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a b s t r a c t

This paper presents a detailed record of volcanism extending back to ~80 kyr BP for southern South
America using the sediments of Laguna Potrok Aike (ICDP expedition 5022; Potrok Aike Maar Lake
Sediment Archive Drilling Project - PASADO). Our analysis of tephra includes the morphology of glass, the
mineral componentry, the abundance of glass-shards, lithics and minerals, and the composition of glass-
shards in relation to the stratigraphy. Firstly, a reference database of glass compositions of known
eruptions in the region was created to enable robust tephra correlations. This includes data published
elsewhere, in addition to new glass-shard analyses of proximal tephra deposits from Hudson (eruption
units H1 and H2), Aguilera (A1), Reclus (R1, R2-3), Mt Burney (MB1, MB2, MBx, MB1910) and historical
Lautaro/Viedma deposits. The analysis of the ninety-four tephra layers observed in the Laguna Potrok
Aike sedimentary sequence reveals that twenty-five tephra deposits in the record are the result of pri-
mary fallout and are sourced from at least three different volcanoes in the Austral Andean Volcanic Zone
(Mt Burney, Reclus, Lautaro/Viedma) and one in the southernmost Southern Volcanic Zone (Hudson).
One new correlation to the widespread H1 eruption from Hudson volcano at 8.7 (8.6e9.0) cal ka BP
during the Quaternary is identified. The identification of sixty-five discrete deposits that were pre-
dominantly volcanic ashes (glass and minerals) with subtle characteristics of reworking (in addition to
three likely reworked tephra, and one unknown layer) indicates that care must be taken in the analysis of
both visible and invisible tephra layers to decipher their emplacement mechanisms.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The nature and scale of past volcanism, and how this varies
relative to external forcing, must be established in order to devise
adequate hazard and risk assessments. This study focusses on the
analysis of the lacustrine sediment record of Laguna Potrok Aike, in
mith).

r Ltd. This is an open access article
southern South America (Fig. 1). This sediment sequence likely
preserves tephra from explosive eruptions of the arc volcanoes in
the southernmost sector of Chile. The postglacial eruptive history of
these volcanoes has been derived by integrating proximal records
with those preserved in other lacustrine records (e.g., Stern, 2008;
Weller et al., 2018). However, due to issues in preservation, little is
known about volcanism prior to deglaciation and following the Last
Glacial Maximum (LGM; e.g., Fontijn et al., 2014). The sedimentary
record of Laguna Potrok Aike is therefore ideal to investigate Late
Quaternary volcanism as it lies downwind of major productive
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Map of southernmost South America with active volcanoes of the Austral and southernmost Southern Volcanic Zones. Star shows study site, Laguna Potrok Aike. White
numbers in black boxes indicate the locations of terrestrial tephra samples (see Table 1). Abbreviations in blue text with grey shaded background to the right of map demark the
volcanic zones; AVZ¼ Austral Volcanic Zone; NAVZ¼ northern Austral Volcanic Zone; SSVZ¼ southern Southern Volcanic Zone (as per Stern, 2004). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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volcanic centres, was not glaciated during the last glacial period
and thus provides an ~80 ky record of volcanism (Coronato et al.,
2013; Gebhardt and Ohlendorf, 2019). Reconstructing a long-term
record of volcanism from this region will additionally allow us to
test the possible influence of external factors on volcanic activity;
for example, the relationship between climate and volcanic activity
(e.g., Rawson et al., 2016). Various studies have suggested that the
removal of ice load after deglaciation affects the generation, storage
and eruption of magma (e.g., Jellinek et al., 2004; Nowell et al.,
2006; Rawson et al., 2016; Sigvaldason et al., 1992; Watt et al.,
2013).
1.1. Records of volcanism in southernmost South America

Andean volcanoes are divided into zones, and this paper focuses
on the Southern Southern Volcanic Zone (SSVZ; 41.5e46�S; Stern,
2004) where Hudson volcano is located, and the Austral Volcanic
Zone (AVZ; 49e55�S; Stern, 2004, Fig. 1). The AVZ contains several
large and frequently active volcanoes, including Mt Burney, Reclus,
Viedma, Lautaro and Aguilera, which are located ~200 km,
~250 km, ~350 km, ~390 km, ~300 km from Laguna Potrok Aike,
respectively. Several thick ash layers from these centres have been
observed in sedimentary archives across southern South America,
including H1 from Hudson at 7.57e7.85 cal ka BP, R1 from Reclus at
14.37e15.26 cal ka BP, MB1 from Mt Burney at 8.85e9.95 cal ka BP,
and A1 from Aguilera at 3.07e3.34 cal ka BP (all dates from Stern,
2008).

There is a relatively good understanding of the large volcanic
eruptions that have dispersed tephra widely across the southern-
most part of South America during the Holocene (e.g., Del Carlo
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et al., 2018; Naranjo and Stern, 2004; Stern, 2008; Stern et al., 2015;
Wastegård et al., 2013; Weller et al., 2014, 2015, 2017, 2018).
However, beyond the Holocene, relatively little is known regarding
the regional eruptive history. This is because long records of envi-
ronmental change and terrestrial deposits are typically poorly
preserved as a result of ice advance and retreat during the LGM, in
addition to persistently strong westerly winds in the area which
easily remove tephra from the landscape (e.g., Fontijn et al., 2014).

Further study of tephra deposits in the southern hemisphere
could greatly improve the scope for correlating records over wide
areas (including for example, South America and Antarctica). This
would better refine the chronology of both climatic and volcanic
events. Recent work demonstrates that tephra layers from southern
Andean volcanoes exist far beyond South America. For example, a
tephra from Sollipulli volcano (Alpehu�e pumice, So-A horizon) in
the Chilean Lake District has been identified in sub-Antarctic South
Georgia at ~3000 km distance from the source (Oppedal et al.,
2018), and widespread tephra layers from Mt. Burney (MB1) and
Reclus (R1) volcanoes have been identified in the Falkland Islands
(Monteath et al., 2019; both centres are ~950 km away). Koffman
et al. (2017) have additionally investigated cryptotephra deposits
found in surface snow and shallow firm samples from the West
Antarctic Ice Sheet (WAIS) Divide Camp, Antarctica and correlated
these to the AD 2011 Puyehue-Cord�on Caulle eruption in Chile.
Narcisi et al. (2012) have also produced correlations between An-
dean volcanic centres and ash identified in Antarctica, but some of
these are brought into question by Del Carlo et al. (2018).

Bulk chemical analysis of southernmost South American tephra
deposits is currently the most widely-used analytical method for
characterising volcanic deposits and distinguishing source-
localities (e.g., Stern, 2008; Weller et al., 2014, 2015, 2017). How-
ever, the analysis of volcanic ash deposits using individual chemical
fingerprinting of glass-shards is increasingly recommended since it
precludes the analysis of minerals, which can vary in abundance
with distance from the vent (Tomlinson et al., 2015). In addition, the
variation in melt composition is very sensitive to variations in
crystallisation, which in particular varies between eruptive units,
and data from bulk compositional analysis is not as effective as
determining these often very subtle changes as individual glass-
shard chemistry. As such, the chemistry of individual grains of
glass provides the most accurate approach to fingerprint the
composition of the deposit across wide areas and subsequently
permits a robust source allocation and tephrocorrelations (e.g., Del
Carlo et al., 2018; Fontijn et al., 2016; Tomlinson et al., 2015). For
these reasons, the chemical fingerprinting of glass-shards from
proximal deposits (Section 3.1) and the subsequent refinement of
compositional fields has been undertaken to facilitate robust tephra
correlations between volcanic centres and chemically analysed
deposits from the Laguna Potrok Aike sedimentary archive (Tables 2
and 3; Figs. 4 and 5).

This study focuses on the volcanic deposits in the 106.09m-
composite depth (m-cd) sediment sequence from site 2 of the ICDP
expedition 5022 (5022-2CP) ‘Potrok Aike Maar Lake Sediment
Archive Drilling Project’ (PASADO; Zolitschka et al., 2006). The site
of Laguna Potrok Aike has not been covered by the Patagonian ice
sheet during or after its Middle Pleistocene formation at ~0.77Ma
(Zolitschka et al., 2006). The sediment record recovered in the
framework of the ICDP-PASADO mission spans the last ~80 ka, and
therefore provides a record of part of the last glacial period and the
Holocene (Gebhardt and Ohlendorf, 2019). It is subsequently the
most comprehensive and longest record of volcanism in southern
South America yet studied, offering the best opportunity to analyse
regional volcanic activity during the Late Quaternary.

The tempo of activity and composition of the melts erupted may
additionally provide insights into the relationship between ice-
unloading and the occurrence of explosive volcanic activity (e.g.,
Huybers and Langmuir, 2009; Fontijn et al., 2016; Rawson et al.,
2015; Rawson et al., 2016; Watt et al., 2013). In areas where
decompressional melting plays an important role in primary melt
production, such as Iceland and mid-Ocean ridges, an increase in
volcanic activity has been suggested as a result of deglaciation (e.g.,
Jellinek et al., 2004; Jull and McKenzie, 1996; Crowley et al., 2015).
In continental arcs like the Andes, where primary magma pro-
duction is less likely to be influenced by cycles of glaciation (e.g.,
Watt et al., 2013), such cycles are thought to instead influence
magma storage and residence time in the crust (e.g., Rawson et al.,
2016; Watt et al., 2013). This is based predominantly on the prin-
ciple that the longer the melt sits in the crust, the more evolved it
becomes because of fractional crystallisation (Rawson et al., 2016;
Watt et al., 2013).

Geochemical analysis of glass-shards in a high-resolution study
using deposits from Mocho-Choschuenco volcano in the Chilean
Lake District enabled the identification of three phases of post-
glacial volcanic activity (Rawson et al., 2015, 2016). Here, rela-
tively low frequency, large magnitude, silicic eruptions were
recorded between 1 and 5 kyr after the termination of the last
glaciation, during the first phase; the second phase comprised of
medium-frequency, small-magnitude events of mafic composition;
the final phase consisted of high-frequency events that varied in
magnitude, and were predominantly of intermediate composition
(Rawson et al., 2016). Rawson et al. (2016) hypothesised that sig-
nificant changes in the eruption magnitude and composition of
magmas at Mocho-Choshuenco are due to storage and release,
which is most likely a response to changes in ice-overburden. This
hypothesis can be better tested with synglacial records such as that
from Laguna Potrok Aike.
1.2. Laguna Potrok Aike and previous tephra work

Laguna Potrok Aike (51�580S, 70�230W) is situated in the Pali
Aike Volcanic Field (PAVF), related to back-arc volcanism of
southern South America (Fig.1). The lake is located downwind from
the major productive centres of the SSVZ and AVZ, and thus Laguna
Potrok Aike is an ideal site for the deposition of tephra from these
centres (Wastegård et al., 2013).

