that is
supposed to exert an influence on ENSO events (Land-
scheidt 2000; Leamon et al. 2021). In addition, this
cycle may be a subharmonic of the releant 200–250 year
periodicitypervasive in the southernhemisphereclimate,
described at Lago Cipreses (SW Patagonia; Moreno
et al. 2014), the Falkland Islands (Patagonia Atlantic;
Turney et al. 2016), andLagoHambre (southern Patag-
onia; P�erez-Rodriguez et al. 2016), linked to solar
influence and the strength of the SHWW.

Variations in water stratification, the formation of a
hypolimnion and subsequent generation of sedimentary

Fig. 7. Core LF06-PC8 log, showing bulkmajor element ratiosMn/Al (orange), Fe/Al (brown), organic matter d13C (blue), and C/N (purple) vs.
age (cal. a BP) and depth (cm). The left side indicates the core LF06-PC8 age model tie points and climate periods described for the study region.

Table 2. Geochemical composition of the tephra layer found in core LF06-PC8, identified as Hudson Eruption H1 at 397.5–401.4 cm depth.

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO Total

Mean 5.812 1.407 16.031 63.165 2.755 2.904 1.180 0.159 4.771 98.186
Standard deviation 0.274 0.097 0.165 0.657 0.189 0.157 0.072 0.018 0.184 0.533
Range 0.860 0.321 0.684 2.168 0.725 0.445 0.244 0.068 0.632 1.859
Minimum 5.415 1.243 15.721 62.043 2.224 2.687 1.055 0.125 4.429 97.318
Maximum 6.275 1.564 16.405 64.211 2.949 3.132 1.299 0.193 5.061 99.177
Count 13 13 13 13 13 13 13 13 13 13
confidence level (95.0%) 0.166 0.058 0.100 0.397 0.114 0.095 0.044 0.011 0.111 0.322
Normalized 5.92 1.43 16.33 64.33 2.81 2.96 1.20 0.16 4.86 100.00
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laminations probably reflect changes in lake water
temperature and regional wind intensity in austral
winters (Fig. 5). No data to evaluate the role of temper-
ature and precipitation in controlling water column
dynamics are available from Lago Fagnano. However,
temperature andwinds usually playa crucial role in great
lake hypoxia (e.g. Rowe et al. 2019). Indeed, while wind
is a frequent phenomenon in the Lago Fagnano area,
ventilation triggered by the SHWW might be active
throughout the year, not only on a bi-decadal basis. In
contrast, water mixing owing to the thermobaric insta-
bility of Lago Fagnano would happen eventually in
winter if conditions were optimal (with surface waters
reaching the 4 °C density maximum), allowing over-
turning of the water column (Weiss et al. 1991; Piccol-
roaz & Toffolon 2013), and might be the most likely
mechanism in a large lake at this latitude. Moreover, in
winter the westerlies are positively correlated with the
SAT, whereas in summer the relation between the SAT
and winds is negative (Garreaud et al. 2013). It is also
known that in southern Patagonia the El Ni~no periods
are associated with weaker SHWW, colder andwith less
precipitation than the La Ni~na intervals (Schneider &
Geis 2004). From the results presented here, we believe
thatENSO-likevariabilitymayberelevant forexplaining
the origin of sediment laminations (e.g. Fischer &
Bottjer 1991; Ripepe et al. 1991; Damnati &
Taieb 1995; Mu~noz et al. 2002). La Ni~na would be
associated with mild winters with strong SHWW, in
which lacustrine stratification may persist throughout
the year, allowing dark laminae deposition (Fig. 5B). In
contrast, colder winters with weaker SHWWduring El
Ni~no-like conditions may force the intensification of
water column ventilation (Fig. 5C).

Garreaud et al. (2013) also find seasonal differences
in southern Patagonia. Whereas winter precipitation
anomalies relate to the SHWW, summer anomalies are
linked to theAntarcticOscillation.Warmer summers are
characterized by a significant weakening of the SHWW
and an increase in temperature, which in turn can
promote productivity and ultimately strengthen the
lamination effect. This interpretation is in agreement
with other studies in south-eastern Patagonia, which
highlight the role of the SHWWin controlling lacustrine
sedimentary processes (Zolitschka et al. 2019). If our
hypothesis is correct the Lago Fagnano data are a rare,
sensitive record of the SHWWat decadal resolution and,
if new dating methods are applied, offer a major
opportunity for future SHWWreconstructions.

Palaeoclimate reconstruction

TheHolocene palaeoclimate in southern SouthAmerica
is a matter of debate, as records often show great site-to-
site differences (Kilian & Lamy 2012; Bertrand
et al. 2017; Zolitschka et al. 2019). This variability can
be associated with the interaction between the SHWW

and theAndes, which produces enhanced rainfallwest of
the Cordillera and a rainshadow effect to the east,
creating a strong west–east rainfall gradient.

