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Introduction

The last few decades have been marked by a growing concern regarding climate change. All over the
world the effects of global warming and associated climate change are being experienced: prolonged
droughts (e.g. Chile (Garreaud et al., 2019) and Australia (Cai et al., 2014)); extreme heatwaves (e.g.
Western Europe in 2003, 2019 (Garcia-Herrera et al.,, 2010; Vautard et al.,, 2020) and Eastern Europe in
2010 (e.g. Barriopedro, 2011)); heavy precipitation events (e.g. China in 2016 (Sun & Miao, 2018),
Pakistan in 2010 (Hong et al,, 2011)); and global glacier retreat (e.g. Jenkins et al., 2018 King et al., 2020;
Solomina et al,, 2015;). If humanity wants to adapt to this changing world, it is essential to understand
the climate system and the impact human activities have on it. This task is currently undertaken by
scientists worldwide and summarized by the Intergovernmental Panel on Climate Change (IPCC) through
periodic assessments on climate change and recommendations to mitigate and adapt to it (e.g. IPCC,
2021).

In this attempt to better understand the climate system, marine sediment cores have supplied valuable
information. By analyzing the chemical composition of the sediment at different depths in marine cores,
changes in global ice volume, sea level, and dust supply to the Southern Ocean during the last ~5 million
years (MA) have been reconstructed. These records, have revealed that —at least during the last ~2 MA-
earth’s climate has oscillated cyclically between two contrasting states: a glacial (cold) state, lasting
either ~40 or ~100 kilo years (ka); and an interglacial (warm) state, lasting between ~10-20 ka (e.g.
Elderfield et al., 2012; Lisiecki and Raymo, 2005; Martinez-Garcia 2011;Rohling et al., 2014). Additionally,
by analyzing the chemical composition of ancient bubbles trapped in ice cores, we have come to know
that during these glacial-interglacial cycles, the temperature of the atmosphere and the amount of ice in
Antarctica varied in phase with atmospheric CO», at least during the last ~850 thousand years (Figure
1.1; Bereiter et al., 2014; Higgins et al,, 2015; Liithi et al., 2008), highlighting the strong relationship

between glacial-interglacial cycles and atmospheric CO».

Carbon is distributed on earth in different reservoirs (e.g. the ocean, the atmosphere, vegetation, the soil,
etc.), where it can be found forming different chemical compounds (e.g. CO2, CO32,, CHa4, organic matter).
Each of these reservoirs contains a different amount of carbon and exchanges it with the other reservoirs
at different rates. For example, the atmosphere contains (so far) ~870 gigatons of carbon (GtC) as CO»,
CH4 and CO, whereas vegetation contains ~2000 GtC as organic carbon, and the ocean ~38,000 GtC as
inorganic carbon (CO2, HCO3,, CO32, H,CO3) and dissolved organic carbon (IPCC, 2021 and references
therein). Every year, ~130 GtC of carbon go from the atmosphere into vegetation by photosynthesis,
whereas ~60 GtC go back to the atmosphere through plant respiration and another ~60 GtC through the
decomposition of organic matter. The second most important annual flux of carbon into the atmosphere

occurs at the ocean surface. Every year, ~78 GtC are released to the atmosphere, whereas ~80 GtC enter
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the surface ocean, from where it is transported to deeper depths, making it the second most important
sink of atmospheric carbon at present (IPCC, 2021 and references therein). Since the industrial
revolution, the burning of fossil fuels has transferred carbon from rocks and sediment into the
atmosphere at an unprecedented rate, adding an extra ~445 + 20 GtC in ~270 years (IPCC, 2021). In
order to understand the effect this abrupt increase in atmospheric carbon might have on climate, it is
necessary to understand the mechanisms that drive the exchanges between the different carbon
reservoirs, how these mechanisms interact in time and how they ultimately determine climate. This is
the study subject of the “Carbon cycle” and is key when understanding climate change and finding

solutions to adapt to it.

One period in time that might give us some insight into the Carbon cycle is the last transition between a
glacial and an interglacial state, often referred to as Termination I or “the last deglaciation”, which
occurred between ~18,000 and 11,000 calendar years Before the Present (cal ka BP, Figure 1.1). During
the last deglaciation, ice sheets in Antarctica, Greenland, North America, Eurasia and Patagonia decreased
extensively (Davies et al., 2020; Dyke, 2004; Hughes et al., 2015; RAISED consortium et al., 2014), at the
same time as atmospheric CO; in Antarctica rose abruptly from ~190 to 270 ppm (Barnola et al., 1987;
Marcott et al., 2014; Monnin et al.,, 2001) and global temperatures increased ~3.5° C (Shakun et al., 2012;
Tierney et al., 2020). Thus raising the question of what reservoirs and mechanisms were involved in
this -relatively fast- transfer of carbon into the atmosphere, provoking the transition from a
glacial to an interglacial state? Proxy evidence! from different areas of the world oceans indicate that,
during the last glacial period (just before the last deglaciation), a larger amount of carbon was stored in
the deep ocean (e.g. Allen et al., 2015; Anderson et al.,, 2019; Jaccard et al., 2009; de la Fuente et al., 2017;
Rae et al,, 2018; Sikes et al,, 2017). Furthermore, reconstructions of CO, pressure at the surface ocean,
indicate that during the last deglaciation, more CO, than at present would have been released to the
atmosphere in the Southern Ocean and the Equatorial East Pacific Ocean (Martinez-Boti et al., 2015). This,
together with additional proxy evidence (e.g. Anderson et al., 2009; Pichevin et al., 2009; Siani et al.,
2013), has led to the hypothesis that the ocean has an important role in the regulation of glacial-
interglacial cycles by storing carbon during glacial states (thus decreasing the amount of atmospheric
CO3) and releasing it to the atmosphere during interglacials (thus increasing the amount of atmospheric

CO2).

! Proxy evidence refers to estimations of climatological parameters in the past. When some parameter cannot be directly
measured, for example the temperature of the ancient ocean, some other parameter is quantified which records variations
the parameter of interest. For example, in the ocean the chemistry of micro fossils of phytoplankton, such as foraminifera
or diatoms, is often used as a proxy for sea water temperature (e.g. Elderfield et al., 2017).
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Figure 1.1 Records showing glacial-interglacial signals. The colder periods (glacials) are grey shaded. Records of
atmospheric variations of CHs (A), CO2 (B), and 8D (a proxy for temperature, C), from records in Antarctica:
Vostok/EPICA Dome C (green, red and blue curves; Jouzel et al., 2007; Elderfield et al.,, 2012; Liithi et al., 2008;
Bereiter et al., 2015, respectively) and Allan Hills Blue Ice Area (black circles; Higgins et al., 2015). (E) Benthic 6180
stack (Lisiecki & Raymo, 2005). (F) Deep ocean temperature based on foraminiferal Mg/Ca (Bereiter et al.,, 2012).
Modified from Higgins et al. (2015).

The exact areas of the ocean where this store/release of carbon would have taken place, and the
mechanisms leading to it, are still being debated. First of all, because of the high complexity of the climate
system, where different mechanisms interact through a series of feedbacks, making it difficult to estimate

their relative importance in modifying atmospheric CO,. For example, among the potential mechanisms
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invoked to explain the store/release of carbon in/from the deep ocean, it is hypothesized that changes in
oceanic circulation would result in a deep glacial ocean which was more isolated from the atmosphere
than at present, thus accumulating more carbon. Today, most carbon is stored in the deep ocean (>1,000
m depth), where it accumulates over time as organic matter produced at the surface ocean sinks and
decomposes, releasing carbon and nutrients back into the water. When this deep water is transported to
the surface, it exchanges CO, with the atmosphere, releasing part of this accumulated carbon. Thus, a
more isolated deep ocean would accumulate more carbon over time. At the same time, this change in
oceanic circulation is explained by paleoceanographers as changes in other climatic features, such as the
position and intensity of the Southerly Westerly Winds —an intense band of westerly winds blowing above
the Southern Ocean, all the way around Antarctica (section 1.1.2)- (Anderson et al., 2009; Denton et al.,
2010; Toggweiler, 1999); and/or the extension of Antarctic sea ice (Adkins, 2013; Ferrari et al., 2014;
Keeling & Stephens, 2001; Stephens & Keeling, 2000; Watson & Naveira-Garabato, 2006). Both these
mechanisms would modulate the degree of gas exchange between deep waters and the atmosphere in
the Southern Ocean, one of the main areas where deep waters upwell to the surface and exchange gases
with the atmosphere today (e.g. Sloyan & Rintoul, 2001; Webb & Suginohara, 2001). Additionally, it is
proposed that not only the rate of this exchange would change in time, but also the amount of carbon that
is effectively transported from the surface to the deep ocean. In particular, it has been proposed that
variations in nutrient availability at the surface ocean would regulate the biological productivity there,
and consecutively the organic matter sinking to the deep ocean. In turn, the amount of nutrients at the
surface ocean could be regulated by changes in oceanic circulation or from non-oceanic sources, such as
iron fertilization by dust transport in the atmosphere (e.g. Kohfeld et al,, 2005; Pichevin et al., 2009;
Sigman & Boyle, 2000). Even more, it has also been hypothesized that the accumulation of carbon in the
deep ocean during the late glacial could result from increased submarine production of CO2 during periods
of enhanced volcanism in oceanic ridges, as a response to lower sea levels during glacial states (Crowley
etal,, 2015; Lund & Asimow, 2011; Tolstoy, 2015). Very likely, all these mechanisms -and many more-
interact through a series of feedbacks resulting in what is called the last deglaciation, and proxy records
reflect changes in not one, but in an ensemble of these mechanisms. This is the complexity of the climate

system and the study of past climates.

Disentangling the complexity of the climate system -and in particular the mechanisms driving the
hypothesized store/release of carbon from the ocean during the last deglaciation- is additionally
complicated by the scarcity of data available in vast areas of the ocean (e.g. Lauvset et al., in preparation),
both at present -which is the reference from which paleoceanographic records are interpreted- and in
the past. The oceanographic and paleoceanographic information currently available is not enough to
resolve the spatial complexity in some parts of the ocean, for example in the equator (e.g. Bostock et al,,

2010), nor is enough to make statistically robust inferences about regional climatic processes, for
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example regarding the carbon storage in the deep ocean during the last late glacial period. The latter can
be aided by producing more information, beginning by less researched areas of the global ocean. One
such area is the Southeast Pacific (and the Southeast Pacific sector of the Southern Ocean), an interesting
area of study as there circulate water masses formed both in the Southern Ocean and in the Equatorial
East Pacific Ocean (section 1.1.1; Figure 1.2). These are important areas where CO; is exchanged between
the atmosphere and the deep ocean at present (e.g. Gruber et al., 2018; Mikaloff Fletcher et al., 2007;
Takahashi et al., 2009; Wu et al., 2019), and which have been indicated to have had an important role
in the store/release of carbon from the ocean during the last deglaciation (e.g. Anderson et al., 2009;
Martinez-Boti et al., 2013; Siani et al., 2013). Thus, understanding how (and if) the circulation of water
masses in the Southeast Pacific changed since the late glacial, might shed some light into the mechanisms
regulating the exchange of carbon between the ocean and the atmosphere. In this context, the first

objective of this thesis (developed in chapter 2 and 5) is:

To characterize changes in the ventilation of intermediate and deep water masses in

the Southeast Pacific Ocean during the last ~20,000 years.

For this, [ studied nine marine sediment cores retrieved in the Chilean continental margin, between ~500
and ~3,300 m, and ~31° and 49° S (Figure 1.2). New and previously analyzed radiocarbon (14C) ages of
planktic and benthic foraminifera are used as proxy of the ventilation ages (the time a water mass has
been isolated from the atmosphere) of intermediate (~500-1,000 m) and deep waters (>1,000 m) in the
Southeast Pacific during the last ~20,000 years (details in section 1.2.1.1). Changes in oceanic circulation
in the Southeast Pacific are then interpreted from these records together with previously published

radiocarbon information in the area (De Pol-Holz et al., 2010; Siani et al.,, 2013).

Another important limitation to robustly asses how these proposed mechanisms interact to explain the
observed atmospheric CO; records, are the differences in resolution and levels of certitude of
chronologies in the atmosphere compared to those in the ocean. For the deglaciation, atmospheric
records of ice cores in Antarctica are available with resolutions as low as a couple of decades and
chronological uncertainties below 150 years, determined from annual layer counting (WAIS Divide
Project Members, 2013; Marcott et al,, 2014). In contrast, oceanic records in marine sediment cores
generally have lower resolution, of a few hundred years, and their chronologies are less constrained
(section 1.2.1.2; e.g. Heaton et al., 2020). For example, during the last deglaciation, atmospheric records
show abrupt increases in CO; of ~15 ppm in a ~100 years. Meanwhile, no paleoceanographic record has
the resolution and chronological precision necessary to robustly identify the origin of these CO; pulses.
Thus, there is still work to be done to ameliorate chronologies in the ocean to better understand the
Carbon cycle. In order to better constrain the chronologies of the marine sediment cores studied in this

thesis, the second objective (developed in chapters 4 and 5) is to:
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Use tephrochronology together with stable isotopes (6180, 613C) stratigraphy in

marine sediment cores to better constrain chronologies in the Southeast Pacific Ocean

during the last ~20,000 years.

Tephrochronology identifies the remains of specific explosive eruptions (tephra) in different sites and
environments (e.g. the continent, the ocean, lakes, glaciers) and with this information it reconstructs the
eruptive history of volcanic centers (details in chapters 3 and 4). By identifying tephras which have been
dated on land, in the marine sediment cores, we evaluate if they allow to better constrain the marine
chronologies (details in section 1.2.1.2 and chapter 5). Because the study area is adjacent to two very
active volcanic zones: the Southern and Austral Volcanic Zones of the Andes (section 1.1.3), there is great

potential of using tephrochronology to ameliorate marine chronologies in the area.

16



17



Chapter 1

1.1 Study area

1.1.1 Southeast Pacific and the southeast pacific sector of the Southern Ocean

The marine sediment cores studied in this thesis (cores GeoB 7149-2, GeoB 7163-7, GeoB 7162-6,S0161-
22SL, GeoB 7167-6, MD07-3100, MD07-3098, MD07-3119 and MDO07-3081) were retrieved in the
Chilean continental margin between ~31° S and ~49° S (Figure 1.2), which corresponds to the transition
between the Southeast Pacific Ocean and the Southern Ocean. There, water masses formed in the
Southern Ocean are transported north into the Pacific Ocean (Subantarctic Surface Water (SAAW),
Subantarctic Mode Waters, Antarctic Intermediate Water (AAIW) and Circumpolar Deep Water (LCDW));
and water masses formed in the Equatorial East Pacific (Equatorial Subsurface Water (ESSW)) and North
Pacific (Pacific Deep Water (PDW)), are transported south towards the Southern Ocean. In oceanography,
a water mass corresponds to a body of water which has distinct physical (e.g. T®, salinity, density) and
geochemical (e.g. 14C, phosphate, silicate) characteristics, which derive from a common formation process
and consecutive circulation path. From their formation areas, water masses are transported through the
world oceans by currents and diffusive transport (Talley et al., 2013), and as they circulate in different
areas, their geochemical composition is modified by different processes. Among these: mixing with other
water masses, variations in biological productivity, hydrothermal activity or continental processes, such
as input from rivers; all of which leave a particular geochemical imprint on water. Oceanographic
missions since the ~1960’s have sampled and analyzed the physical and chemical characteristics of the
world oceans, allowing to identify the global distribution of water masses and begin to understand the
processes driving their formation and circulation. Here, the distribution of water masses in the study area
is done by looking at the GLODAP v2 2021 compilation of oceanographic data (Lauvset et al, in
preparation), together with a compilation of the Southeast Pacific Ocean (Figure 1.2, Reyes-Macaya et al,,
submitted). The interpretation of the paleoceanographic records produced in this thesis, are later
interpreted in terms of changes in the formation and/or circulation of the intermediate and deep water
masses bathing the sites where the marine sediment cores here studied were retrieved (chapter 2 and
5).

The study area is highly influenced by processes occurring in the Southern Ocean. This ocean corresponds
to the portion of the global ocean located around Antarctica and bounded to the north by the Subtropical
Front. The Subtropical Front is a latitudinal band at which surface temperature and salinity change fast
from colder/less saline waters to the south (associated with processes in the Southern Ocean), to
warmer/more saline waters to the north (associated with processes in the equator and subtropical

latitudes). This ocean connects the Pacific, Atlantic and Indian Oceans through the Antarctic Circumpolar
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Current, an eastward flowing current that carries surface, intermediate, deep and abyssal waters all the
way around Antarctica. One of the most relevant processes occurring in the Southern Ocean, in particular
with respect to the store/release of carbon from the deep ocean, is the upwelling of deep waters. At the
surface, the eastward flowing water driven by the Antarctic Circumpolar Current, is pushed northward
by the effect of the Southerly Westerly Winds blowing above it (e.g. Marshall & Speer, 2012; Wyrtki, 1961;
Gordon, 1971; Toggweiler and Samuels, 1993). This continuous transport of surface waters to the north
is balanced by the upward flow of deep waters to the surface. The intense winds at the surface ocean then
favor gas exchange between the newly upwelled deep waters and the atmosphere, ventilating the deep

ocean.

The southern tip of South America reaches ~56° S, thus being the southernmost continental extremity on
earth on the planet, excluding Antarctica, and as such, it interrupts the Antarctic Circumpolar Current in
its flow from the Pacific into the Atlantic Ocean. At the surface, east flowing waters bump into South
America, deviating some of the flow to the north along the Chilean margin, and some to the south
rejoining the Antarctic Circumpolar Current main flow (Figure 1.2). Because of the latter, Southern
Ocean-like conditions at the surface ocean reach further north in the Southeast Pacific (~30° S) than in
any other part of the world. In contrast, at deep and abyssal depths, the Antarctic Circumpolar Current is
bounded by bathymetry, and in the study area is particularly constrained by the Chile Rise (~50° S; Figure
1.2). Thus, the limit between the Southern Ocean and the Southeast Pacific in the surface, close to the
continent, is not very clear , and both “Southeast Pacific sector of the Southern Ocean” or “Southeast

Pacific” are used to refer to this area.