During previous investigations of the Laguna Potrok Aike sedi-
mentary record, 18 visible tephra layers were chemically charac-
terised (Wastegård et al., 2013), allowing correlation between
different sites due to identification of the MB1 and R1 tephra units.
An increased abundance of tephra was identified between 72-38
and 25-19 cal ka BP (Wastegård et al., 2013; ages adjusted to reflect
new age-model by Gebhardt and Ohlendorf, 2019). Not all of the
identified tephra were chemically analysed in the previous study,
and therefore we revisit the record to carry out more detailed an-
alyses and increase the number of eruptions possibly recognised.

This new study significantly adds to prior research on the site
and in the region as it:

1) provides new glass-chemistry for proximal deposits of the
Austral Volcanic Zone, enabling more robust and compatible
correlations to volcanic centres;

2) identifies five new primary ashfall (tephra) layers in the Potrok
Aike record, providing a more complete regional tephra record
for the region;

3) includes individual glass-shard geochemistry for each tephra
layer in the Potrok Aike sequence with sufficiently large glass-
shards;

4) identifies reworked ash layers, which provide insights into the
palaeoenvironment for the last ~80 kyr, and
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5) provides a dataset to test the relationship between tephra fre-
quency and composition as well as changes in climate relating to
ice-unloading.

2. Methods

2.1. Terrestrial tephra samples from the Austral Volcanic Zone

Terrestrial tephra samples were obtained from 14 sites across
southernmost South America (Fig. 1 and Table 1). These samples
had previously been analysed for bulk chemical composition and
the sources of these tephra layers were already established and in
most cases published (Table 1). However, because bulk chemical
compositions cannot easily be compared with individual grain
glass-shard chemical compositions, the glass-shards were analysed
using techniques described in Section 2.3.2.

2.2. Chronology of Laguna Potrok Aike sequence

The chronology for this lake sequence is from Gebhardt and
Ohlendorf (2019) who used radiocarbon dates, Infrared Stimu-
lated Luminescence (IRSL) measurements, known eruptive ages for
tephra deposits, and tuning of relative palaeointensity between
Laguna Potrok Aike and the Sint-800 stack to produce an updated
age-depthmodel for the Laguna Potrok Aike sedimentary sequence.

2.3. Visible tephra layers from Laguna Potrok Aike

Visible tephra layers were collected from the sedimentary
sequence, taking care to avoid core-ends, using a scalpel. All tephra
layers are referred to as LPA_m-cd with the composite depth (cd)
quoted in metres and representing the uppermost boundary of the
horizon.

2.3.1. Visual analysis of glass-shards and/or minerals
The samples were analysed under a binocular microscope to

evaluate the relative abundance of:

� glass-shards
� organic material
� detrital material

Glass-shard morphology, angularity (Fig. 2), and colour were
also described. The dominant minerals present were additionally
noted, including whether minerals predominantly had preserved
or degraded glass-coatings. These data (in addition to chemical
analyses; Section 2.3.2) were used to provide detailed further in-
formation on the depositional nature and help distinguish between
primary or reworked events (e.g., McLean et al., 2018; Supple-
mentary File 2).

Notably, the distinction between primary and reworked tephra
layers was determined using a point-based criteria. Points relate to
indicators of reworking, and deposits which had three or more
points relating to reworking characteristics were considered as
reworked. Before concluding the classification, these deposits were
also considered as awhole afterwards (e.g., appearance in lithology,
including contact, and previous reports on layer). The criteria that
were used are as follows, and deposits received one point for each
of these features identified:

� minerals in the sample are rounded or sub-rounded;
� minerals have no glass coating, or glass-coating is degraded;
� glass-shard abundance is low (�60%);
� high abundance of organic material (�5%);
� high abundance of detrital material (�10%);
� chemistry of glass-shards is the same as those in the tephra
layer/s below.
2.3.2. Compositional analysis of glass-shards
Tephra samples from terrestrial environments were gently

crushed with a pestle and mortar before being wet-sieved using
80 mmnylonmesh and demineralised water. Visible tephra samples
from pelagic sediments were wet-sieved using 25 mm nylon mesh
and demineralised water; organics and minerals were removed
from the tephra samples, and then glass-shards were isolated using
heavy liquid density separation techniques as per Blockley et al.
(2005) to extract components with densities between 2.0 g cm3

and 2.5 g cm3. Glass-shards were subsequently mounted in Epoxy
resin stubs, which were sectioned and polished to expose a flat
surface, before being carbon coated for chemical analysis.

The major element composition of glass-shards was analysed at
the Research Laboratory for Archaeology and the History of Art,
University of Oxford, using a wavelength-dispersive JEOL JXA-8600
electron microprobe (EMP) equipped with four spectrometers, and
an accelerating voltage of 15 kV. Shards were predominantly ana-
lysed with a low beam current of 6 nA and a 10 mm beam diameter;
very small shards were analysed with a 5 mm beam, and a 4 nA
current. Thirty shards were analysed for each sample where
possible.

Sodium (Na) was analysed first to minimise element loss due to
migration. Elemental peakswere collected for a total of 60 s (P), 50 s
(Cl), 40 s (Mn), 30 s (Si, Ca, K, Al, Ti, Fe, Mg), or 12 s (Na) and for half
of the total peak time on each of the background positions on either
side of the peak. Prior to analysis, the EMP was calibrated for each
element using primary mineral standards. To verify the calibration,
Max Planck Institute reference glasses (MPI-DING) were used as
secondary standards; StHs6-80/G, ATHO-G, and GOR132-G (Jochum
et al., 2006) were analysed at the beginning, during and at the end
of all sample runs. The averaged values of these lie within two
standard deviations of the preferred values (see Jochum et al.,
2006).

Preferable total values for unknown samples are�95e100.5wt%
(e.g., Shane, 2000; Lowe, 2011; Fontijn et al., 2016). Tomaximise the
retention of analyses where devitrification has started to occur,
lower total values of >94e100.5wt% are considered acceptable
(Shane, 2000; Fontijn et al., 2016). Micro-phenocrysts, vesicles and
resin were avoided during analyses. To account for variable sec-
ondary hydration, data were normalised to 100wt%. Individual
glass-shard chemical analyses are shown as biplots, particularly
using SiO2/K2O, as potassium is the most distinguishing element of
SVZ and AVZ deposits due to along-arc variations in the potassium
composition of the melt (Kilian et al., 2003; Stern, 2008;Wastegård
et al., 2013).
3. Results

3.1. Glass chemical composition of proximal deposits

The commonly used bulk tephra (whole-rock) X-ray fluores-
cence method is not particularly appropriate for fingerprinting
tephra and confirming correlations in tephrochronology. To resolve
this issue, glass-shards from widespread regional markers (H1, H2,
MB1, MB2, R1, and A1) were analysed to produce a database of in-
dividual glass-shard major element chemistry (Tables 1 and 2).
Existing glass-chemical data for proximal samples by Del Carlo et al.
(2018) and those affiliated to historical Lautaro and Viedma erup-
tions fromMayr et al. (2019) were additionally used for comparison
(Fig. 3).



Table 1
Widespread tephra samples analysed in this study.

Volcano Marker horizon Label Site Location Archive Thickness (cm) Reference Previous geochemical
analysis

Reference
in Fig. 1

Aguilera A1 93e03 Lago Roca 50�220S, 72�450W Bog peat 10 Stern (2008) Bulk and glass
EMPA major
elements/Trace elements

1

Burney MB2 90e16 Altos de Boqueron (TDF) 53�170S, 70�100W Bog peat 2 Stern (1992);
Stern (2008)

Bulk trace elements 2

MB2 93-07(-2) Lago Parillar 53�260S; 71�050W River sediment 4 Stern (2008) Bulk trace elements 3
MB1 BF-370cm Rio Rubens 52�020S, 71�570W Barking Fox bog core 10 Markgraf (pers comms)

in Stern (2008)
4

MB1 Laguna
Tom Gold

Laguna Tom Gold (TG1) 52�090S, 69�560W Site excavation 5e10 Massone (1989);
Stern (2008)

Bulk trace elements 5

MB1 93-21W Chico river (TDF) 53�330S, 68�420W Bog peat 1 Stern (2008) 6
MB1 Unknown 4 NA

Reclus R1 90e06 Pampa Alegre (Rio Seco) 53�040S, 70�510W Fluvial-glacial sediment 6 Stern (1992);
Stern (2008)

Bulk trace elements 7

R1 R1-RioTurbio Rio Turbio 51�S, 72�W River sediment Unknown Unreported 8
R1

a 90e01 Rio Tres Brazos (PB) 53�160S, 71�020W Bog peat 1 Stern (1992);
Stern (2008)

Bulk trace elements 9

R1 Unknown 1 NA
R1 Unknown 2 NA
R1 Unknown 3 NA

Hudson H2 H2_Q_60-85 Lago Quijada 45�430S, 71�540W Lacustrine sequence 24 - Table 1
Weller et al. (2015)

Weller et al.
(2014), 2015

Bulk trace elements 10

H2 H2_E_0-30 Lago Espejo 45�520S, 72�10W (Chile) Lacustrine sequence 53 - Table 1
Weller et al. (2015)

Weller et al. (2015) Bulk trace elements 11

H1 93-21G Chico River (TDF) 53� 330S, 68�420W Bog peat 20 Stern (2008) 6
H1 RI-16II Río Ib�a~nez, Ais�en 46�190S, 71�540W River sediment Unknown Stern (2008) 12

Lautaro VT1 (AD 1959/60?) Laguna Verde 49�200S; 72�980W Lacustrine sequence 5 Mayr et al. (2019) Glass EMPA major
elements

13
VT2 (AD 1933?) Laguna Verde 49�20�S; 72�980W Lacustrine sequence 3 13
VT3 (AD 1876/78?) Laguna Verde 49�20�S; 72�980W Lacustrine sequence 6 13
VT4 (AD 1536e1669)b Laguna Verde 49�20�S; 72�980W Lacustrine sequence 1 13
GT2 (AD 1959/60?) Laguna Gemelas 49�390S; 72�900W Lacustrine sequence 4 14
GT3 (AD 1876/78?) Laguna Gemelas 49�390S; 72�900 Lacustrine sequence 5 14

Viedma? GT1 (AD 1963/1964?) Laguna Gemelas 49�390S; 72�900W Lacustrine sequence 5 14

a R1 - 90-01 was reported as A1 (Aguilera) in Stern (2008), but this was a geochemically unconfirmed correlation.
b Extrapolated age.
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Fig. 2. Illustration of glass-shard morphologies identified. The angularity description is used for minerals. The relative abundance of shards (not shown) is derived from Terry and
Chilingar (1955).