Themost characteristic feature of the sediment record
from Lago Fagnano is the bidecadal laminations occur-
ring throughout the last ~6.3 ka, probably owing to
water ventilation. Although our records display limita-
tions to obtaining a detailed palaeoclimate reconstruc-
tion, owing to the frail or poorly constrained age model,
we can still infer some general features. Firstly, the
described Lago Fagnano bidecal laminations are coher-
ent as a subharmonic of the described 250-year period-
icity associatedwith the SHWW in locations such as the
Falkland Islands (Turney et al. 2016), triggered by solar
variations. Additionally, the process generating the
lamination has persisted for the last ~6.3 ka (Fig. 7),
yet the lamination pattern, variability and intensity have
not been constant. From ~6 to ~2 cal. ka BP the Mn/Al
and Fe/Al enrichments were less intense and variable
(Fig. 7). These low Ln Mn/Al and Ln Fe/Al ratios may
relate to diagenesis or be in response to palaeoenviron-
mental conditions. Diagenesis could have promoted
dissolution of Fe–Mn oxides in pore-waters, but lower
Mn and Fe precipitation could also be associated with
less intense ventilation changes in Lago Fagnano and,
eventually, with less intense water column stratification
and reduced SHWW and/or insolation, thus colder
winter temperatures. In our records, the last ~2 ka are
associatedwith higher values of Fe/Al andMn/Al ratios
(Fig. 7), which might reflect more robust water column
stratification and correspondingly decreased bottom
oxygenation. Detrital input (Ti) also shows higher
variability during this period, which could be linked to
higher rainfall input (Fig. 7). These conditions are
ultimately compatible with an intensification of ENSO
activity, as indicated by marked variation in wind and
precipitation, in Lago Fagnano driving changes in water
column stratification. These results are in agreement
with studies that indicate amajor climate change in these
southern latitudes during the past two millennia, inter-
preted as a co-intensification of ENSO events in the
Western Antarctic Peninsula (Etourneau et al. 2013)
andother regions in SouthAmerica (Conroyet al. 2008;
Makou et al. 2010;Fiers et al. 2019;Cai et al. 2020), as
well as SHWW intensification and increased aridity in
the northern Tierra del Fuego steppe (Laprida
et al. 2021).

Conclusions

This study focused on the 1.85-m-long laminated section
of aLagoFagnano sediment core that corresponds to the
past ~6.3 ka and its hemipelagic sediments, which
preserve palaeoenvironmental and palaeoclimate sig-
nals. The hemipelagic sedimentation presents three thin
intercalated turbidites. The turbidites are overlain by a
grey layerwithahighdiatomcontent, reflectinga rapidly
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increased nutrient load in the lake and high productivity,
associated with mass transport events. Hemipelagites in
Lago Fagnano are characterized by laminations com-
posed of paired dark and light layers. The mean
recurrence interval of the laminations is estimated to be
~22 years, based on a visual count (275 laminae in
~6120 years). While it may well be fortuitous, this
average time step is equivalent to the duration of the
modern Hale solar cycle, which might influence ENSO
characteristics (the harmonic of the relevant 200–
250 year periodicity pervasive in the southern hemi-
sphere climate), linked with solar influence and the
strength of the SHWW.

Weproposea conceptualmodel for laminae formation
that invokes the existenceof avariable redoxboundary in
deep water. An inferred anoxic/dysoxic hypolimnion
produces dark laminae when present, and light laminae
when not. At least in BahiaGrande (Lago Fagnano), we
suggest that water column mixing is probably forced by
thermobaric instability during colder winters. Cold
winters can be linked to weaker SHWW during El
Ni~no-like conditions. Therefore, the cooling conditions
in winter might promote and intensify ventilation of the
water column and produce lighter laminations. In
contrast, La Ni~na-like conditions and/or higher insola-
tion relate towindier andwarmerwinters,whichpreserve
water stratification throughout the year and produce
dark hemipelagite layers.

Based on geochemical ratio variation, this study
distinguishes two climate periods. From ~6 to ~2 cal.
ka BP Mn/Al and Fe/Al enrichments could relate to
greater ventilation of Lago Fagnano, ultimately associ-
ated with less stable water column stratification and
reduced SHWW and/or insolation, and thus colder
winter temperatures.During the last~2 ka theFe/Al and
Mn/Al ratios and detrital input demonstrate greater
variation, which can be interpreted asmore robust water
column stratification, and this is compatible with an
intensification of ENSO activity.
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