In the following, the characteristics of water masses identified in the study area are described, together

with the mechanisms proposed in the literature to explain their formation.

1.1.1.1 Subantarctic Surface Water

Subantarctic Surface Water (SAAW, SASW or SSW) is a surface water found in the Southern Ocean,
between the Subtropical Front to the north, and the Polar Front to the south. This water mass is identified
by low salinities and high levels of oxygen and intermediate levels of phosphate, which in the Chilean
continental margin are observed between ~54° S and ~30° S, from the surface until ~100 m depth
(Figure 1.2, Strub et al., 1998; Silva et al., 2009; Reyes-Macaya et al., submitted). The characteristics of
SAAW are given by the upwelling of deep waters in the Southern Ocean to the surface, and their
consecutively circulation around Antarctica driven by the Antarctic Circumpolar Current. When deep
waters upwell, they bring high phosphate, low oxygen waters into the surface. While these waters are
being transported around Antarctica, they exchange gases with the atmosphere (aided by the high
velocities of the Southerly Westerly Winds above them), rising their oxygen contents. At the same time,
biological productivity at the surface utilizes part if its initial phosphate content, resulting in intermediate

values. Finally, relative low salinities are given by high precipitation and sea-ice meltwater inputs,
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freshening surface waters (McCartney, 1977). In the studied area, salinities are particularly low because

of additional fresh water input from Patagonia (Bostock et al., 2013).

SAAW is transported east around Antarctica by the Antarctic Circumpolar Current, which as mentioned
before, encounters the South American continent at ~43° S. There, it separates in a northern branch, the
Peru-Chile Current, also known as the Humboldt Current, which transport SAAW until ~30° S; and the
Cape Horn current, which transports it south and east through the Drake Passage into the Atlantic Ocean.

SAAW is present at the surface at the retrieving sites of all the cores studied in this thesis.

1.1.1.2 Equatorial Subsurface Water

Underneath surface waters, the Equatorial Subsurface Water (ESSW) is transported south from the
Equatorial East Pacific (EEP) by the Peru-Chile Undercurrent along the South American margin (Silva et
al,, 2009; Silva & Fonseca, 1983; Strub et al., 1998; Wooster & Gilmartin, 1961; Wyrtki, 1967), and at
~80°W by the Pert-Chile Countercurrent (Silva et al., 2009). It can be identified as a subsurface salinity
maximum, phosphate maximum and oxygen minimum, between ~200 m and 600 m depth (Figure 1.1),
and from ~10° S to ~39°S (Wooster & Gilmartin, 1961; Llanillo et al., 2013; Garcia et al., 2013; Vargas et
al,, 2021; Reyes-Macaya et al., submitted), though not further than ~100 km from the coast (Silva et al,,
2009). The high salinity of the ESSW is interpreted as derived from a slow southward flow from the
equator, where evaporation exceeds precipitation. The oxygen minima and phosphate, in the other hand,
derive from its flow south along the South American margin, where it is constantly brought to the surface
by coastal upwelling. When the ESSW upwells, it brings nutrients such as phosphate and silicate to the
surface, sustaining high marine productivity in the area. When these organisms die, they decompose on
its way down the water column, a process which utilizes oxygen and returns phosphate and silicate to
the water. This process is constantly recycling nutrients and using oxygen, explaining the observed
characteristics of ESSW. Permanent coastal upwelling in the Southeast Pacific brings ESSW to the surface

north of ~35°S (Strub etal., 1998).

1.1.1.3 Antarctic Intermediate Water

Antarctic Intermediate Water (AAIW) is a water mass flowing at intermediate depths of the ocean,
characterized by having relatively low salinity, low phosphate and high oxygen contents. In the Southeast
Pacific, it is identified between ~400 m and 1,200 m depth, from ~55° S until ~25° S (Reyes-Macaya et
al,, submitted; Silva et al., 2009; Johnson, 1973; Reid, 1965; Tsuchiya & Talley, 1996, 1998). The relatively
high oxygen and low phosphate contents of AAIW, derive from the same initial process as SAAW: the
upwelling of deep waters in the Southern Ocean and their modification as they flow around Antarctica.
For reasons that are still debated (for a more detailed discussion on AAIW formation, see Bostock et al.,
2013), part of this water mass sinks to intermediate depths of the Southern Ocean, from where it is
transported north to lower latitudes in the Pacific, Atlantic, and Indian oceans (Bostock et al., 2013;

McCartney, 1977; Piola & Gordon, 1989). AAIW formation occurs in many areas of the Southern Ocean,

20



Chapter 1 - Study area

from which the Southeast Pacific has been indicated as the main modern formation area (e.g., Bostock et
al,, 2013; McCartney, 1977, 1982; Talley, 1996, 1999). From there, it circulates to the north to enter the
south Pacific subtropical gyre circulation and to the east through the Drake Passage into the Atlantic
Ocean (Talley, 2013; Tomczak & Godfrey, 2003). Cores GeoB 7163-7, GeoB 7162-6 and 22SL where

retrieved in the upper boundary, core and lower boundary of the AAIW, respectively.

1.1.1.4 Circumpolar Deep Water

Circumpolar Deep Water (CDW) corresponds to the subsurface flow of the Antarctic Circumpolar
Current. At the same time as CDW circulates east around Antarctica, it is upwelled to the surface in the
Southern Ocean being the precursor of SAAW, AAIW and Antarctic Bottom Water (section 1.1.1.4). CDW
can be divided in Upper Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water (LCDW).
UCDW is recognized as a relative oxygen minimum (Cater et al., 2008), which results from the southward
transport of Pacific Deep Water (section 1.1.1.4) into the Southern Ocean, where it encounters the
Antarctic Circumpolar Current (Carter et al., 2008). In the study area, UCDW can be found south of ~54° S,
between ~1,400 m and 2,500 m depth. Underneath UCDW, LCDW is recognized as a salinity maximum.
This high salinity derives from North Atlantic Deep Water (NADW) entering the Antarctic Circumpolar
Current in the South Atlantic, together with newly formed high-salinity deep waters around Antarctica.
A portion of LCDW is transported northward by deep western boundary currents in the Atlantic, Indian
and Pacific Oceans (Whitworth et al.,, 1999; Sloyan and Rintoul, 2001; Sloyan, 2005). In this northward
path, LCDW very likely reaches the North Pacific to be part of the formation of PDW (Holzer et al., 2021;
Koshlyakov & Tarakanow, 2004). In the study area, LCDW can be found south of ~54° S at depths below
~2,500 m, north of ~54° S, it can be identified at depths higher than ~3,500 m, recognized by relatively
high oxygen contents with respect to PDW. There, probably a mix of Antarctic Bottom Water (AABW) and
LCDW is transported to the North Pacific to form PDW (Holzer et al., 2021; Koshlyakov & Tarakanow,
2004; Talley, 2013). Core MD07-3119 (46.08°S, 76.1° W, 2500 m) was retrieved in the boundary between
UCDW and PDW, and core MD07-3081 (49.42° S, 76.96° W, 3273 m) was retrieved in the boundary
between PDW and LCDW (Figure 1.2).
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Figure 1.2 Water mass distributions in the Southeast Pacific and position of the marine sediment cores studied in
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GLODAPv2.2021 collection (Lauvset et al., in preparation).
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1.1.1.5 Pacific Deep Water

Pacific Deep Water (PDW) is the oldest water mass in the modern ocean, i.e. the water mass that has been
isolated from the atmosphere for the longest time, with estimated ventilation ages of ~1,500-2,000 years
(Kumamoto et al., 2007). It is characterized by high nutrient contents (phospahte, silicate) and low
oxygen and radiocarbon contents (see section 1.2.1.1 for more details on radiocarbon). These
characteristics derive from its isolation from the atmosphere for long periods of time, during which deep
waters accumulate nutrients and loose oxygen during the remineralization of organic matter. The exact
formation mechanisms of this water mass are not well understood, however, is thought to derive from a
mixture of deep and abyssal waters (a mixture of CDW, AABW and NADW) transported north from the
Southern Ocean, upwelling to the mid-depths of the North Pacific Ocean; together with intermediate
waters: AAIW and North Atlantic Intermediate Water, which would down well to mid-depths. PDW is
much older than any of the water masses from which it is thought to derive. It has been proposed that
the transport out of the North Pacific to the Southern Ocean, would be diffusion rather than advection
controlled, which would explain the aging of PDW in the North Pacific. The latter can be understood as
the mid-depths of the North Pacific being a more stagnant area of the ocean, where water takes a long
time to circulate. In the study area, PDW can be identified between ~1,000-3,500 m, from the North
Pacific until ~50° S, where it is transported south to upwell in the Southern Ocean, being one of the
precursors of SAAW and AAIW. Core MD07-3100 (41.60° S, 74.95° W, 1609 m depth) was retrieved in
the upper limit of PDW, near the boundary with AAIW; cores MD07-3098 (40.93°S, 75.03° W, 3055 m).

Because of the position of the marine sediment cores near the boundaries of deep water masses, it is
expected that, if their formation and/or circulation varied since the late glacial, these changes would be

observed in the studied cores.

1.1.1.6 Antarctic Bottom Water

This water mass is not found in the study area, however it is indicated to have had an important role in
the accumulation of carbon in the deep ocean in the late glacial period (e.g. Adkins, 2013; Keeling &
Stephens, 2001), and as such -for the objectives of this thesis-it is relevant to understand its formation
and distribution in the modern ocean. AABW is characterized by its high neutral density, derived from an
ensemble of processes occurring in the Southern Ocean (Carter et al., 2008). Among these, the formation
of sea ice around Antarctica, which leaves behind highly saline waters; at the same time, the freezing and
melting of water at temperatures around 0° C, which results in super cold-highly saline waters. These
processes and others, result in waters denser than surrounding ocean, which subduct into abyssal depths.
A pure version of this water mass is not found far from the Southern Ocean, as it mixes with CDW in its

circulation to abyssal depths and to lower latitudes, in the Pacific, Atlantic and Indian Oceans.
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1.1.2 Southerly Westerly Winds

A very important climatic feature in the study area are the Southerly Westerly Winds (SWW). These are
strong eastward blowing winds present all the way around Antarctica. Their latitudinal extension and
intensity changes seasonally: in summer they are more intense and concentrated in a narrower band
between ~50-55 °S; whereas in winter their distribution is wider, reaching until ~35° S in South America,
but velocities are lower. These winds have a strong influence both in the oceanic circulation in the
Southeast Pacific and Southern Ocean, as in the climate in Patagonia, the southernmost area of South
America (south of ~40° S). On top of its seasonal variability, the SWW display a decadal-to-centennial
variability in its latitudinal position, referred to as the Southern Annular Mode. In a positive (negative)
phase of the Southern Annular Mode, SWW are closer (farther) from Antarctica. As air masses blow east
above the Pacific Ocean, their water vapor content increases. When these encounter the Andean
cordillera, the air is forced to ascend and as it does, it cools down, and they precipitate. This process is
the main the precipitation source in Chile south of ~33° S (Garreaud et al., 2013), and in southern
Patagonia it sustains the remnants of the Patagonian Ice Sheet: the northern and southern Patagonian Ice
Field (Campos de Hielo Norte y Campos de Hielo Sur). The strong relationship between precipitation in
Patagonia and the position of the SWW has been used to track latitudinal and intensity variations of SWW
since the late glacial, by studying vegetation variations (e.g. Moreno et al,, 2012). These studies indicate

that at ~20 cal ka BP, the position of the SWW was ~5° to the north of its present day position.

The position of the SWW also modulates coastal upwelling in the Chilean continental margin, which
brings ESSW to the surface. The western boundary of South America is characterized by strong
northward winds, running parallel to the coast line north of ~35° S. This wind pushes the surface water
northward, while the rotation of earth deviates it west. This pushes surface away from the coast, which
brings deeper waters (ESSW) to the surface. At latitudes where SWW are present, however, the wind
direction in the coast is eastward, which pushes water into de continent, impeding coastal upwelling.
Broadly, the latter results in permanent upwelling north of 35° S; seasonal upwelling between ~35-40°
S, because of the presence of SWW in austral summer; and no upwelling south of ~40° S, because of

permanent presence of SWW.

Finally, the SWW also modulate upwelling of deep waters around Antarctica and aid the sea-air gas
exchange at the surface in the Southern Ocean. Both the position and intensities of the SWW are
associated with the net upwelling of deep waters in the Southern Ocean. It has been indicated that a
southward position of the SWW coincident with the ACC is the most favorable for deep water upwelling
(Marshall & Speer, 2012). Meanwhile, in a northward position of the SWW, the ACC is less strong and the
surface oceanic circulation is instead dominated by eddy circulation. In this context, the effect of the SWW

is less effective in pushing water north, and consequently in upwelling deep waters. Because of this
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reason, and as mentioned before, the position of the SWW has been indicated to have been part of the

store/release mechanisms associated with the last glacial-interglacial transition.

1.1.3 Geological context

As mentioned before, the studied cores where retrieved in the Chilean continental margin, adjacent to
Patagonia. There, two very active volcanic zones are present: the Southern and Austral Volcanic Zone of
the Andes. The Southern Volcanic Zone of the Andes, extends from Tupungatito volcano (~33° S) to
Hudson volcano (~46° S) and is the result of the subduction of the Nazca plate under the South American
plate (a more comprehensive description can be accessed in chapter 4). This subduction also is
responsible for the uprising of the Andean Cordillera. During the Last Glacial Maximum (~26,000-20,000
years BP), a glacial casquet occupied the Andes south of ~38° S (Davies et al., 2020). The erosion and
retreat of this glacial casquet resulted in numerous proglacial lakes, fjords and islands south of 38° S. All
the cores here studied were retrieved in the open ocean, however during the last deglaciation, surface
waters at the core retrieving sites were affected by the melt of the Patagonian casquet, as already

observed by Haddam et al. (2018) is core MD07-3100.

1.2 Methods overview

1.2.1 Stable isotopes (6180, 613C) stratigraphy

As mentioned before, water masses have particular geochemical imprints which derive from the different
processes leading to their formation and from the circulation paths they follow through the global oceans
(Figure 1.2). In oceanography, the chemical species which provide relevant information on these
processes are called tracers. In order to interpret how oceanic circulation might have changed in the past,
paleoceanographers reconstruct variations in these tracers in different parts of the global ocean. To do
so, they often study deep sea corals and/or marine sediment cores, which correspond to
paleoceanographic archives. In this thesis, | studied the downcore variations in radiocarbon ages and
stable isotope ratios (60, 6°C) of planktic and benthic foraminifera, in nine marine sediment cores.
Here, 14C, §'®0 and 6™C are the tracers which are interpreted in terms of variations in oceanic circulation
(details below). The principle behind this, is that sediment that accumulates in the bottom ocean contains
information about variations in the water above it. This sediment is composed of detrital particles (such
as rock fragments, volcanic ash, clay, etc.) and the remains of organisms that once lived in the water above
it (such as foraminifera, diatoms, coccolithophores, etc). When living organisms die, their bodies sink to
the bottom ocean and become part of the sediment. There, the remains of planktonic organisms contain
information about the surface waters they once lived in (e.g. planktonic foraminifera), whereas benthic
organism record information about bottom water and/or pore water (e.g. benthic foraminifera). The
composition of the sediment that is continuously buried in the bottom ocean varies in time, reflecting

changes occurring in the ocean (e.g. increase/decrease of biological productivity, a different water mass
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circulating in the surface or bottom ocean), and on land (e.g. more or less sedimentary input by rivers,
dust and/or volcanic eruptions). These changes are recorded in the sediment, and by analyzing the
characteristics of the marine sediment at different depths of the cores, we can reconstruct for example,

how a particular oceanic tracer varied in the past.

Before interpreting changes in the characteristics of the sediments in the marine cores in terms of oceanic
circulation variations, it is necessary to evaluate whether these sediments were deposited in situ or not.
Ideally, the studied marine sediment cores correspond to sediment deposited continuously and in situ,
thus effectively representing variations in the surface and bottom water above the core retrieving sites.
In the studied area, marine sediments are not unlikely to be remobilized as the Chilean continental
margin is relatively narrow, with steep slopes and recurrent seismic activity, derived from the subduction
of the Nazca plate below the Sudamerican plate (Contreras-Reyes, 2018). At the same time, to begin to
study the marine sediment cores, it is very important to have an initial reference of the time frame they
represent. This will allow first of all to identify the intervals of the cores to be analyzed, in this case the
portion between the last late glacial and the core top. Additionally, it allows to have an idea on the
sediment accumulation rate of the cores, i.e. the time it takes for a given thickness of sediment to
accumulate. This is important because, depending on the aim of the study and the accumulation rate, the
sampling spacing is determined. Stable isotope (6180) stratigraphies, of marine sediment cores are a very
useful tool to evaluate the time frame the cores span, and whether or not the sediment has been deposited
in situ or not. In this thesis I used them with this purpose. However, the same information can be

interpreted in terms of oceanic circulation (e.g. Haddam et al., 2018).