Table 2
Average glass-shard geochemistry for widespread eruptions normalised to 100%a (all data is from this study, except Lautaro/Viedma reported by Mayr et al., 2019). Total
represents analytical total. Dataset presented in Supplementary File 1.

Volcano Marker SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl Total

Hudson H1 n¼ 53
avg 63.72 1.24 16.12 4.81 0.15 1.49 3.02 6.08 2.83 0.38 0.15 98.30
stdev 0.58 0.06 0.19 0.30 0.05 0.14 0.26 0.18 0.13 0.05 0.04 1.75
H2 n¼ 29
avg 69.02 0.70 15.18 2.95 0.11 0.63 1.61 5.88 3.62 0.12 0.18 97.30
stdev 0.35 0.05 0.20 0.16 0.05 0.08 0.17 0.22 0.08 0.03 0.03 1.98

Aguilera A1 n¼ 24
avg 77.12 0.15 12.62 0.98 0.03 0.17 1.01 3.57 4.14 0.02 0.19 97.53
stdev 0.30 0.03 0.15 0.10 0.03 0.03 0.07 0.21 0.09 0.02 0.03 1.08

Burney MB1 n¼ 52
avg 76.07 0.28 13.09 1.56 0.04 0.37 1.84 4.79 1.68 0.05 0.23 96.39
stdev 1.69 0.14 0.42 0.47 0.03 0.15 0.25 0.24 0.19 0.04 0.04 1.50
MB2 n¼ 10
avg 76.70 0.24 13.03 1.28 0.02 0.31 1.72 4.82 1.62 0.03 0.22 96.89
stdev 1.14 0.04 0.76 0.14 0.02 0.24 0.37 0.23 0.11 0.03 0.06 2.53

Reclus R1 n¼ 107
avg 76.87 0.12 13.06 1.20 0.04 0.21 1.47 4.11 2.68 0.03 0.20 96.14
stdev 0.27 0.03 0.19 0.10 0.04 0.02 0.12 0.17 0.19 0.02 0.03 1.41

Lautaro/Viedma Historical n¼ 36
avg 75.30 0.30 13.34 1.57 0.03 0.27 1.87 3.72 3.37 0.06 0.17 97.34
stdev 1.08 0.08 0.72 0.14 0.03 0.08 0.43 0.28 0.23 0.05 0.04 1.64

a Analyses determined using wavelength dispersive electron microprobe analysis.
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3.1.1. Hudson
Hudson volcano has had four large eruptions since the LGM,

producing widespread tephra deposits in the Patagonia-Tierra del
Fuego region: H0 at 17.38± 0.12 cal ka BP (Bendle et al., 2017;Weller
et al., 2014), H1 at ~7.75 ka cal BP, H2 at ~3.92 ka cal BP and AD 1991
(Stern, 2008). In this study, analysis was undertaken on H1 and H2
tephra samples from different sites (Table 1).

Hudson tephra deposits are compositionally typified by a rela-
tively low silica content (62e69wt% SiO2 for H1 and H2 deposits) in
comparison to products erupted by AVZ centres (Section 3.1.2-3.1.4;
Table 2; Fig. 3). The H2 deposit has an average silica content of
~69.02 SiO2 wt% and is thus a trachyrhyolite; the H2 deposit is
enriched in Na2O, with an average content of ~5.88wt% and it also
has an average K2O content of ~3.62wt%. The H1 deposit has an
average silica content of ~63.72wt% and is thus a trachydacite. The
H1 deposit has high contents of FeO, MgO and CaO, with averages of
4.81wt%, 1.49 wt%, and 3.02wt%, respectively. The average K2O
content of the H1 deposit is ~2.83wt% (Table 2).
3.1.2. Mt Burney
Mt Burney has had two volcanic eruptions that have emplaced

widespread tephra across the Patagonia-Tierra del Fuego region:
MB1 and MB2. The age of MB1 is poorly constrained, with several
different (but overlapping) dates in the literature, including
8.85e9.95 ka cal BP (Stern, 2008), 9.00e9.18 ka cal BP (Kilian et al.,
2003) and 8.85e10.24 ka cal BP (Wastegård et al., 2013). MB2 is
deposited between 3.82 and 4.71 ka cal BP (Stern, 2008).

MB1 and MB2 are both rhyolitic and are chemically indistinct
from one another, with combined averages of 76.17wt% SiO2; both
layers are also potassium-poor, with combined averages of 1.67wt%
K2O. The potassium content of Mt Burney deposits is a distinct
feature as it is significantly lower than that of tephra from other
AVZ centres (Sections 3.1.3, 3.1.4; Table 2; Fig. 3). In addition, Mt
Burney deposits have higher sodium andmagnesium contents than
those of both Reclus and Lautaro/Viedma deposits with MB1 de-
posits averaging 4.79wt% Na2O and 0.37wt% MgO, and MB2 de-
posits averaging 4.82wt% Na2O and 0.31wt% MgO. As such these



Fig. 3. Glass-shard geochemistry from regional marker horizons, including new data from this study, from Del Carlo et al. (2018) and from Mayr et al. (2019); see key for details.
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chemicals are useful indicators to characterise the Mt Burney
source.
3.1.3. Reclus
The main widespread deposit documented for Reclus is the

rhyolitic R1 tephra unit at 14.76± 0.18 ka cal BP (Stern et al., 2011).
Two other tephra deposits with Reclus composition are identified
in the Tierra del Fuego area (R2 and R3). Thesewere deposited ~2.00
ka cal BP (Villa-Martínez and Moreno, 2007). Recent work by Del
Carlo et al. (2018) have identified one of these units (i.e., R2 or R3)
and provided a more precise age of <3.39e3.59 ka cal BP.

Deposits from Reclus are the most silica-enriched of all the
deposits from AVZ centres; The SiO2 content of R1 deposits range
between 75.96 and 77.79wt%. The R1 deposit contains on average
2.68 wt% K2O (Table 2; Fig. 3), which distinguishes it from deposits
of other centres, such as Lautaro/Viedma. However, since glass
analyses are only available for widespread Reclus deposits: R1 and
R2-3 (LA-1B in Del Carlo et al., 2018), it is possible that the
compositional field is not representative of all deposits from Reclus
volcano.
3.1.4. Lautaro/Viedma
This study incorporates chemical data published by Mayr et al.

(2019) who describe the chemistry of seven historical rhyolitic
tephra layers in lake sediment cores ~40e60 km southeast of the
Lautaro volcano. Based on geography and dating, Lautaro volcano is
the most likely source of six of these tephras, and Viedma volcano
the source of one (Mayr et al., 2019). The chemistry of these de-
posits are similar, and in i) the absence of other knownwidespread
tephra deposits from these volcanoes, and ii) the inability to
differentiate between them, we use the compositions from Mayr
et al. (2019) as a reference for Lautaro/Viedma chemistry. The
chemistry of these deposits is similar to that of Reclus tephras,
although Lautaro/Viedma deposits are more enriched in TiO2
(~0.30wt%) and K2O (~3.37wt%) than those from Reclus (~0.12 and
~2.68wt%, respectively). There is only limited data from these two
centres, and it is possible that other deposits may show greater
compositional variability than what is shown in Fig. 3.

3.1.5. Aguilera
There was one large, widespread eruption from Aguilera vol-

cano, called A1, between 3.07 and 3.34 ka cal BP (Stern, 2008).
Tephra deposits >10 cm thick and >5 cm thick have been identified



Fig. 4. Logarithmic scale of tephra thicknesses, with primary (purple) and reworked
(orange) tephra layers. Tephra labels are provided for primary layers only. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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80 km and 130 km east from the centre, respectively. The identifi-
cation of these thick A1 tephra deposits indicates an eruption vol-
ume greater than MB2 (�2.8 km3) or the Hudson 1991 (�3.6 km3)
eruptions (Stern, 2008). Other smaller eruptions of Aguilera
volcano have been reported in the Holocene but their deposits have
been less widely dispersed and they have only been identified in
Torres del Paine, Chile and Lago Argentino. (e.g., Stern, 2008; Strelin
and Malagnino, 2000). Further work is required to refine the dates
and chemical signatures of these.

Aguilera deposits are characterised by a high potassium content,
which ranges from 3.95 to 4.40wt%. The A1 tephra also has a high
average silica content of 77.12wt%. In contrast to other widespread
AVZ tephra deposits, A1 deposits have low contents of Al2O3, FeOt
and Na2O, with averages of 12.62, 0.98 and 3.57wt%, respectively.
Sodium may be a useful tool for distinguishing tephra from NAVZ
centres as it is particularly distinct when compared to the
composition of other centres (Table 2), though caution should be
taken since sodium is a mobile element that easily migrates with
alteration.

3.2. Tephra units from Laguna Potrok Aike and their glass chemical
composition

We identified 94 visible tephra deposits through the sedimen-
tary sequence ranging in thickness from 0.1 to 35.5 cm (Fig. 4);
these predominantly had sharp bases separated by pelagic sedi-
ment, were light in colour and fine-grained. Seventy-nine of these
deposits were rhyolitic, one was rhyodacitic, and ten were trachy-
dacitic; only four tephra layers could not be analysed due to low
abundances of glass-shards (Fig. 4). Variations in themajor element
glass composition of the Laguna Potrok Aike tephra allows these
tephra units to be assigned to four broad groups that correspond to
different volcanic sources; tephra was assigned to a group based on
its dominant chemical composition (described in Section 3; Fig. 5).
These compositional groups can also be used to identify reworked
deposits as they often have heterogeneous compositions that span
multiple groups atypical of a primary ashfall event.

Based on tephra compositional and morphological information,
65 tephra deposits identified are considered to be reworked, three
are potentially reworked, 25 are primary, and there is insufficient
information for one tephra. Further detail on these deposits is
provided in Section 4. Here the chemical compositions of both
primary and reworked tephra are discussed.

3.2.1. Group 1 tephra
Group 1 includes nine tephra layers (LPA_0.12, 4.17, 6.89, 8.35,

9.26, 9.33, 9.52, 9.67, 9.90) that have been deposited between 0.08
and 8.4 ka cal BP. Tephra deposits belonging to this group are dark
and medium grained (0.25e0.5mm). Glass-shards forming tephra
layers in this group are typically yellow or green in colour and have
a vesicular or fluted morphology (Fig. 2). Their free-crystal mineral
assemblage is composed of plagioclase, quartz, orthopyroxene and
minor hornblende.