6180 corresponds to the ratio of the stable isotopes of oxygen 180 and 160 measured in a particular sample,
versus a reference value. Most of the oxygen on the earth corresponds to 160 (~99.8%), whereas the 180
represents about ~.2%. These two isotopes of oxygen are distributed on different reservoirs in different
proportions and move between them at different rates. For example, when water evaporates, H,0
containing 160 will preferentially evaporate because it is lighter than H,0 containing 180. In contrast,
when water precipitates, HO with 180 will precipitate first. Broadly speaking, most of the water
evaporation occurs in the equator, and from there water moves poleward precipitating, and again
evaporating, several times in its way to the Arctic and Antarctica. This process leaves waters at the
equator depleted in 160 (thus having higher 6180 values), and waters in the poles and ice caps enriched
in 160 (thus having lower 6180 ratios). Following this principle, if relatively more water precipitates and
is stored in ice caps, the overall 6180 value of the ocean will increase. On the contrary, as these ice caps
melt, the §180 of the ocean will decrease, as 160 from ice caps goes into the ocean. Because of this property,
80 analyzed in ice and marine sediment cores is used as a proxy to interpret global ice volume changes
in the past. These records have revealed cyclical changes during the last ~2 MA (Figure 1.1), the

glacial—interglacial cycles. This is a global signal that is recorded by planktonic and benthonic
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Figure 1.3 Stable isotope (6180) stratigraphy of core MD07-3081. The curve allows to have a first order evaluation
of the time frame the core represents, by recording transitions associated with climatic periods (late glacial,
deglaciation, Holocene). Curve with black dots corresponds to analysis in benthic foraminifera Uvigerina peregrina,
and the turquoise line to the three point moving average. Curve with turquoise dots corresponds to planktic
foraminifera Globigerina bulloides. To the left, a composite image of the core.

foraminifera which form part of the marine core sediment. By analyzing the 6180 of planktic and benthic
foraminifera picked at different depths of marine sediment cores, the 6180 of surface and bottom waters
in the core retrieving site can be reconstructed. Even though local processes can affect the 6180 recorded
by the foraminifera, the signal of global ice volume is generally observable and can be used as a reference
to understand the time interval the cores represent. In this thesis, I used previously produced 6180
records in cores MD07-3098, MD07-3100, MD07-3119 and MD07-3081 to identify the portion of the
cores containing the last deglaciation, and discriminate between relevant climatic periods (an example

in Figure 1.3).
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Additionally, the fact that the 680 is a global signal, can be used to identify portions of marine sediment
cores which might have been remobilized. For example, if a landslide occurs and results in older
sediments being deposited above modern sediments. In this case, if the sediments are old enough to have
a different 680 value, the down core 618 curve will reveal this re transported sediment as anomalous §*0
values (Figure 1.3). In the study area, this is particularly true for benthic foraminifera §'®0. Because these
cores were retrieved adjacent to the remains of the Patagonian ice sheet, the planktic foraminifera §180
was affected by its melting during the deglaciation (Haddam et al., 2018). And so, the global ice volume
signal is overprinted by the local melt signal. The benthic foraminifera 6180 signal, on the other hand, is
more stable as is less affected by surface processes such as fresh water inputs or evaporation. Thus, in
order to identify the portions of the cores where sediments where probably remobilized, I looked at the
benthic foraminifera curves and identified intervals with sedimentary problems in cores M07-3098 and

MDO07-3081. The portions with problems were not analyzed for radiocarbon or tephrochronology.

Another broadly utilized stable isotope ratio, in paleooceanography is 613C ratios of planktic and benthic
foraminifera. As 6180, 613C corresponds to the ratio between two stable isotopes of carbon: 13C (~1.1%)
and 12C (~98.9%), measured in a given sample, with respect to a reference value. The information
provided by the down core §13C values of planktic and benthic foraminifera is complementary to that of
6180, and generally both ratios are analyzed at the same time in a given sample. The §13C of ocean water
is controlled mainly by two processes: photosynthesis/respiration of organic matter and air-sea gas
exchange. On the one hand, the photosynthesis of living organisms in the surface ocean uses
preferentially 12C, leaving surface waters with relatively higher §13C values. When these organisms die,
they sink and in their way down they decompose and 12C is reincorporated to the water column. Because
of this, the longer a water mass has been isolated from the atmosphere, the lower its §13C. When these
waters upwell to the surface, they exchange gases with the atmosphere and its §13C is modified again.
This process is temperature-dependent and so, surface waters in the equator have higher §'3C than
surface waters in the pole. Water masses present in the Southeast Pacific Ocean display very contrasting
613C values (e.g. Reyes-Macaya et al.,, submitted) and thus 613C can be used as a tracer for water mass
circulation changes. In particular, I used the 813C of planktic foraminifera Globigerina bulloides, to
interpret changes in coastal upwelling at different latitudes in the Chilean continental margin. As
mentioned before, coastal upwelling north of ~40° S brings older/ 613C-depleted ESSW to the surface.
This will have an effect on the radiocarbon ages of planktic foraminifera, and thus in the marine core
chronologies (details in section 1.2.1.2). So the information provided by planktic foraminifera 613C is very
valuable, by being able to record variations in coastal upwelling. Benthic foraminifera §13C, in the other
hand, represents variations in the circulation of intermediate and deep waters, and so is complementary

to the information provided by the benthic foraminifera 14C ages.
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The downcore analysis of §180 and/or §13C of planktic and benthic foraminifera, and its stratigraphic

implications, corresponds to the stable isotope stratigraphy.

1.2.2 Radiocarbon

In this thesis, I use radiocarbon ages of benthic foraminifera as a tracer of the time a determined water
mass has been isolated from the atmosphere. From this, variations in the circulation of intermediate and
deep waters in the Southeast Pacific, during the last 20,000 years, are interpreted (chapters 2 and 5). This
is relevant in the context of understanding the mechanisms of store/release of carbon in the ocean, as the
longest a water mass is isolated from the atmosphere, the more carbon it accumulates through
remineralization of organic matter. Thus, it is possible to roughly interpret changes in carbon storage of

a water mass from its 4C content.

14C is a radioactive isotope of carbon, naturally produced in the upper atmosphere. There, a series of
reactions are initiated by the irruption of high-energy cosmic rays. One of the products of these reactions
are free neutrons, which when emitted to the atmosphere collide with 14N atoms. The result of this
collision adds an extra neutron and removes a proton from 14N, resulting in a 14C atom. This way, 1C is
produced in the atmosphere where it enters the carbon cycle. There, it reacts to form different carbonated
species (e.g. CO2, CH4, etc.) that are, for example, incorporated in living organisms by photosynthesis or
go into the ocean by air-sea gas exchange. This newly produced 4C is unstable (radioactive) and thus,
given a certain amount of time, it transforms back into 14N. The rate at which this process occurs is
quantified by the “half-life”, which is a measure of the time it takes for an initial quantity of a radioactive
element (in this case radiocarbon) to reduce in half. The accepted half-life or 14C is 5,730 * 40 years

(Godwin, 1962).

As many other radioactive isotopes, the fact that 14C transforms at a fixed rate can be used as a way of
timing different processes involving carbon species and to estimate the age of materials composed of
carbon. Radiocarbon can be analyzed either as a geochemical component of, for example the atmosphere
or the ocean, in which case it is generally reported as A14C [%o]. A¥C is a measure of the level of enrichment
or depletion of a sample with respect to a reference value, which represents the 14C of the atmosphere of
the year 1950 a.d. (Stuiver and Polach, 1997). On the other hand, when *C is analyzed in order to estimate
the age of materials, it is reported as a “conventional 14C age” (from here on 14C age), which is different
from the absolute age, often called the “calendar age”. In order to estimate the calendar age of a material
from its 14C content, it would be necessary to either: quantify the daughter product of the decay of 14C (i.e.

14N) or alternatively, know the initial quantity of 14C in the sample.

With this information then it is possible to estimate how much time has passed to explain the amount of
14C remaining in the sample. Unfortunately, it is not possible to quantify the daughter product of 14C of a

sample (i.e. 1#N) because it is either not retained in the material to be dated, or even if it does, as 1*N is a

29



Chapter 1 - Methods Overview

very abundant element on earth, it is not possible to distinguish the original 4N from the one produced
by radioactive decay. Alternatively, it is not possible either to estimate the original amount of 4C of a
sample, as the amount of radiocarbon in the atmosphere, and thus in other reservoirs, varies in time (and
space). First of all, changes in the magnetic field of earth can derive in changes in the production rate of
14C, by modulating the amount of cosmic rays entering the upper atmosphere (Laj et al., 2002).
Additionally, atmospheric 14C is proposed to change because of the exchange of carbon between

different
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Figure 1.4 Calibration of a radiocarbon age (in the example 3,000 + 30 *C years BP, red curve). The resulting
calendar age distribution corresponds to the grey curve. The uncertainty derived from the calibration can be
communicated as a 95.4% confidence interval of 1375-1320 cal years BC. Imagen and calibration by OxCal 4.4
(Bronk Ramsey, 2009) using IntCal20 (Reimer et al., 2020)

reservoirs. In fact, during the last deglaciation, an atmospheric 14C drop in ~190%. has been proposed to
be associated with the release of the old carbon from the deep ocean reservoir (Broecker and Barker,
2007). Because of this, the conventional 14C age is calculated, which represents the time it would have to
pass for a reference value (0.95* 14C activity of oxalic acid in 1950 a.d.) to decrease its 14C content, to the
amount analyzed in the sample (Stuiver & Polach, 1977). This 14C age is then compared with a calibration
curve, which pairs 1%C ages with calendar ages. The curve is built by dating materials which can be dated
by 14C and by an independent method by which absolute calendar ages can be obtained (e.g. tree rings).
Because the amount of radiocarbon in the atmosphere has changed in time, many calendar ages can have
similar 14C ages. Thus, when a 14C age is calibrated, it is not assigned one calendar age, but the probability
of corresponding to one or many intervals of calendar ages (Figure 1.4). The construction of the

calibration curve is an international effort which integrates tree ring records, speleothems, plants
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macrofossils, among other. Periodically, an updated calibration curve is published, the last of which
corresponds to IntCal20 (Reimer et al.,, 2020). Because the 14C content of the atmosphere is not
homogeneous, two calibration curves are produced by the international community: IntCal20, which
represents the content of the Northern Hemisphere; and SHCal20, the Southern Hemisphere (Hogg et al.,
2020). Thus, when calibrating ages in the Southern Hemisphere, the latter should be used.

1.2.1.1 Benthic foraminifera 14C dating as a proxy for deep water ventilation changes

As already mentioned, 14C is produced in the atmosphere, from where it enters the ocean by air-sea gas
exchange at the surface. In some areas of the global ocean, the water at the surface is continuously being
subducted to deeper depths, where they begin a subsurface circulation. When the latter occurs, water
stops exchanging 14C with the atmosphere and thus begins to lose its radiocarbon content over time. Thus,
waters containing less 14C, have generally been isolated the longest from the atmosphere and so, its 14C
content can be used as a tracer to estimate the time a water mass has been isolated from the atmosphere.
Nevertheless, other processes can also modify the 14C of a water mass, such as submarine production of

CO: from hydrothermal sources, or mixing with water masses with different initial 14C contents.

In the modern ocean, the radiocarbon content of sea water is sometimes analyzed and is reported as A14C
[%0]. At present, negative A14C values are found in intermediate (~500-1000 m), deep (1000-3000 m)
and abyssal waters (>3000 m), derived from long periods of time being isolated from the atmosphere,
whereas positive values are found in surface and in upper layers of intermediate waters (Figure 1.2). The
latter is a result of anthropogenic production of 14C in the atmosphere during bomb-tests in the 1960’s.
These tests liberated a high amount of free neutrons into the atmosphere, increasing atmospheric A4C
from ~0 %o in the 1950’s, to ~1000%0 in 1963-1964 A.D. The entrance of this “extra” 14C in the carbon
cycle, altering “natural values”, for example in surface and intermediate waters, has been termed the
bomb effect. It is important to keep this in mind when interpreting the A14C of the ocean, as the absolute
differences in A4C of the different water masses in the present cannot be use as reference to interpret
changes in the past. Different approaches have reproduced pre-bomb oceanic A4C values (Kumamoto et
al, 2011; Key et al,, 2004; Devries and Holzer et al., 2019), estimating it from other tracers correlated
with 14C, such as silicate concentration, alkalinity and apparent oxygen utilization. However, there is no
consensus on the accuracy of these estimates. Still, the relative A4C values of water can still give us
information on the circulation of different water masses. In particular, in the Southeast Pacific, the most
detailed 14C information available corresponds to a transect at 87° W (Figure 1.2), from which the main
water masses described in section 1.1.1 are distinguishable, except for ESSW. From this, it is clear that
the water mass with the least amount of 14C in the modern ocean is PDW, which derives from its formation
away from the surface at the mid-depths of the North Pacific Ocean (Talley et al., 2013; Holzer et al,,
2021). In contrast, AAIW has relatively high 14C contents, which derive from its formation at the surface,

in the presence of intense SWW that favor sea-air gas exchange and which has incorporated some of the
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bomb effect 1#C. CDWs on the other hand, have lower 14C than AAIW but higher than PDW, indicating less
exchange with the atmosphere during its formation than the former. From this, if oceanic circulation was
different in the past, for example modulating the exchange of gases with the atmosphere, it is expected to

be reflected in the 14C of the content of the ocean.
But how we can reconstruct the radiocarbon content of sea water in the past?

As said before, the study of ancient climate (paleoclimate) and ancient oceanography (paleoceanography)
uses proxy records to reconstruct important climatic variables that cannot be directly measured. In this
case, I use 1C ages of planktic and benthic foraminifera as a proxy for 14C content of intermediate and
deep waters in the last 20,000 years. Foraminifera are unicellular organisms that live in the ocean or
lakes, and form their tests (similar to shells) out of the carbonate (COs°) and calcium (Ca*) of the water
they live in, a process called calcification. Foraminifera are though to calcify in equilibrium with the
carbon in the surrounding sea water, thus they register the 14C content of the sea water they live in.
Planktonic foraminifera live in the surface ocean (from the surface down to ~400 m depths); whereas
benthic foraminifera can live either just above the sediment (epibenthic foraminifera) or within the
sediment (infaunal benthic foraminifera). When they die, planktonic foraminifera sink to the bottom of
the ocean, and in their way down, some of them dissolve, whereas another portion makes it to the bottom
ocean, joining living and dead benthic foraminifera at the bottom. In time, this results in foraminifera-
bearing sediment accumulation which holds information on the variation of 14C in the column water:
planktonic foraminifera register changes in surface waters; whereas benthonic foraminifera, register

changes in bottom waters.

In order to estimate the variation of 14C content of deep waters in time, marine sediment cores are
sampled at specific depths, from where benthic foraminifera are identified and collected for radiocarbon
dating (a method often called picking). If a calendar age is assigned (see below) to the depths where
benthic foraminifera where sampled, then the A4C of deep waters in the past can be estimated by the
following expression (Adkins and Boyle's (1997) definition derived from Stuiver and Polach (1977)):

14C age

e 8033
AMC= | ———1 [1000%o

_cal age
e 8266

Where 14C age corresponds to the age of benthic foraminifera, and cal age to the calendar age assigned to
the depth dated by benthic foraminifera. I use this approach to estimate variations in the ventilation of

intermediate and deep waters in the Southeast Pacific during the last ~20,000 years.
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1.2.1.2 Planktic foraminifera 14C dating for marine core chronologies

As previously mentioned, if we want to understand how the atmosphere and the ocean interacted during
the last deglaciation, it is necessary to better constrain the chronologies of paleoceanographic records.
Their estimated calendar ages need to be more accurate and precise, and all the uncertainties in their
estimations need to be accounted for and communicated. Additionally, in order to estimate A4C
variations of intermediate and deep waters in the past, it is also essential to precisely constrain the
calendar ages of benthic foraminifera 14C dates. For the time span studied in this thesis, chronologies for
marine sediment cores are generally obtained by either: aligning stratigraphic records of the marine
sediment cores (e.g. 6180, Diffusive Spectral Rreflectance) to stratigraphic records of -precisely dated-
ice cores (e.g. §180; Marchitto et al., 2007), a method called tuning or wiggle matching; by calibrating 14C
ages of planktonic foraminifera picked at different depths of marine sediment cores (e.g. De Pol-Holz et
al, 2010); or by a mixture of both (e.g. Bova et al, 2018). Alternatively, another valuable
paleoceanographic archive are deep sea corals. In contrast to marine sediment cores, deep sea corals can
be absolutely dated by U-Th (e.g. Burke & Robinson, 2011; Chen et al., 2015), and additionally dated by
14C, thus allowing to precisely estimate A4C variations in the ocean in the past. Unfortunately, marine
sediment cores cannot be dated by an absolute technique and subsequently their chronologies are less
constrained. In the one hand, tuning is less precise as it relies, in that changes in the ocean and the sea
are synchronous, which might not be the case, thus using this technique introduces an uncertainty which
is not quantitatively accounted for. Additionally, it relies in identifying abrupt changes in the stratigraphic
records of marine sediment cores (the wiggles), used as reference to synchronize them with ice core
records. This abrupt change might not be present in the marine stratigraphy because their signal has
been overprinted by local processes, or because the resolution of the marine stratigraphy is not enough
to record these abrupt changes. In this case, the tuning introduces an additional error which is not
accounted for quantitatively. On the other hand, the uncertainties in chronologies obtained by calibrating
14C ages of planktic foraminifera, are associated mainly to two reasons. First of all, as already mentioned,
14C ages are not calendar ages, instead they must be calibrated in order to estimate the calendar age they
correspond to. Because the calibration curves are constantly being updated (e.g. IntCal09 (Reimer et al,,
2009), IntCal13 (Reimer et al.,, 2013), IntCal20 (Reimer et al., 2020)), so will the calibrated calendar age
estimates, thus chronologies must be updated regularly. Additionally, even if the curve did not change,
because the amount of 14C in the atmosphere varies in time, the same 14C age might correspond not to
one, but to several intervals of calendar ages. This constitutes an intrinsic error of the method, which is
accounted for quantitatively when 4C ages are calibrated (e.g. by using the software

http://calib.org/calib/; Stuiver et al, 2021). Additionally, planktic foraminifera 14C ages cannot be

directly calibrated by curves such as IntCal20 or SHCal20, instead they must be corrected by an -a priori-

unknown quantity before: the 14C age difference between the atmosphere and the surface ocean (see
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below), which introduces an additional source of uncertainty to calendar age estimates using this

technique.

As already mentioned, 14C is produced in the atmosphere, from where it enters the surface ocean by air-
sea gas exchange. The efficiency of this exchange is modulated by different factors, for example by the
wind intensity, which favors the exchange; the temperature, colder (warmer) waters impede (enhance)
exchange; by how much time water stays at the surface ocean exchanging gas with the atmosphere, a
longer time resulting in 14C contents in surface ocean closer to that in the atmosphere; and by the initial
14C content of the water, waters with lower 14C contents will take a longer time reach an equilibrium with
the atmosphere. Because of the bomb effect, we do not know exactly the degree of disequilibrium
between surface waters and the atmosphere. However simulations on pre-bomb ocean indicate values

lower than the atmosphere everywhere in the ocean (e.g. Khatiwala et al., 2018).

Thus, in order to obtain their true calendar age, marine 14C ages must be first corrected by its difference
with the contemporary atmosphere, called marine surface reservoir age (from here on Rs = MCyater -
1 Camosphere)- Because of the heterogeneities of the world ocean (such as: variations in temperature, wind
velocities, residence time in the surface, initial 14C of the water), Rs vary spatially; and because of the
evolution of the climate system in time, they also vary in time. Thus, in order to correctly calibrate a
planktonic foraminifera 14C age, it is necessary to correct it for an appropriated Rs (“Ccorrected age =

14Cmeasured age + RS)

Estimations of both modern and past variations in Rs worldwide are very scarce (e.g. Siani et al., 2013;
Sikes & Guilderson, 2016; Zhao et al., 2018). In lack of any reference for modern or past variations of Rs,
planktonic foraminifera 14C ages are often corrected by constant Rs, or they are calibrated by marine
calibration curves (the last of which is Marine20 (Heaton et al. , 2020). The latter introduces an
uncertainty that is rarely quantitatively accounted for and thus, the interpretation of these records can
change a lot over time, as new Rs estimates become available and chronologies of marine sediment cores
are updated (e.g. De Pol-Holz et al.,, 2010; Martinez Fontaine et al., 2019). Alternatively, variations of Rs
in different areas of the modern and past ocean have been estimated by different techniques (e.g. refs).
When this is the case, however, generally not every depth where 14C ages are analyzed has a
corresponding Rs estimate, and thus assumptions on Rs variations over time must also be made in order
to correct the planktic foraminifera 14C age. For the time span studied in this thesis, Rs estimates are
available for the last ~10 ka cal BP in Southeast Pacificat ~18° S (Fontugne etal., 2004) and ~32° S (Carré
et al,, 2004). These Rs have been estimated as the difference of contemporary mollusk and charcoal
remains found in archaeological sites in the South American west coast. Additionally, Rs estimates for the
deglaciation and Holocene have been produced by tephrochronology, i.e. by identifying remains of

specific eruptions in marine sediment cores, which have been dated on land by 14C, in core MD07-3088
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(~46° S, Siani et al, 2013). Thus, any chronology for marine sediment cores based on 4C ages in the

Southeast Pacific, must make important assumptions on how Rs changed in the past.

Before the beginning of this thesis, radiocarbon dates in benthic and planktic foraminifera and stable
isotope stratigraphy had been obtained for five cores in the SEP (GeoB 7149-2, GeoB 7163-7, GeoB 7162-
6, S0161-22SL and GeoB 7167-6), retrieved between ~500 and ~3000 m depth, at ~31° S and ~36° S.
These cores hold valuable information on the ventilation of intermediate and deep waters during the last
20 ka, however, they lack of in situ estimation of Rs in the past. In the second chapter of this thesis, I
explore how stable isotope stratigraphy (613C), together with the 14C ages of planktic foraminifera can
give us information in the past variation of Rs in areas where no Rs estimates are available. Then, multiple
chronologies and corresponding A1C are produced for each core, taking into consideration the range of
possible Rs given the available information in the area. This work putted forward the fact that ideally
some reference of in situ Rs variations must be available for producing robust chronologies. In particular,
in the Southeast Pacific Rs vary latitudinally because of different upwelling regimes at different latitudes
bringing more or less older subsurface waters to the surface; and because the latitudinal distribution of
these upwelling regimes has probably also varied in time. This work thus motivated the second main
objective of this thesis, that is to use tephrochronology in marine sediment cores to improve chronologies
in the Southeast Pacific. The idea behind this is that by identifying the remains of specific explosive
volcanic eruptions (tephra), which have been dated by 14C on land, Rs variation at the core retrieving sites
can be estimated. In order to accomplish this task, and because the two volcanic zones adjacent to the
core retrieving sites have been very active during the last ~20,000 years, first a compilation of previous
information of volcanic activity in the study area is produced: the TephraDataBase, described in chapter
three. In chapter four, the methodology to identify remains of volcanic eruptions in marine sediment
cores is detailed, and the TephraDataBase is used as a reference to robustly identify specific eruptions in
marine sediment cores MD07-3100 and MD07-3098. A similar approach was followed to identify the
tephrochronological record of MD07-3081, which is described in the supplementary material of chapter
five. Finally, in chapter five, new Rs for the Southeast Pacific are estimated at depths were specific
eruptions could be robustly identified. These Rs, together with stable isotope stratigraphies are then used
to produce marine core chronologies in cores MD07-3100, M07-3098 and MD07-3081. Because Rs
information in the past is still scarce, the methodology to assign Rs to depths where no Rs has been
estimated is also discussed in chapter five. Finally, variations in the ventilation of intermediate and deep
waters in the Southeast Pacific since the late glacial are interpreted, integrating A1#C estimations in the

marine sediment cores at ~31° S, ~36° S (chapter 2), ~41° S, ~46°S and ~49°S.
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Chapter 2: Preliminary ventilation changes in the Southeast Pacific
during the last 20,000 years, and finding appropriate Rs for marine

core chronologies

Chapter 2 corresponds to a work that started before the beginning of this thesis, but which was developed
in great part, and published (Martinez Fontaine et al., 2019; full reference in the supplementary material
of this chapter), during the first two years of this PhD. It corresponds to a study of five sediment cores
retrieved along the Chilean continental margin by the German R/V Sonne. Planktic and benthic
foraminifera were picked and prepared for radiocarbon dating and stable isotopes analysis by Dharma
Reyes-Macaya and Ricardo de Pol-Holz. As this information was already available, my undergraduate
degree study consisted in using it to better understand the oceanic circulation changes in the Southeast
Pacific during the last deglaciation. In doing this work, a very important problem I encountered was
obtaining robust chronologies for the marine sediment cores. In particular because no previous work on
Rs variations were available for the latitudes where they were retrieved. In that area, latitudinal Rs
variations can be very important, because of seasonal coastal upwelling. This coastal upwelling is largely
controlled by the annual latitudinal migration of the SWW, which is additionally thought to have changed
in the past (details in Chapter 2, section “4. Age models”). Because of the latter, I started my PhD by using
the available planktic foraminifera stable isotopes stratigraphy in the cores [ was studying to evaluate
how the surface waters at the core retrieving sites might have varied in the past. To do this, I compared
these records with previously published planktonic foraminifera stable isotope stratigraphy in marine
sediment cores in the study area that had complementary chronological constraints. By doing this, I
inferred that important variations in Rs affected the surface waters at the core retrieving sites. However,
in lack of robust constraints in the cores to complement this inference, this work proved to hold big
uncertainties in the chronologies of the cores and several age models where produced for each core in
order to account for these uncertainties. This work, which was developed in great part during the PhD,
motivated the use of stable isotopes together with tephrochronology in order to more robustly assess the

chronologies in the Southeast Pacific Ocean since the late glacial.
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Abstract Coeval changes in atmospheric CO, and "C contents during the last deglaciation are often
attributed to ocean circulation changes that released carbon stored in the deep ocean during the Last
Glacial Maximum (LGM). Work is being done to generate records that allow for the identification of the
exact mechanisms leading to the accumulation and release of carbon from the oceanic reservoir, but these
mechanisms are still the subject of debate. Here we present foraminifera '*C data from five cores in a
transect across the Chilean continental margin between ~540 and ~3,100 m depth spanning the last
20,000 years. Our data reveal that during the LGM, waters at ~2,000 m were 50% to 80% more depleted in
AM™C than waters at ~1,500 m when compared to modern values, consistent with the hypothesis of a glacial
deep ocean carbon reservoir that was isolated from the atmosphere. During the deglaciation, our
intermediate water records reveal homogenization in the A'C values between ~800 and ~1,500 m from
~16.5-14.5 ka cal BP to ~14-12 ka cal BP, which we interpret as deeper penetration of Antarctic Intermediate
Water. While many questions still remain, this process could aid the ventilation of the deep ocean at the
beginning of the deglaciation, contributing to the observed ~40 ppm rise in atmospheric pCO,.

1. Introduction

The ocean is thought to play an important role in the variations of atmospheric pCO, over glacial-
interglacial cycles. During the last deglaciation, a ~75 ppm rise in atmospheric pCO, (Barnola et al., 1987;
Marcott et al., 2014; Monnin et al., 2001) occurred synchronously with a ~190 + 10%. drop in atmospheric
A™MC (Reimer et al., 2013). Due to its large content of mobile carbon and the time scale of its overturning,
the deep ocean is considered the most likely source of a **C-depleted CO, reservoir that would be transferred
to the atmosphere during the last deglaciation (Broecker & Barker, 2007). Different hypotheses have been
called upon to explain the ocean's role in changing atmospheric CO» concentrations and for the exact source
area and mechanism controlling this release of depleted *CO.. Among these are changes in oceanic circula-
tion leading to the formation of an isolated deepwater carbon reservoir (Adkins, 2013; Ferrari et al., 2014;
Keeling & Stephens, 2001, Keeling, 2007; Toggweiler, 1999; Stephens & Keeling, 2000; Watson & Naveira
Garabato, 2006), changes in the biological pump efficiency in capturing atmospheric CO, (e.g., Duchamp-
Alphonse et al., 2018; Kohfeld et al., 2005; Pichevin et al., 2009; Sigman & Boyle, 2000), release of e dead
CO, from clathrate deposits due to changes in the temperature of the ocean (Stott & Timmermann, 2011),
and increased production of "*C-dead CO; associated with higher magmatism in ocean ridges during periods
of low sea level, such as the last glacial period (Crowley et al., 2015; Lund & Asimow, 2011; Tolstoy, 2015).

Evidence of the deep ocean as the source of the atmospheric "*C decline has been found in marine sediment
cores throughout the oceans. Widespread evidence of moderately 14C-dep]eted deep waters (>2,000-m
depth) during the late glacial period (25-10 ka BP) has been found in the North Pacific (NP; Galbraith
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et al., 2007; Rae et al., 2014), South West Pacific (SWP; Ronge et al., 2016; Sikes et al., 2016), Equatorial East
Pacific (EEP; De la Fuente et al., 2015; Keigwin & Lehman, 2015; Umling & Thunell, 2017), and Southern
Ocean (SO; Burke & Robinson, 2012; Chen et al., 2015; Skinner et al., 2010). These records are consistent
with the hypothesis of an isolated deep ocean reservoir during the Last Glacial Maximum (LGM) associated
with increased sea ice extent around Antarctica (Adkins, 2013; Ferrari et al.. 2014; Keeling & Stephens, 2001;
Stephens & Keeling, 2000; Watson & Naveira Garabato, 2006). Additionally, extremely “C-depleted values
have been found in deepwater sediment cores dating from the LGM in the SWP (Ronge et al., 2016; Sikes
et al., 2016; Skinner et al., 2015) and East Pacific Rise (EPR; Ronge et al., 2016) and during the deglaciation
in intermediate water cores in the EEP (Bova et al., 2018; Stott et al., 2009), Baja California (Lindsay et al.,
2015; Marchitto et al., 2007), and Arabian Sea (Bryant et al., 2010). It has been hypothesized that these
extremely '*C-depleted waters are due to a breakdown in deep ocean stratification at the beginning of the
deglaciation, and the subsequent transfer of a 4C-depleted water mass to intermediate waters, particularly
to Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) as seen in 13C records of
planktonic foraminifera (Spero & Lea, 2002). However, evidence of this mechanism closer to the formation
areas of intermediate and deep waters has not been found (e.g., Burke & Robinson, 2012; De Pol-Holz et al.,
2010; Rose et al., 2010). An alternative hypothesis suggests that the extremely “C-depleted deepwater
records of the SWP and EPR (Ronge et al., 2016) stem from enhanced local **C-dead CO, production in
oceanic ridges during glacial periods. This hypothesis is supported by independent evidence of enhanced
undersea volcanism during the last deglacial period, driven by lower sea level and reduced pressure in the
deep ocean (Crowley et al., 2015; Lund & Asimow, 2011; Tolstoy, 2015).

While it is important to identify the mechanisms leading to the formation of the glacial deep ocean carbon
reservoir, it is equally important to understand the mechanisms associated with its release to the atmo-
sphere. During the last deglaciation, the SO and the EEP registered changes suggesting that both areas
had a key role in the ventilation of the CO,-rich/'*C-depleted deep ocean reservoir. Carbon isotope and opal
flux records reveal sustained conditions of increased upwelling and/or decreased stratification between the
upper and deep oceanic circulation cells in the SO during the deglaciation, diminishing only during the
Antarctic Cold Reversal (ACR; Anderson et al., 2009; Siani et al., 2013). At the same time, boron isotope
records suggest enhanced outgassing of CO, in both the SO and EEP during the deglaciation (Martinez-
Boti et al., 2015). In addition, tephrochronology records indicate high ¢ Surface Reservoir ages (Rg) in
the SO at the beginning of the deglaciation, suggesting upwelling of '*C-depleted water to the surface
(Siani et al., 2013; Sikes & Guilderson, 2016; Sikes et al., 2016; Sikes et al., 2000; Skinner et al., 2015).
Meanwhile, in the Galapagos platform, Rg estimated by tuning between different records (Bova et al.,
2018; De la Fuente et al., 2015; Umling & Thunell, 2017) yield Rg even higher than in the SO. In contrast,
the EEP region along the south American margin, the Rg obtained by tuning (Bova et al., 2018) and by
wood-planktic foraminifera pairs (Zhao & Keigwin, 2018) yield generally lower values. In conclusion, the
exact mechanism(s) of carbon release remains highly debated, and more work is still needed to understand
the details of oceanic circulation changes, from the LGM into the Holocene, that control this ventilation.

The Southeast Pacific (SEP) is a key region for testing these hypotheses since it is influenced by water masses
originating in the SO, the EEP, and the NP (Figure 1). Our studied area therefore captures the different
signals propagating from each of these regions, potentially allowing us to distinguish the local processes
occurring in the SO and EEP from those in the NP. So far only two cores have been studied in the SEP using
¢ to interpret ventilation changes (Figure 1): core SO161-22SL (from now on 22SL, ~1,000 m, ~36°S; De
Pol-Holz et al., 2010) and core MD07-3088 (~1,500 m, ~46°S; Siani et al., 2013). Based on carbon isotope data
and tephrochronology estimates of Rg, Siani et al. (2013) inferred enhanced upwelling in the Pacific area of
the SO during the last deglaciation and found '*C-depleted waters during the LGM (~350%. A'*C lower than
the contemporary atmosphere) in line with a large number of deep cores in the Pacific Ocean (De la Fuente
et al., 2015; Galbraith et al., 2007; Keigwin & Lehman, 2015; Rae et al., 2014; Ronge et al., 2016; Sikes et al.,
2016; Skinner et al., 2015; Umling & Thunell, 2017).

These two locations capture only a narrow depth range (Figure 1), which could have missed the core of
intermediate waters and potentially the *C-depleted deepwater reservoir. In order to obtain a more com-
plete picture of the ventilation history in the SEP during the last deglaciation, we here report e ages of
planktic and benthic foraminifera and stable isotope (8'°C) measurements in planktic foraminifera, from

MARTINEZ FONTAINE ET AL.

51



Chapter 2 — Preliminary ventilation changes in the Southeast Pacific during the last
20,000 years, and finding appropriate Rs for marine core chronologies

~u
AGU

100 Paleoceanography and Paleoclimatology 10.1029/2019PA003613
(a) Temperature °C (b) Salinity
w g — 355
35.25
. S SV i
g AA|W GeoB 7163-7 ’ bz
3 " GeoB 7162:6 A 205
B —— T -
. 34
5 (©) 60°S 40°S 20°S
| L1
l Carnegiel
L 1o Chile rise H

100°W 90°W  8O°W  TOW

60°s 40°8 20°8 EQ

Figure 1. (a) Position of the studied cores (Table S3) and core MD07-3088 (Siani et al., 2013) in a sea surface temperature map. Also presented are the surface
water masses in the area: Subantarctic Water (SAAW), transported by the Antarctic Circumpolar Current, and Subtropical Water (STW), transported by the
Peru-Chile Countercurrent; (b) main water masses discussed in the text indicated by the salinity distribution obtained from gridded WOCE data (Gouretski &
Koltermann, 2004) along the transect shown in gray in (a) in depths from 0 to 1,200 m; (c) same as (b) but between 0- and 5,000m depth. Visualization is based
on Ocean Data View (Schlitzer, 2018). All studied core sites are indicated by the respective colored symbols. AATW = Antarctic Intermediate Water;

ESSW = Equatorial Subsurface Water; PDW = Pacific Deep Water.

five sediment cores, including new Mo ages for core 22SL. This new set of marine sediment cores spans from
~31°Sto 36°S and ~540 to 3,100 m water depth along the Chilean continental margin (Figure 1), providing a
more complete perspective of ventilation and water mass changes during glacial-interglacial cycles.