The chemical composition of four deposits in Group 1 is het-
erogeneous and the group is subsequently sub-divided into A- and
B-type tephra with B-type tephra reflecting heterogeneous com-
positions. Group 1A tephra can be identified by their trachydacitic
affinities, with intermediate SiO2 content (~64.22wt%) and
intermediate-high K2O content (~2.84wt%). Group 1A tephra has a
high Al2O3 content, ranging from 15.50 to 18.06 wt%, and a high
Na2O content, ranging from 5.21 to 6.51wt%.

3.2.2. Group 2 tephra
Group 2 tephra consists of 19 layers that occur between

12.32m-cd and 95.39m-cd (9.42e50.86 ka cal BP; LPA_12.32,12.51,
21.42, 21.98, 28.23, 30.15, 38.04, 38.70, 40.68, 54.19, 57.03, 67.94,
72.07, 93.99, 94.09, 92.20, 94.33, 94.96, and 95.38). The deposits
included in this group comprise colourless shards that have a fluted
and vesicular morphology; the vesicle shape varies between



Fig. 5. Variation diagrams of glass-chemical data for tephra identified in the Laguna Potrok Aike sedimentary sequence. Compositional trends are identified using black arrows. A-B)
Compositional fields of widespread marker horizons extracted from the terrestrial realm (this study; Del Carlo et al., 2018); C-D) Group 1 tephra. Some of these deposits have two
components (Group 1A from Hudson volcano and Group 1B from AVZ sources; see Section 4); E-F) Group 2 tephra (from Mt Burney); G-H) Group 3 tephra (from Reclus volcano and
AVZ centres); I-J) Group 4 tephra (from unknown centres). Error bars represent 2 standard deviations of repeated analyses of the StHs6/80-G MPI-DING reference glass. Note that
axes are different in scale for each figure.
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circular and elongate. There are additionally white-grey pumice
particles rich in darkmicro-phenocryst inclusions in these deposits.
Group 2 deposits are typically characterised by ~50% glass-shards
and a high abundance of minerals (~40%). The mineral assem-
blage of Group 2 deposits is composed of plagioclase, orthopyrox-
ene, olivine and hornblende with some tephra samples also having
quartz.

The glass-chemical composition of Group 2 tephra is rhyolitic
with low potassium (~1.79 K2O wt%) and intermediate-high mag-
nesium contents (~0.37 MgO wt%; Table 3; Fig. 5). Group 2 tephra
deposits have intermediate FeOt contents, typically between 0.95
and 2.39wt%, intermediate TiO2 contents, typically between 0.06
and 0.39wt%, and high Na2O contents, typically between 2.43 and
5.19wt%.

3.2.3. Group 3 tephra
Group 3 tephra consists of 47 tephra layers, which occur be-

tween 1.75m-cd and 77.69m-cd (1.3e63.1 ka cal BP) and are the
most commonly identified tephra type (Table 3; Fig. 5). Group 3
tephra predominantly consist of colourless glass-shards with
cuspate and fluted shard morphology. On occasion, grey pumice
with microlite inclusions, as well as platy, colourless shards are also
present. Tephra from this group usually have a mineral assemblage
consisting of plagioclase, orthopyroxene, and occasionally olivine
and hornblende. Very low abundances of biotite are observed in
LPA_1.08, 2.56, and 63.33.

Group 3 tephra deposits are rhyolitic in composition and have
quite variable potassium contents (~3.22 K2O wt%; range:
1.04e6.95 K2O wt%). Based on potassium content, Group 3 tephra
are sub-classified into five groups: 3A) high, 3B) intermediate, 3C)
low, 3D) mixed, and 3E) very low abundance potassium (in respect
to the abundance of potassium identifiable in Group 3 tephra de-
posits). Group 3A, 3B and 3C have average K2O contents of 4.64 wt%
(n¼ 75), 3.40wt% (n¼ 16), and 2.66wt% (n¼ 475), respectively.
Group 3D shows a range between 2.04 and 6.95wt% K2O (n¼ 111).
There are some chemical outliers (Group 3E) amongst Group 3
tephra that are more comparable to Group 2 tephra compositions.
Because of this, they are listed as Group 2 (Group 3E) chemistry in
Fig. 5 e these have a very low average potassium content of 1.63wt
% K2O (range: 1.04e1.99wt%; n¼ 27).

The tephra layers in Group 3A are LPA_35.97, 36.04, 36.15, 42.00,
55.40, and 61.67; Group 3B layers are LPA_12.16 and 63.33; Group
3C layers are LPA_10.49, 10.59, 11.71, 16.11, 16.48, 16.78, 16.91, 16.92,
16.97, 17.19, 17.39, 17.55, 17.59, 17.62, 17.64, 17.65, 17.69, 17.75, 17.76,
17.79, 17.80, 17.85, 17.90, 18.03, 18.20, 77.04, 77.47, 77.61, and Group
3D layers are LPA_1.08, 13.62, 14.20. Group 3D/3E layers are,
LPA_21.07, 2.56, 24.07, 37.55; Group 3C/3E layers are, LPA_14.22,
16.04, Group 3A/3E layers are, LPA_36.80, 43.46; Supplementary
File 2).

Titanium and calcium are useful to further differentiate the
different sub-classifications of Group 3 tephra. Tephra in Group 3A
have a low abundance of CaO (~1.01wt%) and a relatively narrow
range of TiO2 (0.02e0.58wt%). This contrasts with Group 3C, which
has a higher abundance of CaO (~1.55wt%) and a low abundance of
TiO2, with a mean of ~0.13wt% and wider range of 0.04e0.91wt%.
The sample size of Group 3B is quite limited (n¼ 11), but tephra in
this group have similar calcium and titanium contents compared to
those in Group 3A.

3.2.4. Group 4 tephra
Group 4 consists of 3 tephra layers observed at 52.79m-cd

(~40.8 ka cal BP), 55.93m-cd (~44.6 ka cal BP), and 78.66m-cd
(~64.7 ka cal BP), respectively. Group 4 can be subdivided into two
groups: 4A and 4B. Group 4A has, on average, slightly higher K2O
content than 4B (71.35 and 74.21wt%, respectively).
Group 4A includes LPA_52.79 and LPA_55.93. LPA_52.79 is a
0.2 cm thick unit of grey/white pumice with dark microphenocryst
inclusions and spherical vesicles. The mineral content is <10% and
comprises plagioclase, orthopyroxene, biotite, olivine and quartz.
Accidental lithics are abundant in this sample at ~25%. Chemically,
it has an intermediate potassium content with respect to its silica
content (~2.46wt% K2O and 70.99wt% SiO2). This chemical signa-
ture is not observed in any other group. TiO2 (~0.53wt%) and Al2O3
(~15.10wt%) are relatively abundant. LPA_52.79 tephra chemistry
follows similar K2O/SiO2 evolutionary trends to Group 3B tephra,
but has different CaO/TiO2 compositions (Table 3; Fig. 5). LPA_55.93
is a 4 cm unit of white and colourless, crystal-poor, (spherical) ve-
sicular and fluted shards. Glass-shard abundance is 85%, while
lithics and minerals comprise 15% of the sample. Bottle-green
orthopyroxene with Fe-Ti oxides, plagioclase, and hornblende
form the mineral assemblage of this deposit. Chemically, LPA_55.93
is a rhyolite with a heterogeneous composition. The deposit has a
SiO2 range from 70.51 to 77.12wt%.

Group 4B consists only of LPA_78.66, which is a ~63 cm thick
cream-coloured unit that comprises white microphenocryst-poor
pumice, and a minor abundance of vesicular and fluted colourless
glass-shards. Overall, this unusually thick deposit is crystal-poor
(<5%), with only green orthopyroxene with Fe-Ti oxide inclusions
and plagioclase. LPA_78.66 is chemically heterogeneous, with a
SiO2 content between 71.16 and 77.68wt%, and a K2O content be-
tween 1.70 and 2.77wt%.

4. Interpretation and discussion

4.1. Chemical fingerprints and tephra correlations

In this section, tephra is correlated to source centres in the
lowermost SVZ and AVZ on the basis of tephra chemistry. Tephra
has been correlated to Hudson volcano, Mt. Burney, Reclus and
NAVZ centres.

4.1.1. Hudson volcano
Group 1A tephra deposits (Fig. 5CeD; Section 3.2.1) can be

correlated with volcanism from Hudson volcano based on glass-
shard geochemistry, and notably their intermediate silica content
and intermediate-high potassium content (Figs. 5CeD, 6; Section
3.2.1). Hudson volcano is located approximately 700 km from
Laguna Potrok Aike. The widespread H1 deposit from Hudson vol-
cano was previously identified in the Laguna Potrok Aike record
obtained for the SALSA campaign (Haberzettl et al., 2007, Section
2.2). However, this chemically distinct tephra layer was never
identified in the Laguna Potrok Aike record obtained for the
PASADO campaign (Kliem et al., 2013a; Wastegård et al., 2013). The
H1 (LPA_9.90) deposit has now been identified as a coarse, 9.6 cm
thick ash between 9.90 and 10.00m-cd in the sediment sequence,
and has a depositional age of 8.6e9.0 ka cal BP (Table 4; Fig. 6). The
age for this tephra from the Laguna Potrok Aike age model is
somewhat older than most previously published ages for H1 (Stern,
1992, 2008; Prieto et al., 2013; Naranjo and Stern, 1998) but does
overlap with reported ages of 8.42e8.63 ka cal BP for this tephra
from lake cores near Cochran, Chile, 150 km southeast of the vol-
cano (Stern et al., 2016).

After the deposition of this primary unit (stratigraphically up-
core), there are five tephra layers with a Hudson affinity which
are reworked, and two which are likely reworked (Figs. 4 and 9;
Supplementary File 2). These are identified by a dominance of
rounded and sub-rounded minerals (Fig. 2), a lack of glass coating
onminerals (particularly on orthopyroxene), a decline in the overall
abundance of glass-shards, an increase in the abundance of lithics,
and in some cases, an increase in the abundance of organic



Table 3
Average and standard deviation of glass-shard chemistry for the different groups of tephra identified in the Laguna Potrok Aike sequence, including Groups 1 (A and B-type), 2,
3 (3A, 3B, 3C, 3D, 3E) and 4 (4A and 4B) (total n¼ 1046). This data includes reworked and primary tephra chemistry. Tephra chemistry is normalised to 100wt%. Total rep-
resents analytical total. Dataset presented in Supplementary File 1.