2. Oceanographic Setting

The SEP is influenced by water masses originating in the SO, the EEP, and the NP (Figure 1). Subantarctic
Water (SAAW), SAMW, and AAIW form in the SO; Equatorial Subsurface Water (ESSW) in the EEP; and
Pacific Deep Water (PDW) originates in the NP and North Atlantic, primarily. SAAW is found along the
Chilean margin from ~52°S to ~28°S (Silva et al., 2009) from the surface to ~100 m depth. It originates from
upwelled water in the Antarctic divergence zone (Tomczak & Godfrey, 2003) and is advected by the
Antarctic Circumpolar Current (ACC) until it encounters the American continent between ~42°S and
48°Swhere it divides in two branches, the southward flowing Cape Horn Current and the northward flowing
Peru-Chile Current or Humboldt Current (Silva & Neshyba, 1977, 1980; Strub et al., 1998). Northward of
~28°S, the surface layer is occupied by Subtropical Water (STW), advected southward by the Peru-Chile
Countercurrent (PCCC, Strub et al., 1998).

Underneath surface waters, the ESSW is transported from the EEP to the south (Figure 1) by the Peru-Chile
Undercurrent along the Chilean margin (Silva et al., 2009; Silva & Fonseca, 1983; Strub et al., 1998; Wooster
& Gilmartin, 1961; Wyrtki, 1967) and at ~80°W by the PCCC (Silva et al., 2009). Its core is characterized by a
subsurface salinity maximum at ~250 m depth (Figure 1), which can still be identified at ~48°S, though not
further than ~100 km from the coast (Silva et al., 2009). The ESSW is also characterized by low oxygen con-
tent, derived from the advection of waters from the Oxygen Minimum Zone of the EEP.

Information on '*C content in the water column for the region is scarce. The most detailed record is station
P06-E11 (~32.5°S) from the World Ocean Circulation Experiment-Hydrographic Program (Kumamoto et al,, 2011).
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Because of the “bomb effect,” which doubled the '*C content of the atmosphere in the 1950s and 1960s, the
amounts of **C have been modified from the surface down to ~1,500 m in the SEP. However, prebomb
A™C values has been estimated from silicate concentrations, alkalinity, and apparent oxygen utilization by
Kumamoto et al. (2011), which is here used as reference for depths shallower than 1,500 m (Figure S2 in the
supporting information).

SAMW and AAIW originate in the SO and, in the SEP, have very similar characteristics (McCartney, 1977).
In particular, AAIW ventilates intermediate waters from ~400 to 1,000 m depth with its core at ~600 m (Silva
et al., 2009), easily identified as a salinity minimum (Figure 1; Johnson, 1973; Reid, 1965; Tsuchiya & Talley,
1996, 1998). Both SAMW and AAIW presently form in various areas of the SO, where recently upwelled deep
waters subduct into intermediate depths ventilating the thermocline in the Pacific, Atlantic, and Indian
oceans (Bostock et al., 2013; McCartney, 1977; Piola & Gordon, 1989). The exact subduction and formation
mechanisms of these water masses are still debated (see Bostock et al., 2013, for a more detailed discussion
on AAIW formation and Sloyan et al., 2010, for SAMW and AAIW). The SEP has been indicated as the main
modern source of AAIW (e.g., Bostock et al., 2013; McCartney, 1977, 1982; Talley, 1996, 1999); from there it
circulates to the north to enter the south Pacific subtropical gyre circulation and to the east through the
Drake Passage into the Atlantic Ocean (Talley, 2013; Tomczak & Godfrey, 2003). The prebomb A'C
estimate for the depths bathed by AAIW in the SEP ranges between approximately —150%. and
approximately —100%. A'*C (Figure S2).

Off Chile, at depths deeper than ~1,200 m, the PDW circulates to the south (Silva et al., 2009). PDW is the
most "*C-depleted water mass in the modern ocean, with A™C values in the SEP between approximately
—150%0 and —230%. A'*C (Kumamoto et al., 2011). The formation of PDW is associated with sluggish
mixing processes between Antarctic Bottom Water (AABW), AATW, and recirculated North Atlantic Deep
Water (NADW) along their way to the north Pacific (Talley, 2013; Tomczak & Godfrey, 2003); from there
PDW circulates back south and is recognized by low **C and high nutrient contents.

3. Materials and Methods

Marine sediment cores GeoB 7167-6, GeoB 7163-7, GeoB 7162-6, GeoB 7149-2, and 22SL (Figure 1) were
retrieved by the German r/v Sonne during expeditions SONNE 156 (Hebbeln and cruise participants,
2001) and SONNE 161 (Wiedicke-Hombach et al., 2002). Cores GeoB 7167-6, GeoB 7163-7, GeoB 7162-6,
and 22SL were obtained at ~36°S, off Concepcién, where sedimentation rates are very high (~40 cm/kyr)
due to high terrestrial input derived from rivers (Hebbeln et al., 2007). Core GeoB 7149-2 was recovered at
~31°S off Puerto Oscuro. Despite being adjacent to the semidesert areas of the “Norte Chico,” sedimentation
rates at GeoB 7149-2 are relatively high, varying between 20 and 40 cm/kyr due to quasi-perennial
upwelling-driven marine productivity (De Pol-Holz et al., 2007).

The planktic foraminifera species—N. dutertrei, N. pachyderma (syn) (i.e., N. pachyderma), N. pachyderma
(dex) (i.e., N. incompta), G. bulloides, and G. inflata—and the benthic foraminifera species—Ubvigerina sp.
and Brizalina sp.—were handpicked for monospecific dating when possible. Otherwise, mixed planktic
foraminifera (N. pachyderma (syn), N. pachyderma (dex), N. dutertrei, and G. bulloides) and mixed benthic
foraminifera (Uvigerina sp., Bolivina sp., Angulogerina sp.. Globocassidulina sp., and Dentalina sp.) were
measured. Foraminifer abundances limited the time span and resolution of some of the '“C and 3C records.
Detailed information on each sample is provided in Table S1. All **C measurements were carried out at the
Keck Carbon Cycle Accelerator Mass Spectrometer facility at the University of California, Irvine, except for
published data from core 22SL (De Pol-Holz et al., 2010), dated at the National Ocean Science Accelerator
Mass Spectrometer facility at the Woods Hole Oceanographic Institution. Briefly, samples were leached by
10% of their mass using HCl in order to remove any secondary (younger) carbonate and then hydrolyzed
with 85% H3;PO, under vacuum. Finally, all samples were graphitized using Fe as a catalyst in the presence
of H,. All C dates are shown in Table S1 and plotted in Figure S1.

Stable isotopes of carbon (§'*C) were obtained for the planktic foraminifera Globigerina bulloides every 5 cm,
where possible, in the size range >212 um, in cores GeoB 7163-6, GeoB 7167-6, 22SL, and GeoB 7149-2.
Additionaly, N. dutertrei was measured in core GeoB 7149-2. Analyses were performed at the MARUM
Stable Isotope Laboratory on a Thermo Finnigan MAT 252 mass spectrometer linked online to a
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CarboKiel-1I carbonate preparation device. Long-term standard deviation was monitored through the
internal laboratory standard Solnhofen Limestone (SHK) with errors estimated in 0.05%. V-PDB for 53,
Isotope values were calibrated to the Vienna Pee dee Belemnite scale with the NBS-19 standard. Results
are presented in Table S2.

4. Age Models

Correcting planktic foraminifera e ages for a constant Rg has been broadly utilized as a method to produce
marine sediment core chronologies (e.g., De Pol-Holz et al., 2010; Kaiser et al., 2008; Lamy et al., 2004).
However, the assessment of precise Rg has demonstrated that these can vary greatly during the Holocene
(Carré et al., 2015; Latorre et al., 2017) but especially during the late glacial and last deglaciation (Siani
et al., 2013; Sikes & Guilderson, 2016; Sikes et al., 2000; Sikes et al., 2016; Skinner et al., 2015). In particular,
Siani et al. (2013) demonstrated the varying nature of the Rg in the SEP between ~15 and 2 ka cal BP, using
tephrochronology in core MD07-3088 (~46°S) and obtaining Rg values ranging between 790 + 160 years and
1,320 + 95 years. In order to obtain robust chronologies, we assess Rg changes at ~36°S and ~31°S since
the LGM.

In the modern SEP, Rg ages result from a combination of SAAW or STW (Figure 1) with relatively
MC-depletedl ESSW (Figure S2), which is brought to the surface by coastal upwelling (Strub et al., 1998).
Broadly, three different coastal upwelling regimes exist, which are controlled by the position of the
Southerly Westerly Winds (SWW): (i) south of ~39°S, the permanent presence of SWW inhibits upwelling;
thus, Rg there are controlled mainly by the presence of SAAW; (ii) between ~35°S and 39°S, coastal upwel-
ling is seasonal, because of the latitudinal shift of the SWW to the south in Austral summer allowing coastal
upwelling to occur; (iii) north of ~35°S, coastal upwelling is permanent, and the highest R are found in this
area (Carré et al., 201; Ingram & Southon, 1996; Merino-Campos et al., 2019; Ortlieb et al., 2011; Taylor &
Berger, 1967). These different domains of upwelling can also be observed in '*C measurements in planktic
foraminifera in the modern SEP. At present, G. bulloides is interpreted to live in the surface mixed layer and
prefer upwelling conditions, in the SEP (Marchant et al., 1998) and elsewhere (Bemis et al., 1998; Fairbanks
et al., 1982; Ortiz et al., 1995; Sautter & Thunell, 1991). On the other hand, N. pachyderma (dex) has been
suggested to prefer a more stratified surface layer (Marchant et al., 1998; Mortyn & Charles, 2003; Ortiz
et al., 1995, 1996; Sautter & Thunell, 1991). Between ~39°S and 46°S, both species yield similar values
(Figure 52), consistent with a lack of upwelling, whereas between ~24°S and 35°S, 5'3C values of G. bulloides
are ~1.5%c lighter than N. pachyderma (dex), consistent with persisting upwelling conditions in this area
(Mohtadi et al., 2005). As a result, 5'3C records of G. bulloides are expected to reflect differences in Rg at
~46°S, ~36°S, and ~31°S resulting from differing contributions of SAAW and ESSW due to variations in
the intensity of coastal upwelling along the margin. Additionally, Rg variations in the past may have
occurred because of changes in the '“C signature of the upwelled waters and/or because of modifications
in habitat preferences of planktonic foraminifera.

To assess the relative contribution of SAAW to Rg at ~36°Sand ~31°S in the past, we compare the G. bulloides
813C records of this study versus core MDO07-3088 at ~46°S. G. bulloides 8'*C in core MD07-3088 is
interpreted to represent the SAAW end member because of its position directly influenced by the ACC
and no coastal upwelling (Strub et al., 1998). In order to assess how Rg varies with latitude, the 5% C records
are plotted against their planktic conventional “c ages (Figure 2). Similar trends are observed at ~36°S and
~46°S (Figure 2d), with a distinct “W”-shaped trend in both latitudes but not at ~31°S. However, from
~15 ¥C ka BP, 513C values of G. bulloides at ~36°S become relatively lower than at ~46°S, similar to what
is observed today (Figure $2). In addition, between ~13 and 11 *C ka BP (gray interval in Figure 2), values
at ~36°S appear to lag ~500-700 '#C years behind the §'3C of G. bulloides at ~46°S.

In the SEP, the deglaciation is characterized by abrupt changes in surface water properties that have been
interpreted as a reorganization of water masses and fronts (e.g.. Haddam et al., 2018; Kaiser et al., 2008;
Mohtadi et al., 2008), associated with the meridional migration of the SWW to the south and/or changes
in its distribution and intensity. The transition from higher to lower 8'°C at ~36°S (22SL) from ~16 to 14
14C ka BP (Figure 2d) is consistent with the migration of the SWW to the south at the beginning of the degla-
ciation (Denton et al., 2010; Mohtadi et al., 2008; Moreno et al., 1999) allowing the onset of seasonal
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Figure 2. Comparison of records in the South East Pacific with records in the Southern Ocean and Equatorial East Pacific
against Y age of planktic foraminifera, rather than calendar age. In order to do this, the M¢ dates were interpolated
to obtain **C estimates for the depths in which only 13C was measured. For depths where more than one planktic
foraminifera specie was dated, the mean at each depth was used as references for the interpolation. Rg estimates in

(a) Galapagos platform: core TR163-23 (0.41°S, 92.16°W, 2,730 m; Umling & Thunell, 2017), from tuning with Greenland
Ice Core Chronology GICCOS and core GGC 43 (1°15.13'S, 89°41.07°S, 617 m; Bova et al., 2018); (b) the Southern Ocean,
from tephrochronology in core MDO07-3088 in the South East Pacific sector (41°S, 74°W, 1,536 m; Siani et al., 2013; symbols
are the measured Rg while the black line corresponds to the interpolated values) and core MD97-2121 (40°22.935S,
177°59.68’E, 2,314 m; Skinner et al., 2015) the South West Pacific sector: (c) the East Pacific margin, at ~32°S obtained
from paired mollusk shells and charcoal fragments from archeological sites near Los Vilos (Carré et al., 2015); in core CDH
26(3°59.16'S, 81°18.52'W, 1,023 m: Bova et al., 2018) from tuning with EPICA Dome C and in core KNR176-GGC17/1P30
(5.02°N, 77.63°W, 707 m; Zhao & Keigwin, 2018) from wood-planktic foraminifera pairs. (d) G. bulloides 3'3C from
cores used in this study and core MDO07-3088 (Siani et al., 2013), the lines correspond to smoothed 3-point moving averages
of the original data (small symbols). (e) N. dutertrei 3"Cin the Equatorial East Pacific: core TR163-31 (3°37.2'S, 83°58'W,
3,210 m; Patrick & Thunell, 1997) and ODP site 1238 (1°52.2°S, §2°46.8'W, 2,203 m; Martinez-Boti et al,, 2015)
compared with N. dutertrei 5'3C GeoB 7149-2; the lines correspond to smoothed 3-point moving averages of the original
data (small symbols). Gray interval: ~500 years lag between the 8'3C record at ~46°S and ~36°S discussed in the text.

upwelling at this latitude, thus establishing a situation similar to what is observed today (Figure S2). In
addition, between ~13 and 11.5 "C ka BP not only does 8"*C become relatively more depleted but also
radiocarbon dates of planktic foraminifera are consistently older at ~36°S than at ~46°S. These
observations are consistent with upwelling of older ESSW at 36°S between ~13 and 11.5 "C ka.

To observe how the Rg of the ESSW endmember changed, we use a broad range of cores in the EEP either
with Rg assessments or stable isotope records. These cores are thought to record changes in the Equatorial
Undercurrent (EUC), which feeds the ESSW (Brink et al., 1983; Lukas, 1986; Toggweiler et al., 1991). The
comparison is based in measurements done on the deep-dwelling planktic foraminifera N. dutertrei, as they
are thought to represent the geochemistry of the EUC (Fairbanks et al., 1982; Spero & Lea, 2002). The
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observed lag between ~13 and 11.5 "*C ka BP (gray interval in Figure 2) implies Rg ages ~500-700 '*C years
older at ~36°S than at ~46°S under the assumption that the “W”-shaped trend in both 5 '*C records should be
contemporaneous. When compared with other EEP records, the SO shows, in general, lower Rs values
(Figures 2a-2c). The higher Rg in the EEP is probably the result of the extremely MC-depleted intermediate
waters observed in this area (Bova et al., 2018; Stott et al., 2009), which would be even older than contem-
poraneous deep waters upwelling in the SO (Figures 6 and S4).

Since there is a lot of uncertainty on how much these source areas influenced each of our sites, four age mod-
els, each assigning different Ry to planktic foraminifera '*C ages were built for each core accounting for four
possible scenarios: (a) Surface water from SAAW was advected north of 46°S reaching as far north as 31°S
throughout the considered period, and thus, Rg values from core MD07-3088 are applied to all studied cores;
(b) between ~13and 11 **C ka BP the upwelling of "*C-depleted ESSW increases the Rg at ~36°S (22SL, GeoB
7167-6, and GeoB 7162-6), and thus, equatorial Rg from core TR163-23 are assigned for this interval to cores
at ~36°S; (c) no changes occur in Rg, and thus, constant values, equivalent to the modern mean in the closest
latitude with available information (Merino-Campos et al., 2019), are assigned; (d) at ~31°S (Geob 7149-2)
exclusively equatorial waters flow in the whole interval, and thus, for ages older than ~11 ka 1“C BP, Rg from
core TR163-23 (~0°N) are assigned, and for ages younger, Rg ages from ~32°S are assigned (Carré et al.,
2015). See Table S2 for a summary.

After assigning the relevant Rg to each planktic foraminifera '*C age, the age models for each core were
generated using the Bacon algorithm (Blaauw & Christen, 2011). We then calculated the A'C of
deep and intermediate waters following Adkins and Boyle's (1997) definition derived from Stuiver and

Polach (1977),
AMC = ——1 | 1,000%e,

for each age model. The resulting A™C values are presented in Figure 3 with their respective 1o and 2o
envelopes.

In addition, the simulated variation of A'*C at each depth was obtained by a modern circulation model con-
strained by observations of temperature, salinity, CFC-11, and prebomb A'™C (DeVries, 2014). The model
takes into account variations in the atmospheric *C and CO, concentration using the gas exchange formu-
lation of DeVries and Primeau (2010; their equations B.6 and B.7). This formulation states that the gas
exchange piston velocity for A'C is proportional to the ratio of atmospheric pCO, to surface ocean DIC.
To a first approximation we assume a globally uniform surface ocean DIC that varies with pCO, according
to abuffer factor of 10 (i.e., a 10% change in atmospheric pCO, translates to a 1% change in DIC) in a modern
oceaniccirculation scenario. This model simulation thus approximates the expected A'C that would arise in
a scenario of constant (modern) ocean circulation and gas exchange piston velocity matching the observed
modern AMC relatively well at the core locations (Figure 3). For the model calculations, we used
atmospheric ¢ concentration from the IntCall3 curve (Reimer et al., 2013), and atmospheric pCO; from
ice core reconstructions (Marcott et al., 2014; Monnin et al., 2001), and air-sea piston velocity from the
OCMIP-2 protocol, reduced by 20% globally in light of recent estimates (Sweeney et al., 2007). Deviations
from the modeled A"C can be interpreted as arising from changes in ocean circulation, changes in air-sea
gas exchange due to changes in wind speed or sea ice cover, or from neglected sources and/or sinks of "*C
such as inputs of "*C-dead carbon from hydrothermal vents. The model displays a slight positive bias of
~25-30%o relative to the modern core-top AC values, which is likely due to the simplifications of the
air-sea gas exchange parameterization. This positive bias is corrected for when comparing the modeled
and observed variations in A™C.

5. Results

With the exception of age models using constant Rg (age model ¢), there is general agreement between the
different age models and derived A'*C values (Figures 3 and $3). These age models represent the different
scenarios depicted in section 4 and the most likely Rg given our current knowledge of the area. For cores
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Figure 3. A estimates for the cores in this study with their corresponding 1o (dark) and 2o (light) envelopes, which
take into account errors in '*C dating of benthic foraminifera and calendar ages estimates, from the different age

model scenarios discussed in the text: (a) Surface water from SAAW was advected north of 46°S reaching as far north as
31°S throughout all the considered period, and thus, the Rg from core MDO07-3088 are applied to all studied cores;

(b) between ~13 and ~11 *C ka BP, the upwelling of 14C—depleted ESSW increases the Rg at ~36°S (22SL, GeoB 7167-6,
GeoB 7162-6), and thus, equatorial Rg from core TR163-23 are assigned for this interval to cores at ~36°S; (c) no changes
occur in Rg, and thus, constant values, equivalent to the modern mean in the closest latitude with available
information (Merino-Campos et al., 2019), are assigned; (d) at ~31°S (Geob 7149-2) exclusively equatorial waters flow in
the whole interval, and thus, for ages older than ~11 ka o BP, Rg from core TR163-23 (~0°N) are assigned, and for
ages younger, Rg ages from ~32°S are assigned (Carré et al., 2015). Also plotted are the atmospheric AMC (black line,
Reimer et al,, 2013), the modeled A'*Cat each depth accounting for changes in atmospheric A'*C and CO, (gray curves),
and the modern A'*C from station P06-E11 (Kumamoto et al., 2011).

at ~36°S, age models a and b yield virtually identical results, and the discussion is based on age model b,
which takes into account a lag observed in the 3'C records between ~36°S and ~46°S (Figure 2). Core
GeoB 7149-2 presents more variability among the different age models during the Holocene. However, as
described in section 4, Rg ages at ~31°S are probably lower than those for core MD07-3088, in agreement
with values estimated at ~32°S (Carré et al, 2015). Consequently, the discussion for core GeoB 7149-2 is
based on the results obtained with age model d.

MART{NEZ FONTAINE ET AL.

57



Chapter 2 — Preliminary ventilation changes in the Southeast Pacific during the last
20,000 years, and finding appropriate Rs for marine core chronologies

ALl
100 Paleoceanography and Paleoclimatology 10.1029/2019PA003613
500 +——o— ::::‘;:: - Deglaciation Lem | Additional information is provided by the modeled A'*C change at each
] s GeoB7182-8 (798 m) depth (Figures 3 and 5), which is a reference on how the C content of
— ézei:(;?;’;-?uﬂﬂml the water would change accounting only for changes in atmospheric
<00 | —#— GeoB 7148-2 (3086 m) pCO; and its '*C content. The modeled A™C is in general agreement with
= = Tﬁi"!.&?“ e the modern data, with values ~20-30%. A'*C higher than the modern in
ﬁ ] all cores except from GeoB 7167-6, which presents a difference of ~50 %o
=

Alc (Figure 3). In order to better visualize how much of the obtained
A™C in each core would not be accounted by changes in atmospheric

=100 pCO, and its *C content, the difference between the A'*C obtained with
;: the selected age models and the modeled AMCisalso presented (Figure 5),
s corrected by the difference between the modern modeled value and the

800 S T e e a0 dern value (Figure S2). In Figure 5, a deviation fr impli
a 3 4 % M % i 16 1% o6 o3 modern value (Figure S2). In Figure S, a deviation from zero implies
Age (cal ka BP) changes in oceanic circulation, in air-sea gas exchange (unrelated to

pCO, changes, which are already accounted for in the model) and/or

Figure 4. A~ Cvariationsin intermediate and deep waters in the South East gealogic input of 140 dead CO,. Also, similar deviations from zero at the

Pacific since the Last Glacial Maximum, from cores in this study with their
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errors in *C dating of benthic foraminifera and calendar ages estimates.
Also plotted are core MDO07-3088, in the South East Pacific sector of the
Southern Ocean (Siani et al., 2013), the atmospheric AYC variation
IntCall3 (black line, Reimer et al., 2013), and the modern A'*C estimate

different analyzed depths imply that the relative amount of *C between
them was similar to the modern.

During the LGM, A'C records from all cores in the SEP are more depleted
in '*C with respect to the contemporaneous atmosphere than they are in

. ; 14 .
from station P06-E11 (~32°S) at each core depth (Kumamoto et al,, 2011). the Holocene (Figure 4). The observed minus modeled A “C is predomi-

nantly negative during the LGM (Figure 5), suggesting that the depleted
¢ values result from slower ventilation or older reservoir ages, rather than from changes in atmospheric
1C or pCO,. The variation of *C with depth is similar to the modern ocean above ~1,500 m (Figures 4
and 5) suggesting similar water column structures during the LGM and early Holocene (Figure 4), though
with slightly more ventilated waters at ~540 m. Meanwhile, at ~2,000 m the only available data point is
the most depleted both compared with the atmosphere and the modeled values, in agreement with a broad
range of deepwater records (Figure 7). Unfortunately, there are no contemporaneous data points at ~1,500
and ~2,000 m for the glacial in the SEP; however, we can at least obtain the difference between the mean
values at each depth, which is ~66%. A'*C (Figure 4) whereas the modern difference is ~20%c A'*C. This dif-
ference also stands when comparing with the simulated A"™C values at each depth (Figure 5a), where waters
at ~2,000 m are ~25%. more depleted with respect to the simulated estimated than at ~1,500 m. The above
information suggests a more 14C.depleted and stratified deep glacial ocean, in particular below ~1,500 m.

Between ~19 and 17 ka cal BP, the Ao signature of waters at ~1,000, ~1,500, and ~2,000 m maintains a
stable offset from the modeled estimate (Figure 5). At ~540 m, however, A™C values become rapidly more
14C depleted at ~19 ka cal BP, decreasing from a mean difference with waters at ~1,000 m of ~54%, A™C
in the LGM to ~29%. A'*C in the early deglaciation (~17 ka; Figure 4). Between ~16.5 and 14.8 ka cal BP,
intermediate waters at ~800 and ~1,000 m become more *C depleted with respect to the atmosphere and
model; meanwhile, waters at ~1,500 m become more ventilated, reaching similar values to those found at
~800 and ~1,000 m until ~14.8 ka cal BP (Figure 4). At ~800 m, waters reach an extremely e depleted mini-
mum of ~460%. A™C lower than the contemporary atmosphere and ~350%c A™C lower than the modeled
estimate. Between ~18 ka cal BP and ~14 ka cal BP, the only data point available at deep waters at ~2,000
m remains as *C depleted from the model as during the LGM (Figure 5), with a difference from the contem-
porary atmosphere of approximately —380%. AA 'C. At ~3,000 m, values are both more “C enriched (~16 ka
cal BP) and more 14C depleted (~14 ka cal BP) than at ~2,000 m, and a decreasing trend is observed between
~16 and 14 ka cal BP, reaching a minimum of approximately —400%. AA™C at ~14 ka cal BP.

Around ~14.5 ka cal BP, benthic foraminifer A™C offsets from the model measured at water depths between
1,000 and 3,000 m briefly return to LGM values; waters at ~1,500 m are more poorly ventilated (larger offset),
while waters at ~800 and ~1,000 m are better ventilated (smaller offsets). Between ~13.5 and 10.5 ka cal BP
intermediate waters at ~1,000 and 1,500 m return to a situation similar to what is observe between ~16.5 and
~14.5ka cal BP, whereas deep waters at ~2,000 and ~3,000 m become rapidly ventilated at ~13 ka cal BP. In
particular, waters at ~2,000 m go from a AA ¢ of —320%. at ~14 ka cal BP to —280%. at ~13.5 ka cal BP and
at ~3,000 m from —400%. AA C at ~14 ka cal BP to —270 at ~13.3 ka cal BP. Between ~13.5 and 12.5 ka cal
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Figure 5. (a) Atmospheric pCO- from West Antarctic Ice Sheet Divide ice core (Marcott et al., 2014). (b) Deviation of the
obtained A'™C, in cores in the South East Pacific, from the modeled estimate, corrected by the difference between the
modern modeled estimate and the modern natural A**C at each depth (Kumamoto et al., 2011). Also plotted are their
corresponding 1o (dark) and 2o (light) envelopes, which take into account errors in i dating of benthic foraminifera and
calendar ages estimates and the error associated with the model.

BP, waters at ~2,000 m stay relatively well ventilated and at ~12.1 ka cal BP decrease its AA C in about
40%e.; from there they become increasingly better ventilated until the end of the record around 9 ka cal
BP. At ~10 ka cal BP, all records with available information reach values similar to modern, and the
difference with the modeled estimates is close to zero.

6. Discussion
6.1. Last Glacial Maximum

The obtained A™C data at ~2,000 m show a depletion from the contemporary atmosphere of approximately
—410%. (Figure 4), which agrees with a broad range of other deepwater records (Figure 6): approximately
—310%. to —600%. in the SWP (Ronge et al., 2016; Sikes et al., 2016), approximately —400%. to —540%. in
the SA (Skinner et al., 2010), approximately —370%. to —500%. in the NP (Galbraith et al., 2007; Rae
et al., 2014), and approximately —400%. to —480%. in the EEP (De la Fuente et al., 2015; Umling &
Thunell, 2017). These glacial deep ocean values show relatively larger depletion than modern data but not
as extremely '*C-depleted values as observed in the SWP and EPR, where '*C contents were between
approximately —900%. to —1,000%c lower than the contemporary atmosphere (Ronge et al., 2016).
Therefore, the new SEP '*C data confribute to the idea that the widespread situation during the LGM
was a relatively ”C-depleted deep ocean with only localized extreme depletions. Above these depths, at
~1,500 m, values are ~66%: AlC higher than the point at ~2,000 m, a difference three times higher than
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Figure 6. (a) A" C variations in deep waters in the Pacific Ocean and South Atlantic along with the atmospheric at'e
variation IntCal13 (black line; Reimer et al., 2013). South West Pacific mean values at depths between 1,600-3,500 m
and deeper than 3,500 m (Sikes et al., 2016) together with cores described in (b), (c). and (d), which correspond to the

deviation of the A**C in deep waters from the modeled estimate, corrected by the difference between the modern modeled

estimate and the modern A'*C at each depth from GLODAPv2 (Key et al., 2015). (b) North Pacific: ODP887 (54.4°N,

148.5°W, 3,647 m; Galbraith et al., 2007), MD02-2489 (54 4°N, 149°W, 3,640 m, Rae et al., 2014); (c) Equatorial East
Pacific: ODP1240 (0°N, 86.5°W, 2,921 m; De la Fuente et al., 2015), TR163-23 (0.4°N, 92.2°W, 2,730 m; Umling & Thunell,
2017), and South East Pacific records GeoB 7167-6 and GeoB 7149-2 from this study. (d) South West Pacific

(Ronge et al., 2016): SO213-82-1 (45.8°S, 176.6°E), PS75/100-4 (45.8°S, 177.1°E, 2,498 m); SO213-76-2 (46.2°S, 178°E, 4,339
m), and South Atlantic (Skinner et al., 2010): MDO07-3076 CQ (44°4.46'S, 14°1247'W, 3,770 m).

modern (Figure 4). In contrast, the relative AMC values at ~540, ~1,000, and ~1,500 m suggest a glacial
structure similar to the modern ocean (Figure 4), though with relatively more ventilated waters at ~540 m.

The observed structure is consistent with the idea of a more stratified deep glacial ocean (e.g., Burke &
Robinson, 2012; Ronge et al., 2016; Sikes et al., 2017) in which less ventilated deep waters and increased
carbon storage were associated to a stronger geochemical divide between middepth and deep waters
(Toggweiler, 1999). Different hypotheses have been called upon to explain the observed changes in the gla-
cial ocean (Adkins, 2013; Ferrari et al., 2014; Keeling & Stephens, 2001; Watson & Naveira Garabato, 2006).
These hypotheses have in common the importance of sea ice extension, controlling gas exchange between
deep waters and the atmosphere (Ferrari et al., 2014; Stephens & Keeling, 2000) and/or by modulating the
production and density of deep SO waters (Adkins, 2013; Keeling & Stephens, 2001; Watson & Naveira
Garabato, 2006). During the late glacial, freshening of surface waters in the SO would be diminished by
the presence of more extensive sea ice, blocking precipitation (Keeling & Stephens, 2001), and/or decreasing
sea ice melt water supply (Adkins, 2013; Keeling & Stephens, 2001). This, together with a colder water col-
umn, would result in production of denser deep waters in the SO (Adkins, 2013; Watson & Naveira
Garabato, 2006), where density would be salt, rather than temperature controlled, as observed in pore water
chloride (Adkins et al., 2002). This would decrease isopycnal mixing between southern sourced deep waters
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Figure 7. A'“C variations in intermediate waters in the Pacific Ocean and Drake Passage along with the atmospheric
AMC variation IntCal13 (black line, Reimer et al., 2013). (a) Records where no decreased ventilation is observed

during the deglaciation: KNR176-GGC17/JP30 (5.02°N, 77.63°W; Zhao & Keigwin, 2018); SO213-84-1 (45°123S; 174°58’
E; Ronge et al., 2016); PS75/104-1 (44°77'S, 174°52'E; Ronge et al., 2016); CDH 23 (3°44 to 95'S, 81°08.05'W; Bova

et al., 2018). (b) Records interpreted as deeper convection of the AAIW during the deglaciation, as indicated in the text:
Corals in the Drake Passage (DP) between 318 and 816 m (Burdwood Bank; Burke & Robinson, 2012); MD07-3088
(46°S, 75°W; Siani et al., 2013); CDH 26 (3°59.16’S, 81°18.52"W; Bova et al., 2018).

and NADW, a mechanism that today helps ventilate the deep ocean (Adkins, 2013). Additionally, Ferrari
et al. (2014) proposed that the depth of the waters upwelling in the SO would be controlled by the latitude
at which the Anfarctic divergence occurs, given by the zero-buoyancy boundary. This, in turn would be
bounded to the quasi permanent sea ice extent (Ferrari et al., 2014), which is thought to have extended
north during the LGM (Gersonde et al., 2005; Otto-Bliesner et al., 2007). When the zero buoyancy
boundary moves northward along with sea ice, deep waters that were previously upwelling north of it,
thus forming intermediate waters, upwell south of it, forming deep and abyssal deep waters instead. This
would enhance carbon and nutrient trapping in the Southern Ocean (Primeau et al., 2013; Holzer et al.,
2014), further contributing to a buildup of respired carbon in an isolated Southern-sourced water mass in
the deep ocean. Ferrari et al. (2014) estimate that a northern extent of the quasi permanent sea ice would
shoal the depth of the isopycnes upwelling in the divergence zone by ~500 m, consistent with findings in
the Atlantic and Pacific Oceans (e.g., Sikes et al., 2017). This would have a double effect in the ventilation
of the deep ocean. On the one hand, a larger proportion of the deep ocean would upwell south of the
zero-buoyancy boundary under quasi permanent sea ice, where the extent of gas exchange with the
atmosphere is decreased (Stephens & Keeling, 2000). On the other hand, the shoaling of the upwelled
waters would additionally act to diminish the ventilation of abyssal waters since topography-driven
turbulent mixing across isopycnals is higher below the reach of seamounts and mid-ocean ridges, near
~2,000-m depth (Figure 1; Adkins, 2013; Ferrari et al., 2014) and waters below this depth would upwell to
the south of the divergence zone during the LGM. Additionally, it has been suggested that a northern
position of the SWW during the glacial would result in less upwelling of warmer waters, reinforcing the
development of the sea ice, thus working together with the previously described processes to develop the
isolated deepwater reservoir (Toggweiler et al., 2006).