Group SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl Total

Group 1 A-type n¼ 182
average 64.22 1.22 15.94 4.8 0.16 1.45 3.03 5.85 2.84 0.36 0.14 98.81
stdev 0.77 0.08 0.3 0.32 0.05 0.23 0.42 0.25 0.15 0.05 0.03 1.25
B-type n¼ 41
average 75.65 0.21 13.02 1.58 0.06 0.2 1.22 3.71 4.12 0.04 0.19 96.06
stdev 1.58 0.13 0.65 0.5 0.04 0.15 0.47 0.61 1.15 0.04 0.04 1.83

Group 2 n¼ 150
average 76.09 0.28 13.14 1.53 0.05 0.37 1.9 4.59 1.79 0.05 0.22 95.92
stdev 1.09 0.06 0.56 0.24 0.04 0.08 0.41 0.33 0.46 0.03 0.04 1.8

Group 3 Group 3A n¼ 77
average 75.79 0.21 12.91 1.42 0.07 0.17 1.01 3.54 4.65 0.03 0.2 95.39
stdev 1.63 0.13 0.63 0.56 0.04 0.13 0.47 0.52 0.81 0.03 0.05 1.11
Group 3B n¼ 11
average 76.4 0.16 13.06 1.31 0.06 0.16 1.24 4.1 3.35 0.03 0.13 95.08
stdev 1.21 0.1 0.22 0.59 0.03 0.06 0.21 0.28 0.37 0.02 0.08 1.23
Group 3C n¼ 475
average 77.15 0.13 12.96 1.23 0.05 0.22 1.55 3.82 2.66 0.03 0.22 96.27
stdev 0.57 0.05 0.23 0.20 0.04 0.04 0.14 0.30 0.17 0.02 0.09 2.69
Group 3D n¼ 101
average 78.87 0.18 12.94 1.37 0.05 0.2 1.25 3.75 3.8 0.04 0.19 96.1
stdev 65.07 0.13 0.59 0.49 0.04 0.14 0.44 0.61 1.27 0.04 0.04 1.76
Group 3E n¼ 23
average 74.93 0.29 13.69 1.85 0.05 0.52 2.37 4.39 1.64 0.06 0.2 97.17
stdev 3.54 0.09 1.36 0.8 0.03 0.46 0.99 0.58 0.19 0.06 0.06 1.69

Group 4 Group 4A n¼ 31
average 71.35 0.51 14.93 2.51 0.05 0.74 2.93 4.18 2.52 0.12 0.18 96.61
stdev 2.27 0.14 0.87 0.58 0.04 0.22 0.64 0.40 0.38 0.05 0.03 1.94
Group 4B n¼ 7
average 70.12 0.45 14.43 2.39 0.05 0.67 2.75 4.10 2.39 0.11 0.17 94.15
stdev 3.01 0.12 1.13 0.74 0.06 0.21 0.70 0.44 0.40 0.55 0.02 1.54

Fig. 6. Variation diagrams of glass-chemical data for tephra deposited via primary ash-fall at individual centres identified in the Laguna Potrok Aike sedimentary sequence: A)
Hudson; B) uncorrelatable deposits from the NAVZ; C) Reclus; D) Lautaro/Viedma or Mentolat; E) Mt Burney. Compositional fields of widespread marker horizons are extracted from
the terrestrial realm (this study; Del Carlo et al., 2018; Mayr et al., 2019) and are represented using the same colours as for Fig. 3 and 5. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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material. Sedimentation rates vary during this period (e.g., Kliem
et al., 2013a) and it is considered likely that the redeposition of
tephra during the last ~8 ka cal BP is related to lake level changes
that caused reworking of older sediments (Anselmetti et al., 2009;
Haberzettl et al., 2007; Kliem et al., 2013b; Zolitschka et al., 2013,
Section 4.3).

The analysis of individual deposits indicates that LPA_9.90 is the
only primary tephra unit with a Hudson affinity in the Laguna
Potrok Aike sedimentary record. Much of the up-core reworking
shares the same tephra chemistry as the LPA_9.90 unit. However,
there are four deposits with a larger compositional range (LPA_0.12,
4.17, 6.89, and 8.35). The Group 1 A-type composition of these
deposits has Hudson affinity, but the occurrence of Group 1 B-type
glass is more consistent with AVZ volcanism (Fig. 5AeB; Sections
3.2.1, 4.3). The heterogeneity in this glass chemistry is deemed to be
further evidence of reworking.

Thewidespread and compositionally unique H2 marker horizon,
deposited ~3.92 ka cal yr BP (Naranjo and Stern, 1998), has not been
identified in the Laguna Potrok Aike sedimentary record indicating
limited possibility of other Hudson volcano sources for reworking
than the LPA_9.90, H1 unit.
4.1.2. Mt Burney
Group 2 tephra deposits (Fig. 5EeF; Section 3.2.2) are associated



Table 4
Average and standard deviation of glass-shard chemistry for the primary tephra layers identified in the Laguna Potrok Aike sedimentary sequence (this study; Supplementary
Files 1, 2). Tephra chemistry is normalised to 100% and analytical total is presented.

Tephra label and correlation SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl Total

Hudson - H1
LPA_9.90 avg 64.36 1.21 15.91 4.79 0.16 1.46 2.98 5.75 2.89 0.36 0.13 98.88
n¼ 43 stdev 0.84 0.09 0.12 0.30 0.06 0.27 0.42 0.23 0.15 0.05 0.02 0.99
Mt. Burney - MB1
LPA_12.32 avg 77.11 0.16 12.86 1.08 0.04 0.26 1.56 4.68 1.97 0.04 0.23 95.49
n¼ 17 stdev 0.75 0.03 0.19 0.10 0.03 0.02 0.65 0.15 0.08 0.03 0.02 2.28
Mt. Burney - MBK1/2?
LPA_12.51 avg 76.36 0.26 13.12 1.52 0.04 0.35 1.84 4.55 1.68 0.04 0.24 97.63
n¼ 12 stdev 0.54 0.05 0.26 0.15 0.04 0.04 0.17 0.14 0.11 0.03 0.02 1.98
Reclus - R1
LPA_18.20 avg 76.76 0.17 12.92 1.35 0.04 0.26 1.69 4.02 2.57 0.04 0.18 95.70
n¼ 18 stdev 0.67 0.05 0.39 0.20 0.04 0.08 0.18 0.23 0.13 0.03 0.03 1.62
Reclus
LPA_21.07 avg 75.58 0.22 13.52 1.67 0.06 0.32 2.10 4.15 2.19 0.04 0.14 98.34
n¼ 7 stdev 0.28 0.05 0.22 0.09 0.05 0.05 0.09 0.26 0.26 0.02 0.03 2.50
Insufficient chemistry
LPA_22.49
NAVZ - Unknown
LPA_24.07 avg 76.56 0.13 13.08 1.28 0.06 0.18 1.27 3.86 3.34 0.03 0.21 96.58
n¼ 28 stdev 0.86 0.06 0.32 0.38 0.04 0.06 0.37 0.50 1.09 0.03 0.03 1.75
Mt. Burney
LPA_30.15 avg 76.13 0.28 12.97 1.57 0.03 0.38 1.85 4.62 1.87 0.04 0.24 95.59
n¼ 12 stdev 0.79 0.04 0.25 0.28 0.04 0.04 0.10 0.31 0.52 0.02 0.04 1.07
NAVZ - Unknown
LPA_33.13 avg 73.69 0.40 13.63 2.61 0.04 0.49 2.05 4.37 2.43 0.12 0.18 96.89
n¼ 3 stdev 4.38 0.45 0.64 1.90 0.07 0.31 0.51 0.44 0.36 0.13 0.01 1.82
Mt. Burney
LPA_38.70 avg 76.47 0.26 13.20 1.46 0.08 0.33 1.83 4.15 1.96 0.05 0.23 95.27
n¼ 5 stdev 1.14 0.05 0.41 0.10 0.06 0.03 0.13 0.97 0.38 0.02 0.05 1.61
Mt. Burney
LPA_40.68 avg 76.32 0.26 13.24 1.40 0.02 0.31 2.02 4.36 1.83 0.06 0.18 96.48
n¼ 10 stdev 0.73 0.05 0.42 0.18 0.03 0.08 0.55 0.53 0.73 0.02 0.03 1.15
NAVZ - Lautaro/Viedma or Mentolat
LPA_52.79 avg 70.99 0.53 15.10 2.59 0.05 0.77 3.03 4.18 2.46 0.13 0.18 96.97
n¼ 27 stdev 1.80 0.12 0.63 0.47 0.04 0.18 0.51 0.42 0.33 0.04 0.03 1.63
Mt. Burney
LPA_54.19 avg 77.39 0.21 12.91 1.23 0.04 0.29 1.59 4.42 1.74 0.04 0.14 94.73
n¼ 6 stdev 0.95 0.05 0.43 0.19 0.04 0.04 0.22 0.20 0.09 0.02 0.03 1.16
NAVZ - Lautaro/Viedma or Mentolat
LPA_55.93 avg 73.78 0.37 13.79 1.97 0.03 0.49 2.20 4.17 2.94 0.07 0.18 94.84
n¼ 4 stdev 3.77 0.22 1.45 1.00 0.02 0.32 1.03 0.25 0.50 0.06 0.04 2.44
Mt. Burney
LPA_57.03 avg 75.36 0.22 14.20 1.15 0.05 0.28 2.14 4.76 1.64 0.07 0.14 94.51
n¼ 3 stdev 3.62 0.03 2.40 0.06 0.08 0.02 1.20 0.27 0.34 0.02 0.02 0.77
Lautaro/Viedma
LPA_63.33 avg 77.32 0.09 13.04 0.81 0.04 0.11 1.09 3.91 3.51 0.01 0.06 94.90
n¼ 5 stdev 0.28 0.03 0.23 0.12 0.02 0.04 0.09 0.08 0.29 0.01 0.02 0.55
Mt. Burney
LPA_67.94 75.68 0.33 13.02 1.86 0.07 0.43 2.00 4.67 1.64 0.06 0.24 96.04
n¼ 1
Mt. Burney
LPA_72.07 avg 74.71 0.32 13.65 1.88 0.04 0.53 2.32 4.64 1.64 0.06 0.21 97.37
n¼ 2 stdev 0.64 0.05 0.05 0.05 0.01 0.09 0.09 0.23 0.05 0.02 0.01 0.59
Reclus
LPA_77.47 avg 76.72 0.10 13.22 1.22 0.04 0.20 1.29 4.06 2.95 0.04 0.16 94.22
n¼ 5 stdev 0.29 0.02 0.07 0.27 0.03 0.02 0.14 0.14 0.19 0.02 0.02 0.70
Reclus
LPA_77.61 avg 76.78 0.14 13.21 1.26 0.08 0.23 1.59 4.02 2.48 0.03 0.18 94.32
n¼ 5 stdev 0.41 0.01 0.07 0.22 0.06 0.07 0.17 0.13 0.25 0.03 0.01 0.61
Reclus
LPA_78.66 avg 74.21 0.26 14.08 2.11 0.07 0.44 2.27 4.27 2.06 0.08 0.15 96.06
n¼ 7 stdev 3.01 0.12 1.13 0.74 0.06 0.21 0.70 0.44 0.40 0.05 0.02 1.54
Mt. Burney
LPA_94.20 avg 76.23 0.30 12.91 1.59 0.06 0.40 1.92 4.62 1.69 0.05 0.22 96.39
n¼ 13 stdev 0.91 0.04 0.46 0.23 0.05 0.05 0.28 0.18 0.09 0.02 0.03 1.39
Mt. Burney
LPA_94.33 avg 75.96 0.33 12.99 1.66 0.05 0.43 2.05 4.61 1.65 0.04 0.22 96.45
n¼ 15 stdev 0.75 0.04 0.35 0.12 0.05 0.05 0.26 0.16 0.08 0.02 0.02 1.35
Mt. Burney
LPA_94.96 avg 75.02 0.31 13.53 1.73 0.05 0.46 2.13 4.80 1.67 0.06 0.24 95.48
n¼ 18 stdev 0.51 0.04 0.20 0.14 0.04 0.04 0.13 0.18 0.08 0.02 0.01 1.45
Mt. Burney
LPA_95.38 avg 75.95 0.26 13.37 1.48 0.04 0.37 1.88 4.63 1.73 0.05 0.23 95.42
n¼ 6 stdev 0.50 0.02 0.23 0.16 0.03 0.04 0.09 0.10 0.07 0.04 0.04 0.90
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with Mt Burney volcanism. There is little chemical variation be-
tween the Mt Burney proximal data and the layers that have been
correlated to Mt Burney volcano in the Laguna Potrok Aike sedi-
mentary sequence. Of the 19 layers identified, 13 are primary and
six are reworked deposits (Table 4; Figs. 6 and 7). This indicates that
Mt Burney is possibly the most active volcanic centre in the AVZ
through the Late Quaternary (Section 4.2).