The high contrastin *C content of waters at ~1,000, ~1,500, and ~2,000 m observed in the SEP, much higher
than today, with waters at ~2,000 m especially '“C depleted, argues in favor of decreased mixing between
waters above and below this depth. The latter would result from decreased ventilation of the deep ocean
and a lesser contribution of deep waters in the formation of intermediate waters consisting with the
aforementioned glacial picture. However, the glacial information provided here is not able to distinguish
to what extent each of the previously described mechanisms is responsible.
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6.2. Deglaciation

The first change with respect to the ventilation of water masses in the SEP during the deglaciation is the
decreased ventilation of intermediate waters (Figures 4, 5, and 7). These changes begin before the deglacia-
tion, around ~19.5 ka cal BP, but become more rapid at ~18.5 ka cal BP at ~540 m, followed by a further
depletion at ~800 and ~1,000 m between ~16.5 and 14.5 ka cal BP, while waters at ~1,500 m become better
ventilated during the same period. The homogenization of **C values in the water column in the SEP could
be explained by deeper convection of AATW in the SO during the deglaciation, as proposed by Ronge et al.
(2015) in the SWP and Haddam (2016) in the SEP. In fact, a similar change to least ventilated intermediate
waters is observed in A'C in the East Pacific margin (Bova et al., 2018) and in the DP (Burke & Robinson,
2012) at depths bathed by southern sourced intermediate waters. Additionally, these changes are paralleled
by a shift to 8'3C enriched values between ~16.5 and 14 ka cal BP at ~1,500 m in the SEP (Siani et al., 2013)
and at ~1,200 m in the SWP (Sikes et al., 2016) and in the East Pacific margin at ~1,000 m (Bova et al., 2018),
which is consistent with increased presence of AAIW at these depths. Around this time, increasing ventila-
tion in deepwater records is also observed in the SA (Skinner et al., 2010), SWP (Ronge et al., 2016; Sikes
et al., 2016), EEP (De la Fuente et al., 2015; Umling & Thunell, 2017), and NP (Galbraith et al., 2007; Rae
et al., 2014), though not all records show the same trend and timing (Figure 6), maybe denoting local effects
and/or inconsistencies in the chronologies of the records. Notably, no increase in ventilation is observed in
the SEP in deep waters at ~2,000 m; furthermore, at ~3,000 m even decreased ventilation is observed, a trend
contrary to what is observed in most deep ocean records (Figure 6). Unfortunately, no data are available for
the whole interval at ~2,000 m to enable a thorough comparison with ~3,000 m waters. The origin of the
observed ventilation changes at ~3,000 m is puzzling; they might represent local processes such as reinvigo-
rated mixing of the deep ocean advecting stagnant **C-depleted deep waters to ~3,000 m or **C dead-CO,
injected directly from hydrothermal vents (Judd, 2003), which is likely to have happened due to the numer-
ousactive ridgesin the area (Beaulieu et al., 2013). Notably, the observed decrease is coeval with the decrease
in A"C of intermediate waters in the Galapagos platform (Figure $4), which is thought to be sourced in the
NP (Bova etal., 2018). However, this is not observed in deepwater records in the NP or EEP. Thus, the origin
for the observed trend remains unknown. A comparable situation is found in waters at ~800 m depth, where
one data point displays extremely **C-depleted values. This situation is not observed in other southern
sourced intermediate waters but is similar to what has been observed in Baja California (Lindsay et al.,
2015; Marchitto et al., 2007). We have confidence in this value since the C dating in this core was
performed on the abundance peaks in an area with high sedimentation rates and the resulting value is much
larger than the 1o envelope in all age models (Figure 3). However, given the available information, it is
difficult to interpret this particular data point, since a Southern Ocean seems unlikely. Nevertheless, the
overall less ventilated and vertically expanded AAIW, together with a generally better ventilated deep ocean
between 16.5 and 14.5 ky cal BP, is consistent with an oceanic source for the observed steep decrease in
atmospheric '*C at this time (Broecker & Barker, 2007). The "C records presented here further suggest
the '*C-depleted carbon was ventilated from depth in the Southern Ocean.

At shallower intermediate depths (~540 m), we observe a steep decrease in the **C content earlier in the
deglaciation at ~18.5 ka cal BP, around the time of the initial increase in atmospheric pCO, in Antarctica
(Figure 5; Marcott et al., 2014). A possible explanation relating these observations is sea ice retreat allowing
deeper waters to be ventilated and feed the formation of AAIW, as proposed by Ferrari et al. (2014).
However, constraints on sea ice extent are very scarce and thus is not yet possible to draw any conclusions
on this matter. On the other hand, the decrease in the 4¢ content at ~800 and ~1,000 m depth, associated
with the onset of the inferred deeper convection of AAIW at ~16.5 ka cal BP, is consistent with increased
upwelling (Anderson et al., 2009; Siani et al., 2013) and surface water pCO, (Martinez-Boti et al., 2015) in
the SO. In addition, a migration of the SWW to the south has also been proposed during this time (e.g.,
Denton et al., 2010; Mohtadi et al., 2008; Moreno et al., 1999) and is inferred from the planktic 513C trends
in the SEP here presented, as depicted in section 4 (Figure 2). As previously stated, a southern position of the
SWW is proposed to increase upwelling of deep waters in the SO (Toggweiler et al., 2006), which might trans-
late to more AAIW formation and sea ice retreat. Unfortunately, even in the modern ocean AATW formation
is not clearly understood (Bostock et al., 2013; McCartney, 1977; Piola & Gordon, 1989; Sloyan et al., 2010),
thus, the relation between these processes remains to be clarified. However, recent simulations indicate that
the recorded glacial-interglacial changes in carbon species (CO,, #¢, and 13'C) in both the atmosphere and
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the ocean could be explained by intensification of the SWW resulting in more AABW and AAIW production
(Menviel et al., 2018). An intensification of the SWW would result in steeper isopycnals, allowing AAIW to
reach deeper depths near its formation zone, explaining higher A'™C values observed in core MD07-3088 and
in turn ventilating deeper waters, explaining lower A'#C at ~800 and ~1,000 m (Figure 4). Additionally,
according to the simulation by Menviel et al. (2018), this deeper convection could allow for an initial upwel-
ling of low-alkalinity intermediate waters, which would be responsible for the observed abrupt CO; increase
in the atmosphere at ~16 ka cal BP.

The inferred deeper convection of AAIW is interrupted by a brief return to glacial conditions at the begin-
ning of the ACR, in which intermediate waters at ~800 and ~1,000 m become better ventilated and at
~1,500 m less ventilated. This return to a shallower AAIW is brief, and the homogenized '“C values are again
observed between ~13.5 and 10.5 ka cal BP. A similar behavior is observed in sea surface pCO, in the SO
(Martinez-Boti et al., 2015), and both are consistent with the ventilation of deep waters in the SEP at
~2,000 and ~3,000 m. However, these changes are contrasted by constant atmospheric A™*C and pCO,
(Figures 4 and 5) The latter might be explained by problems in the chronology of the records, or it might
reflect that even if this process is taking place, it is not dominating the atmospheric signature.
Alternatively, from the comparison with deepwater records in Figure 6, it seems plausible that even if deeper
convection in the SO was occurring at this time, the larger part of the isolated deepwater reservoir would
have been already ventilated; thus, no important increase in atmospheric pCO, would have occurred.

The latter might seem inconsistent with the observed increased in atmospheric pCO; in ~30 ppm between
~13 and 11.5 ka cal BP. However, it has been proposed that this increase in atmospheric pCO, was related
to the outgassing in the EEP rather than in the SO (Bova et al, 2018; Martinez-Boti et al., 2015).
Extremely 14C-clepleted records have been found in the EEP at intermediate water depths (Bova et al.,
2018; Stott et al., 2009) and in Baja California (Lindsay et al., 2015; Marchitto et al., 2007) during the degla-
ciation. Additionally, CO, outgassing in the EEP has been reconstructed by Martinez-Boti et al. (2015),
which is similar to the observed outgassing in the SO during Heinrich Stadial 1, but ~70 ppm higher during
the Younger Dryas (YD). This, together with increased upwelling in the EEP during the YD (Bova et al.,
2018), would result in the ventilation of the extremely 14C-depleted intermediate waters and is proposed
to be an important contributor to the observed rise in pCO2 (Bova et al., 2018; Martinez-Boti et al., 2015).
In addition, simulations indicating the SWW as an important factor in atmospheric pCO, increase during
the deglaciation only account for ~40 ppm (Menviel et al., 2018; Toggweiler et al., 2006).

Finally, around ~10 ka cal BP the available 14C data indicate the establishment of the current structure,
homogeneous deep waters below ~1,500 m, and better ventilated waters above, reaching similar values to
the modeled A™C (Figures 4 and 5). The divergence of values at ~1,000 and ~1,500 m with the onset of
the Holocene could be interpreted as the end of the conditions that were favoring the deeper convection
of the AAIW.

7. Conclusions

The SEP benthic radiocarbon records presented in this study indicate a deepening of AAIW convection dur-
ing the beginning of the last deglaciation (Haddam, 2016; Ronge et al., 2015). These changes could spur the
ventilation of glacial carbon-rich deep waters, confributing to the observed ~40 ppm increase in atmospheric
pCO; during Heinrich Stadial 1 (Menviel et al., 2018; Toggweiler et al., 2006). This finding of enhanced con-
vection associated with the release of CO, through Southern Ocean water masses is consistent with numer-
ous other studies (e.g., Anderson et al., 2009; Bostock et al., 2013; Sloyan et al., 2010), further solidifying this
interpretation. The mechanisms for the enhanced convection of AAIW at the beginning of the deglaciation
are a subject of debate but could be related to changes in the southern hemisphere westerly winds (e.g.,
Chiang et al., 2014), perhaps associated with declining Antarctic sea ice extent (Keeling & Stephens, 2001).

During the Younger-Drays period (~13-11 ka cal BP) atmospheric pCO; increased by ~30 ppm, but our
radiocarbon records suggest a relatively stable pattern of ventilation in the SEP. This suggests that the SO
was not the pivotal region for ventilating the second pulse of CO, to the atmosphere. Instead, other regions
such as the EEP may have provided the conduit for these old waters to the atmosphere, as supported by
several radiocarbon records (Stott et al., 2009; Bova et al., 2018; Martinez-Boti et al., 2015).
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We observe similarities between our records and those from the EEP (Bova et al., 2018; Stott et al, 2008) both
in intermediate and deep waters (Figure $4) that suggest EEP dynamics impact conditions on the Chilean
Margin as far south as 46°S and therefore further afield than generally thought. However, the complexity
of EEP dynamics, compounded by problems in core chronologies, makes it difficult to draw definitive
conclusions on links between the two regions. Future work toward a greater understanding of the interplay
between the EEP and SEP is therefore necessary, particularly given that both regions likely play an
important role in regulating carbon release from the deep ocean to the atmosphere.
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Figure S1 Planktonic and benthonic foramifera uncalibrated *C ages against core depth. Detailed information in

Table S1.
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Figure S2 Modern 813C (turquoise) and A*C (black) water column data from station P06-E11 (32° 29.64’ S, 72°
42.66’ W; Kumamoto et al,, 2011). For depths shallower than ~1500 m, the #C coresponds to a natural A14C
estimate, based on silicate concentrations, alkalinity and apparent oxygen utilization, deeper than ~1500 m values
are the direct mesures Also indicated in the figure are the mean modern 613C measured in G. bulloides and N.
pachyderma (dex) in the South East Pacific between ~24-46° S (Mohtadi et al., 2005) and the depth of the studied
cores. Black triangle: G. bulloides north of ~35° S, white triangle: G. bulloides south of ~39° S; white star: N.
pachyderma (dex) between ~24-35° S and 39-46° S. SAAW: Subantarctic Water; ESSW: Equatorial Subsurface
Water; AAIW: Antarctic Intermediate Water; PDW: Pacific Deep Water.
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Figure S3. Resulting age models for the cores in this study, obtained using the Bacon algorithm (Blaauw &
Christen, 2011) by assigning different *C Surface Reservoir ages (Rs) to the planktonic foraminifera 4C ages, as
described in the Age Model section of the main text: a) surface water from SAAW was advected north of 46° S
reaching as far north as 31° S throughout all the considered period, and thus the Rs from core MD07-3088 are
applied to all studied cores; b) between ~13 and ~11 #C ka BP the upwelling of 14C-depleted ESSW increases the
Rs at ~36° S (22SL, GeoB 7167-6, GeoB 7162-6) and thus equatorial Rs from core TR163-23 are assigned for this
interval to cores at ~36° S; c) no changes occur in Rs and thus constant values, equivalent to the modern mean in
the closest latitude with available information (Merino-Campos et al., 2019) are assigned; d) at ~31° S (Geob
7149-2) exclusively equatorial waters flow in the whole interval, and thus for ages older than ~11 ka 14C BP, RS
from core TR163-23 (~0° N) are assigned and for ages younger, Rs ages from ~32° S are assigned (Carré et al,,
2015). The colored line corresponds to the wmean and its corresponding 1o envelope is plotted, derived from the
Bacon.
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Figure S4 Comparison of A'*C in intermediate and deep water from the South East Pacific (this study) with core
MV99-M(C19/GC31/PCO8 in Baja California (23.5° N, 111.6° W, 705 m; Marchitto et al., 2007) and cores Equatorial
East Pacific: CDH 41 (1°15.94’ S, 89° 41.88’ W, 595 m; Bova et al,, 2018) and VM21-30 (1°13’S, 89°41'W, Stott et

al,, 2009). Also plotted is the atmospheric A*C (Reimer et al.,, 2013).
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Table S1 Planktonic and benthonic radiocarbon dates for all cores, calendar and A4C obtained according to the

text.

Table S2 §13C measurements presented in Figure S2. Ages marked with an * correspond to the original 14C ages,
whereas the rest are the extrapolated ages.

Table S3 Cores location

Core Latitude Longitude  Depth (m)
GeoB 7149-2  31°29.14'S  72°00.00'W 3086
GeoB 7163-7  36°25.54'S  73°35.73'W 537
GeoB 7167-6  36°27.19'S  73°55.50'W 2062
GeoB 7162-6  36°32.52'S  73°40.02'W 798

22SL 36°13.26'S  73°40.50'W 1001

Table S4 Reservoir ages used in different age models described in the text.

Age model >13 ka 14C 13-11 ka 14C <11 ka 14C
a Rs from MDO07- Rs from MDO07- Rs from MDO07-
3088 3088 3088
b Rs from MDO07- Rsfrom TR163-23 Rs from MDO07-
3088 3088
c Rs modern Rs modern Rs modern
d (core GeoB 7149-2) Rs from TR163-23 Rs from TR163-23 Rs from ~32°S
Age model >13 ka 14C 13-11 ka 14C <11 ka 14C
a Rs from MDO07- Rs from MDO07- Rs from MDO07-
3088 3088 3088
b Rs from MDO07- Rsfrom TR163-23 Rs from MDO07-
3088 3088
C Rs modern Rs modern Rs modern

Rs from TR163-23

Rs from TR163-23

Rs from ~32°S

d (core GeoB 7149-2)

2.2.1 References

Martinez Fontaine, C., De Pol-Holz, R, Michel, E., Siani, G., Reyes-Macaya, D., Martinez-Méndez, G.,
DeVries, T., Stott, L., Southon, ]J.,, Mohtadi, M., Hebbeln, D., 2019. Ventilation of the Deep Ocean
Carbon Reservoir During the Last Deglaciation: Results From the Southeast Pacific. Paleoceanogr.

Paleoclimatology 34, 2080-2097. https://doi.org/10.1029/2019PA003613
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Chapter 3: Tephrochronology dataset of the Southern (33-46° S)
and Austral (49-55°S) Volcanic Zones of the Andes and exploration

tools

As mentioned before, one important conclusion of the work developed in chapter 2 is that in order to
better constrain the chronologies of marine sediment cores in the Southeast Pacific, it is important to
estimate Rs variations in the past. The aim of my PhD was to follow up the reconstruction of the
circulation changes in the Southeast Pacific Ocean during the last ~20,000 years, extending the study
area with southern cores. And thus, in order to obtain more robust chronologies for the cores I was going
to study, it was necessary to estimate Rs variation at the latitudes were these cores were retrieved (~41°
S and ~49° S). One approach to do this is tephrochronology, a tool that had already been used by Siani et
al. (2013) to estimate Rs variations at 46° S in the Chilean continental Margin. Because of the presence of
active volcanic centers belonging to the Southern and Austral Volcanic Zones of the Andes, adjacent to
the study area, tephrochronology has great potential for ameliorating chronologies for marine sediment

cores retrieved in the Chilean continental margin.

The first work [ developed was gathering information about previous tephrochronology and volcanology
work in the region. In particular which volcanoes had had eruptions during the last 20,000 years, how
many eruptions had them had, if these eruptions were dated or not, analyzed by geochemistry or not, etc.
All of this with the aim of identifying the volcanoes and particular eruptions responsible for the volcanic
ashes identified in the southern marine sediment cores (MD07-3100, MD07-3098 and MD07-3081). In
developing this task, I encountered various obstacles such as different names given to the same eruptive
event, data not being standardized, not being able to access raw data, missing information, for example
the position of the samples, etc. With the help of Chiara Marmo, ingénieure de recherche at GEOPS
laboratory, I compiled a set of tephrochronological and volcanological data to make them FAIR (Findable,

Accesible, Interoperable, Reusable; Wilkinson et al., 2016).

Chapter 3 corresponds to the description of the dataset I compiled in order to be able to identify the
source of the volcanic remains found in the marine sediment cores. But not only that. The problem of the
FAIRness of the tephrochronological data in the Southern and Austral Zones of the Andes grows as new
and more information is produced and every researcher using tephrochronological data in the region
encounters similar problems to integrate the bulk of available information. With this in mind, [ developed
a work which tries to help moved forward in this regard. In order to do this, collaborating with Chiara
Marmo and Vanessa Araya, former post doc and current professor at INRIA (Institut national de
recherche en sciences et technologies du numérique), we began developing a web application with the

aim of creating visualizations that will help future users of the dataset make sense of it, help the discovery
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of information, and which will assist in custom downloading data in the dataset. This work is in progress
and it is possible to access the explorer at: http://varaya.cl:3001/. This work was done in collaboration
with the Chilean Geology and Mining agency: SERNAGEOMIN through the National Volcanic Vigilance
Network department and with the kind collaboration and support of the tephrochronology community
working in that area. The idea is that in the future the dataset and explorer are managed by
SERNAGEOMIN, and that new information can be added to it, moving forward to making this data more
FAIR.
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Andes and exploration tools

3.1 Introduction

Tephrochronology is the discipline of geosciences which uses the deposits of explosive volcanic eruptions
as stratigraphic and chronological markers. By identifying the pyroclastic remains of specific eruptions
(tephras) in different sites, tephrochronology helps reconstruct the eruptive history of volcanic centers:
the magnitude of their eruptions, their recurrence in time and the dispersion of its products. At the same
time, tephras can be viewed as regional stratigraphic tie points. If a specific tephra is identified in
different paleoenvironmental archives (e.g. paleoclimatological, paleoceanographic, archaeological),
their chronologies can be synchronized, which is essential when interpreting the evolution of complex

systems in time, such as the climate.