The most widespread unit, MB1 (LPA_12.32), is additionally
identified in the PASADO sequence as a 1.5 cm thick deposit be-
tween 12.32 and 12.34m-cd, which corresponds to an age of
10.0e10.4 cal ka BP. This age is slightly older than that of Stern
(2008) and Kilian et al. (2003) who report a depositional age for
this widespread eruption of 8.9e9.5 cal ka BP and 9.0e9.6 cal ka BP,
respectively. However, it overlaps with that of Del Carlo et al. (2018)
who report 14C ages of between 9299± 65 and 7325± 46 14C yr BP
(10.64 ± 0.10 and 8.10± 0.06 cal ka BP).

Some studies (e.g., Kilian et al., 2003; Monteath et al., 2019;
Stern, 2008) have reported Mt Burney-type tephra in the mid-
Holocene. However, the largest of these, MB2, is distributed well
to the south, and we have not encountered any tephra layers after
the deposition (up-core) of MB1 in Laguna Potrok Aike with Mt
Burney affinity. It is possible that Mt Burney tephra may be present
as cryptotephra horizons (i.e., tephra not visible to the naked eye)
rather than as visible tephra horizons. Cryptotephra was not ana-
lysed in this study because of the large number of visible and
reworked tephra layers observed, which would result in a high
background cryptotephra signal.

4.1.3. Reclus and NAVZ centres
The correlation of deposits to Reclus and individual NAVZ cen-

tres (Lautaro, Viedma, Aguilera) using major element glass com-
positions is difficult because they are compositionally similar to
each other (e.g., Wastegård et al., 2013). While this study, in com-
bination with Del Carlo et al. (2018), presents the most compre-
hensive glass-chemical dataset for proximal deposits in the
southernmost part of South America, the dataset is still limited
(Table 2; Fig. 3). It has been suggested that trace elements should be
used to further differentiate these (Del Carlo et al., 2018; Wastegård
et al., 2013). However, glass-shards in NAVZ deposits are typically
very small (~10e15 mm) and their trace elemental chemical char-
acterisation is very challenging due to technical limitations of LA-
ICP-MS (e.g., beam size; Pearce, 2014; Tomlinson et al., 2010).
Future work should involve expanding this reference dataset
because the compositional fields may be larger than shown at
present, and they may overlap with one other as only the wide-
spread eruptive deposits have been characterised. Correlations
made to individual centres in the NAVZ should therefore be treated
with caution, and suggested source volcanoes are simply the most
likely event source based on our current knowledge of the chemical
composition at each.

Group 3 tephra (Table 3; Fig. 5GeH; Section 3.2.3) are repre-
sentative of Reclus and NAVZ tephra. Aguilera, Lautaro and Reclus
volcanoes can be sub-classified based on potassium, calcium and
titanium contents (Table 4; Fig. 5), and these are likely to corre-
spond to the following sources: 3A-Aguilera (high K2O), 3B-Lautaro
(intermediate K2O), 3C-Reclus (low K2O), 3D-reworked (mixed
K2O), and 3E-outliers (very low K2O) from Groups 3A-D that
correspond best with Group 2 (Mt Burney) chemistry (Table 3;
Figs. 5GeH, 6; Supplementary File 2). The component of Group 1
labelled Type B is additionally most reflective of Group 3 tephra
from the AVZ. These deposits have a very low average potassium
content of 1.63wt% K2O (range: 1.04e1.99wt%; n¼ 27). Moreover,
tephra layer LPA_78.66, of Group 4B is tentatively correlated to
Reclus volcano (low K2O; Group 3C; Fig. 4GeH; Fig. 6) because,
while it does not plot on the known compositional field of Reclus, it
lies on the same compositional trend as other deposits from the
centre. In addition, the chemistry of deposits in Group 4A correlate
well with Lautaro/Viedma, or possibly Mentolat (Weller et al.,
2019).

Some analyses in Group 3 (Fig. 5GeH) are heterogeneous, and
possess a mixed potassium content (Group 3D), while some ana-
lyses are outliers from Groups 3A-3D but possess the same trend
and composition of Group 2 (Mt Burney) and thus are sub-
categorised (Group 3E). Many of these layers are reworked based
on analysis of their mineral assemblage and glass-shards, in addi-
tion to heterogeneous chemical composition which is atypical of
AVZ tephra deposits. Of Group 3 deposits, six are primary, 38 are
reworked, and one is likely reworked; reworked deposits are dis-
cussed in detail in Section 4.3 (Supplementary File 2).

The sequence between 16.47 and 18.25m-cd (~14.3 cal ka BP;
Fig. 5) is composed of multiple thick and persistently light beige,
fine-grained tephra with little pelagic sediment in between. In
Kliem et al. (2013a), the R1 tephra was placed at the top of this
sequence, at 16.78e16.79m-cd (0.5 cm thickness). The tephra
beneath were overlooked because they were considered as being
part of a prolonged period of sedimentary reworking (e.g., Kliem
et al., 2013a). However, no primary tephra deposit was identified
which leaves no mechanistic explanation for the presence of sub-
sequent (upper-core) tephra layers. In other words, reworked layers
(particularly thick ones) are very unlikely to exist without the
deposition of an initial primary tephra layer, and this is (often)
thicker than any subsequent reworked layers. We therefore suggest
the bottom tephra in this sequence at 18.20e18.25m-cd
(14.1e14.5 cal ka BP) to be the primary R1, with the subsequent
sequence representing its reworked facies (Fig. 7).

Reclus volcano, located ~250 km northwest of Laguna Potrok
Aike, deposited the large R1 tephra horizon at 14.76 (±0.18) cal ka
BP (date after Stern et al., 2011). Stern (2008) identified R1 deposits
in the terrestrial realm >10 cm thick, and>5 cm thick at 150 km and
350 km southeast of the volcano, respectively. The maximum
observed thickness of R1 was >40 cm, observed 90 km southeast
from the volcano. Because the tephra thicknesses in lake environ-
ments are less affected by preservation issues than in their
terrestrial counterparts (e.g., Fontijn et al., 2014) and the deposit
had a south-south east dispersal, it is expected that the primary
thickness of the R1 deposit observed in Laguna Potrok Aike should
be between 5 and 10 cm thick. As such, it is unlikely that the entire
tephra-bearing sequence between 16.47 and 18.25m-cd would
correspond to R1.

The visual and chemical analysis of numerous tephra layers in
the sedimentary record between 16.47 and 18.25m-cd, indicates
that the initial 5-cm-thick, diffuse, beige, Group 3C tephra layer
deposited at 18.20e18.25m-cd (~14.3 cal ka BP) most likely corre-
sponds to the large and widespread R1 tephra layer. Subsequent
tephra above this (including the tephra labelled as R1 by Kliem
et al., 2013a and Wastegård et al., 2013) with the same glass
composition are most likely reworked. The deposition of the 5-cm-
thick R1 tephra on unconsolidated sediment on relatively steep
slopes near the edge of the lake could have caused the sediment to
destabilise, and resulted in multiple reworked tephra layers with
sediment in-between (see Section 4.3; Fig. 7).

One tephra layer, LPA_63.33 (Group 3B; 43.4 cal ka BP) has a
possible Lautaro/Viedma affinity based on comparisons to glass
chemistry of proximal deposits from historical eruptions (Mayr
et al., 2019). This possibly represents the first documentation of
prehistoric Lautaro activity. Two tephra layers, LPA_52.79 and 55.93
(Group 4A; 34.2 and 35.6 cal ka BP, respectively) are also chemically
similar to Lautaro/Viedma. However, these deposits of rhyolitic and
rhyodacitic composition have a slightly lower silica and potassium
abundance than the known Lautaro/Viedma compositional field for



Fig. 7. Illustration of reworked tephra deposits in the Laguna Potrok Aike sedimentary sequence. In both of these instances, an initial widespread tephra marker is succeeded by
periods of pelagic sedimentation and further tephra layers. All tephra layers that are identified after the initial event have the same chemical composition as the first deposit, and
analyses of the deposits indicate that these are reworked e notably by the increased appearance of rounded minerals, decreased abundance of glass-shards, and increased
abundance of organic material. A) shows the H1 (Hudson) event, and subsequent (up-core) identified tephra layers, all with Hudson compositions; B) shows the R1 (Reclus) event,
and subsequent (up-core) identified tephra layers, all with Reclus compositions. There are clear implications for the assumption that discrete visible tephra layers, or cryptotephra
layers with a substantial amount of pelagic sediment between events, are the product of primary fallout. It is important to note that the sharp tephra boundaries observed in B) of
the composite record are not seen in all core-sections.
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historical events (Section 3.1.4, Figs. 3, 5 and 6). The presence of
olivine in LPA_52.79, lack of biotite in LPA_55.93, and the presence
of accidental lithic clasts in both, typical of products associatedwith
Mentolat volcanism (Weller et al., 2019), suggests that both layers
could also possibly derive from eruptions of this volcano. We
therefore tentatively attribute LPA_52.79 and LPA_55.93 to erup-
tions of either Lautaro/Viedma or Mentolat affinity, and require
more proximal glass-shard chemical data from these centres to
confirm their source.

Fifty-one deposits have a possible Reclus and/or NAVZ affinity
(Group 3 and 4; Fig. 4EeJ; Supplementary File 2). Most of these
layers are reworked (41¼ reworked; 9¼ primary; 1¼ likely
reworked; Section 4.3). Of the nine primary tephra layers, one
cannot be correlated to its source in the NAVZ (LPA_24.07), one is
possibly correlated to Lautaro/Viedma (LPA_63.33), two are
possibly correlated to Lautaro/Viedma or Mentolat (LPA_52.79
55.93), and five are correlated to Reclus (LPA_18.20 (¼R1), 21.07,
77.47, 77.61, 78.66). LPA_24.07 was deposited at 18.1 cal ka BP, and
the potassium content has a large range of between 1.70 and
5.88wt%, indicating that it could be from any centre in the NAVZ.
LPA_33.13 is additionally considered to be a primary tephra; this
unit has scarce chemical data associated with it and was therefore
unable to be associated with a Group, but is likely of NAVZ affinity
(Fig. 6).
4.2. Temporal changes in volcanic activity

While there are some data on the frequency of eruptions in the
Chilean Lake District (e.g., Chait�en (Alloway et al., 2017), Villarrica
and Llaima (Dzierma and Wehrmann, 2010), and Mocho-
Choschuenco (Rawson et al., 2015)), relatively little is known
about the frequency of eruptions from the Patagonia-Tierra del
Fuego region, and particularly beyond the Holocene. This is pre-
dominantly due to a general lack of long-term records from this
region.

Wastegård et al. (2013) and Naranjo and Stern (1998) report a
lack of deposits from Hudson volcano in the early Holocene/Pleis-
tocene, including proximally to the centre. However, Weller et al.
(2014, 2015) identify Late Pleistocene and Early Holocene erup-
tions of Hudson and Carel et al. (2011) noted an abundance of
Hudson deposits through both the Pleistocene and the Holocene in
a marine record located to the West of the volcano. Chemical
analysis of tephra layers from Laguna Potrok Aike indicates that no
Hudson tephra are preserved in the Lateglacial. The only primary
Hudson tephra preserved in Laguna Potrok Aike is that of H1 at
8.7 cal ka BP (Fig. 6). The absence of primary Hudson tephra in the
Laguna Potrok Aike sedimentary record possibly indicates that
some of the eruptions identified by Weller et al. (2014) and Carel
et al. (2011) were either smaller than H1, and/or possibly that
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wind regime and intensity has changed through the Holocene,
making Hudson deposition at Laguna Potrok Aike less likely (e.g.,
Saunders et al., 2018). The latter is plausible since another large and
widespread Hudson eruption, H2 (4.00± 0.05 cal ka BP) is not
identified at Laguna Potrok Aike; H2 had a more northeasterly
dispersal than H1 (Van Daele et al., 2016).

The greatest number of volcanic deposits in the Laguna Potrok
Aike record are from Mt Burney (Figs. 6 and 7), indicating that it is
one of the most active volcanic centres in the Late Quaternary.
There are 13 primary tephra layers of Mt Burney affinity, and 3 of
these are newly identified tephra layers (LPA_12.32, 12.51, 30.15,
38.70, 40.68, 54.19, 57.03, 67.94, 72.07, 94.20 94.33, 94.96, and
95.38). These tephras are deposited across the Quaternary, between
10.2 cal ka BP (LPA_12.32) and 72.1 ka BP (LPA_95.38). Gebhardt and
Ohlendorf (2019) described the sediments between 93.34 and
95.44m-cd as a debris flow deposit. Therefore, this section was
excluded from age-modelling and the age determined across this
part of the sedimentary sequence is the same (~72.1 ka BP). As such
the ages of the tephra units identified within this section of the
sedimentary sequence, LPA_94.20, 94.33, 94.96, and 95.38, are
poorly constrained since they are intercalated within a debris flow.
Based on factors mentioned in Section 2.3.1, these tephras are
considered to be primary (Supplementary File 2; see Section 4.3 for
further information on reworking).

The longest interval without any recorded Mt Burney deposits
(using average ages) is 12,740 years, between 52.6 ka (LPA_67.94)
and 39.9 cal ka BP (LPA_57.03). The shortest interval is 200 years in
the Holocene, between 10.2 cal ka BP (LPA_12.31) and 10.4 cal ka BP
(LPA_12.51). Because Mt Burney is ~200 km from the site of Laguna
Potrok Aike, it is most likely that the preserved tephra are from
large, explosive events (i.e., Volcanic Explosivity Index (VEI) 5þ;
Newhall and Self, 1982). However, Mt Burney may well have
experienced numerous smaller eruptions, which are less likely to
travel sufficient distances to be preserved in the Laguna Potrok Aike
sedimentary record. For example, four minor Holocene events from
Mt Burney have been described by Kilian et al. (2003) and historical
events have been described by Martinic (2008).

MB1 (LPA_12.32; 10.0e10.4 cal ka BP) is preceded by a primary
Mt Burney eruption only 200 years earlier, LPA_12.51 (Supple-
mentary File 2; Fig. 4; 10.2e10.6 cal ka BP). Both deposits are
chemically comparable, but distinct enough to suggest they
represent two different eruptive events. LPA_12.51 is only 0.2 cm
thick, while LPA_12.32 is 1.5 cm thick. LPA_12.51 could correspond
to the MBK1 or MBK2 (more likely) eruption described by Kilian
et al. (2003; tephra sample names: CHK7/49e51, CHK7/15e17,
respectively). Previously reported ages for MBK1 and MBK2 are
>8.66 ± 0.99 cal ka BP and >9.47± 0.06 cal ka BP, respectively
(Fontijn et al., 2014; Kilian et al., 2003). Similarly, Del Carlo et al.
(2018) identified a 2.5 cm thick tephra (AR-1B) of Mt Burney af-
finity preceding the MB1 unit by only 2 cm of peat deposition at
Arroyo Robles (51�510S; 70�250W).

The 1.5 cm thick LPA_18.20 Reclus eruption, commonly known
as R1, is followed soon after by LPA_21.07. LPA_21.07 is a thin, 0.3 cm
thick tephra deposited at 15.7 cal ka BP, which marks the first
Reclus deposit after the LGM. There is a lack of identified Reclus
affinity eruptions for 47.5 kyr until the identification of LPA_77.47,
LPA_77.61 and LPA_78.66, which are considered to be primary units
on the basis of factors outlined in Section 2.3.1 (Supplementary File
2; See Section 4.3 for further information on reworking). It is likely
that these three tephra layers were deposited relatively close to
~63.2 kyr, and that all represent very large eruptions, with
LPA_78.66 being exceptionally large based on the tephra thickness
(4, 8,�63 cm, respectively). Becausemuch of the lithology has been
classified as reworked beneath 76.50m-cd, and is thus excluded
from the age-model, it is difficult to determine the periodicity of
Reclus volcanic eruptions from tephra deposits preserved in Laguna
Potrok Aike (this particularly affects the determination of deposi-
tional ages for tephras from Reclus volcano identified in the
lowermost sedimentary sequence). Given the thickness of the
LPA_78.66 Reclus tephra in Laguna Potrok Aike (�63 cm) at ~63.2
ka, it is likely that this unit is preserved in Antarctic and sub-
Antarctic archives. The identification of this unit would be of
great benefit to better understand the eruptive history of Reclus,
and it could potentially allow age-transfer and the production of
more robust chronologies in Antarctic and sub-Antarctic regions
and thus further our understanding of Reclus event-history.

4.3. Reworking of tephra deposits

Sixty-five reworked and three likely reworked tephra layers
were identified in the Laguna Potrok Aike record based on mineral
componentry, glass-shard relative abundance, presence of organic
and detrital material, and glass-shard morphology (Fig. 8; Supple-
mentary File 2). As discussed, the tephra typically appears in the
sequence as well-preserved, but after further inspection, is visibly
reworked. In addition, there are often long periods of time and
thick units of pelagic sedimentation between reworking events
(Figs. 8 and 9). This strongly indicates that even visible layers that
are seemingly well-preserved with distinct and sharp contacts can
be reworked. If visible tephra layers can appear in-situ as pristine,
but in fact are not, then this raises significant concerns regarding
the analysis of cryptotephra (invisible ash layers) preserved in li-
thologies that appear to be undisturbed, for which the question of
reworking is quite often overlooked. To overcome this issue in both
visible and crypto-tephra studies, further respect should be given to
the concept of tephra remobilisation, and detailed analysis should
be undertaken on shard morphology and mineralogy, shard
abundance and organic and detrital material through the entirety
of the sequence.

In the case of Laguna Potrok Aike, reworked deposits are spec-
ulated to be caused predominantly by lake-basin slope instability,
in addition to wind (aeolian reworking) and Quaternary lake level
changes (Kliem et al., 2013a). Slope instability is possibly caused by
sediment overburden on steep-sided slopes and can cause mass
movement events such as debris flows or slides. Often material in
debris flows is entirely disturbed (i.e., tephra unit and surrounding
sediment is mixed). However, debris flows transport liquified ma-
trix, as well as original sediment, and hence while the material in
debris flows may be disturbed, slides are additionally capable of
preserving complete sections of the original sedimentary sequence.
In some cases, this can include fully intact tephra units and the
surrounding sedimentary matrix (e.g. Sauerbrey et al., 2013). This
can therefore occasionally allow for identification of a primary
tephra in a section of lithology that is classified as reworked (e.g.,
layers LPA_77.47, 77.61 and 78.66).

Debris flows become partially diluted during advancement. This
allows sediment to be brought into suspension which in turn leads
to lower density of the suspension, and the production of a turbid
flow (i.e., turbidite) above the debris flow (Sauerbrey et al., 2013).
Turbidites differ to debris flows as they typically deposit small-
scale structures that are graded from coarse to fine, and are often
overlain by a clay cap (Bouma, 1965). These clay caps often contain
lightweight grains such as glass-shards and organic matter which
are reworked from the initial slope destabilisation and movement.
Turbidites, debris flows and slides are evidenced through the
Laguna Potrok Aike sedimentary sequence (e.g., Kliem et al., 2013a).
Similar sedimentary processes are observed in Lake El'gygytgyn,
North-eastern Siberia (Juschus et al., 2009; c. f. Sauerbrey et al.,
2013). The presence of macrophytes, typically located at relatively
shallow depth, in numerous samples demonstrates that tephra was



Fig. 8. Images of volcaniclastic deposits illustrate diagnostic features of primary and reworked tephra. A-D represent distinguishing features of primary tephra deposits. E-H
represent distinguishing features of reworked tephra deposits. A) Fluted and vesicular shards with minimal lithics or organics (LPA_9.90; Hudson volcano, H1); B) High relative
abundance (~95%) of fluted glass shards (LPA_63.33; Lautaro/Viedma volcano); C) Low abundance of white grey pumice with high mineral abundance (~50% relative abundance;
LPA_12.32, Mt Burney; MB1); D) Angular amphibole with clear 60� cleavage plane (LPA_12.32, Mt Burney; MB1); E) sub-rounded orthopyroxene with some glass-coating and Fe-Ti
oxide (left; LPA_4.17; Hudson volcano and NAVZ); F) high proportion of organic debris (15% relative abundance of sample; LPA_16.04; Reclus volcano); G) gastropod shell fragment
surrounded by rounded lithics and plagioclase (LPA_4.17; Hudson volcano and NAVZ centres); H) shoot of aquatic moss (sample is radiocarbon dated to 32.2 cal ka BP; LPA_47.86;
insufficient chemical data to identify source). Scale bars (total lengths: 50 mm) are presented for individual photos in the bottom left corner.
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moved rapidly to deeper parts of the lake, and is indicative of
reworking produced by either sediment destabilisation or lake-
level changes (e.g., Jouve et al., 2017).

Three Holocene tephra layers (LPA_11.71, 12.16, and 21.07) in the
sequence are reworked but have no affiliated primary tephra unit. It
is hypothesised that these tephra layers, and possibly others, were
deposited by aeolian reworking. Here, we speculate that primary
tephra was deposited away from the lake, and that these layers
were resuspended via wind (notably the strong and dominating
Southern Westerly Winds) very soon after or during deposition,
resulting in (reworked) tephra layer formation in the Laguna Potrok
Aike sedimentary sequence (e.g., Bertrand et al., 2014). This
mechanism is particularly considered in the case of thin reworked
units identified, and provides some explanation for the identifica-
tion of rounded minerals and lack of glass-shard abundances in
some layers.

The capability of already deposited tephra to be remobilised by
wind was observed after the 1991 eruption of Hudson volcano (VEI
5), whereby strong winds caused ash to be remobilised and
identified >1000 km from source, across Argentina and the western
Atlantic Ocean (Wilson et al., 2011). Zanchetta et al. (2018) also
documented aeolian redistribution of Lateglacial Ho tephra from
Hudson volcano across Argentina, >400 km to the southeast of the
main axis of the Ho tephra distribution. Fowler and Lopushinsky
(1986) identified that even low wind speeds of 6e9 km/h�1

(1.6e2.5m s�1) are capable of mobilising unconsolidated tephra; in
the Pali Aike region, wind speeds are known to reach averages of
28.8 km/h�1 (8m s�1; Ohlendorf et al., 2013), indicating the great
potential for unconsolidated tephra to be remobilised by wind in
the study region. Additionally, Monteath et al. (2019) has associated
cryptotephra layers with heterogeneous chemistry from Southern
South America, identified in Hookers Point, Falkland Islands, as
reworked by wind. They attributed temporal patterns of abundant
reworked volcanic glass with changes in the position and/or
strength of the Southern Westerly Winds (Monteath et al., 2019).
Layers deposited by wind may provide scope to further understand
the frequency of volcanic events, as well as dust influx from
southernmost South America. However, owing to the high number
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of reworked layers in the Laguna Potrok Aike sedimentary record,
reworked layers have been excluded from frequency analysis.

Reworked tephra layers are finally also thought to possibly
result from lake-level changes which caused tephra mobilisation
Fig. 9. Plenary diagram for temporal changes in tephra chemistry. A) Tephra chemistry for pr
the source of the deposit; See Supplementary File 2 for further information; B) Deuterium (d
(MIS) are marked and reflect stadial/glacial (even numbers) and interstadial/interglacial (
references to colour in this figure legend, the reader is referred to the Web version of this
and erosion (e.g., Jouve et al., 2017). During the Holocene, South
America experienced variable climatic conditions (e.g., Markgraf
et al., 2003) which may have contributed to lake level changes,
and certainly, Holocene palaeoshorelines have been identified for
imary (solid circles with black outline) deposits in the lake sequence e colours relate to
D) data from Antarctic ice core Epica Dome C after Jouzel (2004). Marine Isotope Stages
odd numbers) conditions (after Lisiecki and Raymo, 2005). (For interpretation of the
article.)
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Laguna Potrok Aike (Anselmetti et al., 2009; Haberzettl et al., 2007;
Kliem et al., 2013b). It is thus hypothesised that changes in lake
levels are a suitable explanation for the repetitive reworking of
tephra deposits between 8.7 cal ka BP and the present day. During
the Lateglacial, lake level at Laguna Potrok Aike is thought to have
been relatively stable (e.g., Anselmetti et al., 2009; Haberzettl et al.,
2007; Zolitschka et al., 2013); the identification of numerous
reworked layers during this time period therefore indicates that
other reworking processes (i.e., wind, lake basin instability) are
more dominant at this time.

4.4. Changes in eruptive activity in relation to climate

There are limited records of long-term climate change in
southern South America because of the advance and retreat of the
Patagonian Ice Sheet (e.g., Fontijn et al., 2014). As such, Antarctic ice
cores are thought to proffer the most representative record of
climate change for the study region beyond the Lateglacial. The
volcanic record from Laguna Potrok Aike is analysedwith respect to
climatological data derived from ice cores to determine if any
relationship exists between volcanic activity and ice-unloading
(Fig. 9). This relationship has been discussed in Rawson et al.
(2016) and Watt et al. (2013) but in these studies only the Holo-
cene is accounted for.

Ice sheets were particularly thick and extensive during MIS 4
(57e71 ka BP; Lisiecki and Raymo, 2005) in southern South
America (Clapperton, 1994; Kaplan et al., 2008), and between ~53
and 65 ka BP (MIS3/MIS4), there was a decline in insolation at 40�S
(VanMeerbeeck et al., 2009). This period coincides with a decline in
eruptive activity recorded for Laguna Potrok Aike; between 62.9
and 43.4 cal ka BP (LPA_72.07 and 63.33, respectively) only one
eruptive deposit is identified (LPA_67.94; Fig. 9).

It is possible that the lack of volcanic deposits identified be-
tween 62.9 and 43.4 cal ka BP is a consequence of ice-overburden
on volcanic centres, and that the effect of this ice-overburden
inhibited eruptive activity (e.g., Jellinek et al., 2004; Rawson et al.,
2016; Watt et al., 2013). Alternatively, the lack of identified volca-
nic deposits in the lake during this time may reflect a lack of pre-
served (visible) deposits rather than a decline in overall volcanic
activity, which may be caused for example, by different dominant
wind directions. It is, however, difficult to speculate with no other
long term records of such high resolution.

5. Conclusions

This detailed investigation of tephra preserved in the Laguna
Potrok Aike sedimentary record provides the fullest account to date
of eruptive activity in southern South America over the last 80 kyr.

� Correlations to source volcanoes are based on a newly estab-
lished database of glass-geochemistry from proximal deposits of
regionally distributed eruptions: A1, R1, MB1, MB2, H1, and H2, in
addition to the tephra chemistry of widespread deposits
described in Del Carlo et al. (2018) and Mayr et al. (2019). Three
previously known regional marker horizons are now better
chemically and chronologically characterised: H1 (Hudson),
identified in the PASADO record for the first time, has a depo-
sitional age of 8.6e9.0 cal ka BP; MB1 has a depositional age of
10.0e10.4 cal ka BP, and R1 has a depositional age of
~14.1e14.5 cal ka BP.

� We have built on previous tephra studies by Kliem et al. (2013a)
and Wastegård et al. (2013). From this research we have iden-
tified nine new primary tephra layers. The chemical affinity of
all layers from the Laguna Potrok Aike sedimentary record is
presented for the first time.
� There are 94 visible tephra units preserved in the sedimentary
sequence of Laguna Potrok Aike. Twenty-five of these have been
emplaced by primary fallout, but 65 are reworked, 3 are likely
reworked, and insufficient information is available for 1 layer.
These reworked layers appear primary but have characteristic
features of reworking based on microscopic and geochemical
analysis. This strongly indicates that evenwell-preserved visible
tephra in sedimentary archives may not be primary. As such,
special care must be taken in the analysis of both visible, and
(especially) invisible (crypto-) tephra layers to decipher their
emplacement mechanisms; this includes visual inspection of
the glass, and their chemical composition. In the case of invisible
tephra in sediments which appear undisturbed, this should
include a thorough study of changing shard morphological
properties throughout the sequence to determine background
changes from true eruptive events (e.g., McLean et al., 2018). The
relocation of a widespread marker horizon in a sequence with
numerous, very obvious visible tephra layers (Figs. 8 and 9)
demonstrates that reworking of tephra is undoubtedly more
prevalent in (at least) lacustrine records than currently appre-
ciated. Further work should include the development of a
standardised framework of glass-shard inspection for reworked
deposits in different environments.

� There is a period of very low eruptive activity in the region
recorded between 62.9 and 43.4 cal ka BP. At present it cannot
be established whether this period reflects reduced eruptive
activity or reduced preservation. As such, it is difficult to
determine whether there is a relationship between climate and
volcanism in this study region with only a single record.

� Further work should involve renewed efforts, using interna-
tionally recognised methods of tephra identification and anal-
ysis, to fingerprint these widespread marker horizons in extra-
Andean records, including Antarctic ice-cores which are excel-
lent archives of tephra on long time-scales. Such work would
further inform on the scale of southern South American eruptive
activity beyond the Lateglacial.
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