The Southern (SVZ, 33-46° S) and Austral (AVZ, 49-55° S) volcanic Zones of the Andes are two very active
volcanic zones, where so far ~65 volcanic centers have been identified which have had recurrent
explosive activity in historical times (e.g. Llaima, Villarrica, Puyehue-Corddn Caulle, Calbuco, Hudson and
Lautaro volcanic centers) or during the last ~20,000 years (e.g. Mocho-Choshuenco, Michinmahuida and
Mount Burney volcanic centers). In these regions, tephrochronology has a great potential of use, for
example by helping reconstruct the eruptive history of these volcanic centers, essential in the production
of volcanic hazard maps. This task is currently undertaken by the Chilean Geology and Mining agency:
SERNAGEOMIN through the National Volcanic Vigilance Network department, who rely on their own
surveys as well as scientific publications in tephrochronology and volcanology to produce them (e.g.
Bertin et al., 2018). On the other hand, tephrochronology has the potential of ameliorating chronologies
of paleoenvironmental archives in Patagonia, essential for reconstructing the climatic evolution of this
zone which plays an important role in the regulation of the climate system at a global scale. For example,
lacustrine and marine sediment cores can give us information on changes in the positon and intensity of
the Southerly Westerly Winds (e.g. Menviel et al,, 2018; Toggweiler, Russell, & Carson, 2006) and
upwelling in the Southern Ocean (Anderson et al., 2009; Siani et al., 2013), thought to be important factors

controlling glacial-interglacial transitions.

In the last four decades, tephrochronology together with volcanology have importantly increased our
understanding of the eruptive history of the SVZ and AVZ, revealing higher recurrence and explosivity of
many volcanic centers than previously thought (e.g. Chaitén and Michinmahuida volcanoes (Amigo et al.,
2013; Watt et al., 2013b; Moreno et al,, 2015; Alloway et al., 2017, Martinez Fontaine et al., 2021)). It has
also become apparent that there are still many under researched active volcanic centers in the area, such
as Yanteles and Corcovado (Lopez-Escobar et al., 1993; Naranjo and Stern, 2004) for which no eruptions
have been robustly identified jet. In parallel, this work has begun to unveil a very intricate
tephrochronological record in the area, given by the close proximity of the volcanic centers together with
the high recurrence of explosive volcanic activity (e.g. Alloway, Pearce, et al., 2017; Fontijn et al., 2016;

Watt et al., 2011; Weller, De Porras, Maldonado, Méndez, & Stern, 2017). Disentangling this intricate
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record is hampered by the very similar geochemical composition of the products of many volcanic
centers, which makes it difficult to identify their source; additionally, the high uncertainties associated

with the age estimates of the tephra deposits further hinders their correlation.

At present, the available tephrochronological and volcanological information for the SVZ and AVZ can be
found dispersed in journals, government (SERNAGEOMIN) publications and personal collections, which
vary greatly in formats. This, together with the increased data stream associated with the development
of analytical techniques (such as Electron Microprobe analysis (EMP)), makes the integration of the data
produced by different actors (researchers and the government), and consecutively its interpretation,
increasingly harder. A great amount of time is invested by every researcher and government employee
to find, standardize and integrate this information before even interpreting it. This increasing need for
organization of the tephrochronological and volcanological data in the region, is an issue that has already
been addressed in previous publications (Alloway et al., 2017a, 2017b; Fontijn et al., 2016, 2014). Here
we address it by compiling a dataset integrating tephrochronology and volcanology information on 32
volcanic centers and 132 eruptions in the SVZ and AVZ; and developing an online platform which
provides tools for the exploration of the dataset and custom downloading the data. The latter aims to be
a step towards making this data FAIR (Findable, Accessible, Interoperable and Reusable; Wilkinson,
Dumontier, & Aalbersberg, 2016) by providing a standardized data structure from which to build upon.
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Figure 3.1 Screenshots of the exploration tool (for the moment you can access it at http://varaya.cl:3001/),
showing different visualizations of the data in the database. In the screenshots, volcanoes Hudson, Llaima and
Chaitén have been selected.
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3.2 Methods

3.2.1 Interviews

Because this tool aims to aid the wide and heterogeneous community using tephrochronology in the SVZ
and AVZ, a series of interviews were conducted in order to characterize their work. However small, the
interviewed sample represents to some extent the diversity in the tephrochronological community in the
area. Three researchers on volcanology and paleoceanography and a team of 16 people from the National
Volcanic Vigilance Network where interviewed between June and August of 2020. Each interview lasted
between one and three hours and had as objective understanding their everyday tasks when using
tephrochronological data in their work. In particular to understand: what questions they try to answer
using tephrochronology; what data they use for accomplishing this task; where do they obtain the data
from; how they organize and visualize it; and the problems they encounter when developing these tasks.
A summary of the answers can be viewed in Table S3.1. This information aided the development of the

dataset structure and the explorer.

3.2.2 Data collection

Tephrochronological and volcanological information on 32 active volcanic centers from the SVZ and AVZ,
between Llaima (~38.7° S) and Mount Burney (~52.3° S) was collected from seventy-three scientific
publications published in peer reviewed journals, six publications from SERNAGEOMIN, and two doctoral
theses. These correspond to ~130 different eruptive events and ~16,500 sample analyses. Here, active
volcanic centers are considered as those for which evidence of volcanic activity occurring during the last
~20,000 years has been identified. This time frame is considered taking into account that, for the volcanic
centers here considered, tephrochronological evidence older than ~20,000 years has been largely eroded
by the presence of the Patagonian Ice Sheet, which covered most of the Andes south of ~38° S during the
last glacial period (~20,000 -60,000 years before present; (Davies et al., 2020). The data was obtained
either directly from the publication tables, text and supplementary material, or alternatively through
private requests to the authors when the data discussed in the publication was not readily available. The

authors were informed of the purpose of the data request beforehand.

3.2.3 Major element standardization

The major element composition of volcanic products (e.g. lava, glass shards, bulk tephra) is often utilized
in tephrochronology to discriminate between the potential sources of the studied pyroclastic deposits.
Major elements correspond to the geochemical elements found more abundantly in rocks, which
compositions are expressed in weight percentage (wt%) of oxides: SiO,, TiO, Al;03, FeO, Fe;03, MnO,
MgO, Ca0, Na:0, K;0, P,0s. Ideally, the sum of the analyzed major elements composition would approach
100% and the difference would account for volatile content in the sample, for example H20, CO2, SO,
which can derive from different degrees of post depositional hydration. Additionally, Cl (also a volatile)

is sometimes analyzed and usually considered with major/minor elements. In order to being able to
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compare the major element composition of different volcanic deposits, the analyzed compositions are

generally normalized to a 100% volatile-free basis.

In this context, special attention must be taken regarding how Iron (Fe) is presented in the original
publications in order to normalize the samples by a comparable amount. Fe can exist in volcanic rocks in
two states of oxidation (Fe?* forming FeO and Fe3* forming Fe,03), which exist in different proportions in
different types of rocks. Most analytical techniques employed to analyze volcanic rocks are not able to
distinguish between these two states of Fe, and thus Fe is presented in most publications as a total Fe
value, although this is not always communicated. For example, when volcanic glass shards are analyzed
by EMP, Fe might be presented as FeO, FeOT or FeO%*, all of which correspond to total Fe as FeO. In
contrast, when bulk tephra are analyzed by X-ray fluorescence (XRF) or Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES), it might be presented as Fe,03 or Fe;03T, which correspond to
total Fe as Fe,03. Additionally, other techniques as Atomic Absorption Spectroscopy and wet chemical
analysis (titration) can discriminate between Fe2+ and Fe3+ however they are not commonly used. In this
case, publications calculate the total Fe as FeOT = FeO + 0.899*Fe,03, as Fe203T = 1.1*FeO + Fe,03 or even
as FeO + Fe;03. At present, most of the major element analyses are done with EMP which can analyze
smaller size materials than previous methods. For example, 30 individual glass shards can be analyzed
from one sample for which only one bulk observation would be obtained if analyzing by XRF. The latter
clearly reflects in the dataset, where analyses obtained with EMP correspond to ~90% of the major
element observations. Because of the latter, the normalization in the dataset and in the exploration tool
is done taking into account Fe as FeOT for calculating the volatile-free analytical total (i.e. the sum of
major elements before normalizing). When FeOT is not directly presented in the original publication, it
is calculated either as: FeO + 0.899Fe;03, when both FeO and Fe;03 have been analyzed (~3% of major
element observations); or as 0.899Fe,03T, when Fe has been analyzed as Fe,03T (~5% of major element
observations). In order to save the original data and its heterogeneity, Fe is described in the dataset by
four attributes: FeO, Fe;03, FeOT and Fe;0sT, and only the original data is filled. Both the original and

normalized data can be downloaded.

3.3.4 Data Visualization: Development of the Exploration Tool
Given the requirements extracted from the interviews with the domain experts, we decided to build a
light visualization tool, which can be easily installed in a local environment. This will allow researchers

to have more control of it and even make modifications of it if needed.
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The tool was developed in Javascript, using node.js? as the back-end environment. For the visualization
components, we used the Leaflet library3 for the map, D3.js* for the timelines, and dc.js5 with Crossfilter®
for chemical scatterplots. The database is originally delivered as an CSV file, but in order to allow fast
queries in the visualization, we exported it to a SQLite? database that is accessed from node.js. This

transformation also includes precomputed queries that help with the performance of the tool.

3.3 Data records

Broadly, tephrochronology identifies deposits of explosive eruptions in the stratigraphic record, samples
and characterizes them physically and chemically, and based on this characterization and the comparison
with available volcanological and tephrochronological information, it proposes a volcanic source and
ideally a particular eruptive event for the identified deposit. The dataset follows this structure, it
corresponds to a collection of observations and/or analyses of tephrochronological and volcanological
samples. Because each element in the collection corresponds to an individual observation/analysis of a
sample, many elements in the dataset can correspond to the same sample (Figure 3.1). In concrete, the
data is contained in two .csv files. In the main file (from now on TephraDataSet) each observation of a
sample (row) can be characterized by 80 attributes (columns), which might be grouped by the type of
information they provide (Figure 3.1, Table 3.1). The first group corresponds to Identification attributes,
which is further subdivided in ID, Position, Reference and Analysis attributes. The second group
corresponds to the actual observations of the sample or Characterization attributes, which correspond
to information used to answer to the questions of: volcanic source of the sample, specific event it
corresponds to, magnitude of this event and dispersion of its products. In particular, the Characterization
attributes give information on the Stratigraphy of the samples (stratigraphic position and age estimates),
their Physical characteristics (color, thickness and grain size) and their Geochemical composition (major
and trace elements, isotope ratios). A third group of attributes correspond to the Interpretation
attributes, the volcanic source of the deposit: Volcano; the specific eruptive event at the origin of the
products: Event; and its Magnitude and Volcanic Explosivity Index (VEI). The fact that these attributes
are Interpretation attributes is relevant in tephrochronology because tephra can be found far away from
its volcanic source, and identifying it might not be trivial. In fact, in many cases the volcanic source of
tephras contained in the dataset have been questioned and re interpreted over time (e.g. tephra identified
by Naranjo & Stern (2004) whose source in Corcovado and Yanteles volcanoes has been questioned in

later publications such as Amigo et al. (2013) and Alloway et al. (2017)). A final group of attributes

2 https://nodejs.org/

3 https://leafletjs.com/

4 https://d3js.org/

> https://dc-js.github.io/dc.js/

® https://crossfilter.github.io/crossfilter/
7 https://www.sqlite.org

81


https://nodejs.org/
https://leafletjs.com/
https://d3js.org/
https://dc-js.github.io/dc.js/
https://crossfilter.github.io/crossfilter/
https://www.sqlite.org/

Chapter 3 — Tephrochronology dataset of the Southern (33-46° S) and Austral (49-55° S) Volcanic Zones of the
Andes and exploration tools
corresponds to Flags and Comments. Data can be flagged for seven type of reasons (Table 3. 2), in every
case the type of flag is indicated under Flag attribute and the particular situation is detailed under Flag

Description. Comments corresponds to additional information that can help interpret the data.

The second .csv file (from now on MeasurementRuns) is part of the Geochemical composition attributes
and it corresponds to information used to evaluate the quality and comparability of the analyses
performed by different authors (Figure 3.1). The geochemistry of samples is analyzed in batches, in the
dataset each batch corresponds to a different MeasurementRun. Ideally, the MeasurementRun
corresponding to each SampleObservation in the TephraDataSet file is detailed in the MeasurementRuns
file, thus linking both files. The MeasurementRuns file contains information to characterize each batch
analysis: the analytical conditions during the analysis (beam size, accelerating voltage and beam current);
as well as information on the secondary standards analyzed along with the samples, an information used
to assess the comparability of analyses performed in different laboratories. Multiple secondary standards
are analyzed several times in each MeasurementRun and the number of analyses (n), mean value and
standard deviation for each analyzed element, as well as the analytical totals, are reported in the

literature and included in the dataset.

As mentioned before, the dataset includes data from seventy three scientific publications published in
peer reviewed journals, full list in the supplementary .The two files of the dataset and the explorer are
hosted in the ESPRI server (Ensemble de Service Pour la Recherche) of the IPSL (Institute Pierre-Simon
Laplace), France. ESPRI provides the storage space for the dataset as well as the platforms of distribution
of scientific data. The major element composition of the dataset can be downloaded both normalized or

not. If normalized, the Total corresponds to the sum of major elements and LOI before normalization.
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SAMPLE OBSERVATION G

- -ID - REFERENCE
o - Sample ID: LAZ-T7A - Authors: Alloway et al., 2017b
= - Sample Observation ID: 12-05-4-23 - DOI: https://doi.org/10.1002/jqs.2976
S - IGSN:
i - POSITION - ANALYSIS
E - Location: La Zeta, Esquel - Type of register: Pyroclastic material
w - Latitude: -42.89 - Type of analysis: Micro analytical
S| - Longitude: -71.36 - Analyzed material: Glass shards
- Analythical technique: LA-ICP-MS
- STRATIGRAPHY - CHEMICAL COMPOSITION
TEPHRA DATASET Sedimentary Archive Major elements
- Type of Section: Outcrop - Si0,:; - Ti0,:; -Al,0,:; etc.
ST R U CT U R E : gegtsionlb: '—Ianze‘ﬁ'ZEST;l”d Trace elements

- SubSection ID: LAZ-T7A y o, O .

- SubSection distance from top: Rb: 55.3 ppm; - Sr: 484 ppm; etc.

Ade Isotopes
g -gHistoricaI age: - 875r/%gr:; -2SE ¥7S1/%%Sr; ete.
E - 1C age: Quality of analyses
ﬁ - 14C laboratory code: - Measurement Run ID: AllowayMay2014
[+ - OAr/*Ar age: Analytical conditions
E - Stratigraphic position: . Beam current:
P-4 - Accelerating voltage:
E - PHYSICAL CHARACTERISTICS - Beam Size: 20 ym
5 . Color: pale to dark grey Secondary standards analyses

- Thickness: 8 cm - Secondary standard ID: ATHO-G

- Grain size min: fine ash - Number of analyses: 34

- Grain size max: medium ash Major elements

- Si0,;; -Si0,_SD:; -etc.
Trace elements
+Rb: 65.1 ppm; Rb_SD: 3.5 ppm;- etc.
INTERPRETATION
- Volcano: Michinmahuida - Event: Lepué - Magnitude: - VEI:
7N )
[SAMPLE OBSERVATION] [SAMPLE o | [Sanzra— emm— [sanrie s ] [saurce— e
l l Geochemical . : Eruption C
Magnitude,; Age composition, Eruption A Eruption B P
1 7 1 Stratigraphy Stratigraphy 1 ¢
SAMPLE ERUPTION VOLCANO

Figure 3.2. Dataset structure, using information from sample LAZ-T7A (Alloway et al. 2017b) as an example. The

Flag and comment attributes are not illustrated.
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Table 3.1. Detailed description of the attributes in the dataset.

Dataset
Unit Description
attributes
Name given in the original publication to the sample. In cases where
this information was not provided by the authors, or two samples
Sample ID
had the same Sample ID, a new Sample ID is given and indicated by
a Flag "SamplelD_Issue".
ID Name given to a specific observation/analysis of a sample. In cases
Sample
when there is only one observation/analysis in a sample, the Sample
Observation ID
ID and Sample Observation ID coincide.
International GeoSample Number. It corresponds to a specific
ISGN
identifier for earth samples.
Name of the place where the sample was obtained, as indicated in
Location
the original publication.
Latitude and Longitude where the sample was obtained. This
Position information was obtained either directly from the text or the maps
Latitude, Decimal
= of the publication if provided. When this information could not be
© Longitude degrees
= obtained even contacting authors, a position equal to the volcanic
1}
é center is provided, which is indicated by a Flag "Position_Issue".
.
E APA style reference of the publication from where the sample
) Authors
= information was published, e.g. "Martinez Fontaine et al., 2021".
Reference Digital Object Identifier of the publication where the sample
DOI information is published. In some cases the DOI link is broken so it
is not included. In these cases this is indicated by a Flag "DOI_Issue".
Type of Type of material sampled. It might correspond to: “Organic matter”,
register “Pyroclastic material” or “Effusive material”.
Whether the analysis performed in the sample correspond to "Bulk"
Type of
(e.g. when bulk tephra is analyzed) or "Micro Analytical" (e.g. when
analysis
individual glass shards are analyzed).
Analysis
Laboratory techniques employed to analyze the samples. The names
Analytical
of the analytical techniques are abbreviated (e.g. Electron
technique
Microprobe analysis as EMP).
Analyzed
Specific material analyzed (e.g. "Charcoal”, "Glass shards", "Lava").
material
Type of sedimentary archive where the sample was obtained from
Type of Section
= (e.g. "Outcrop”, "Lacustrine core", "Archaeological site").
(=]
= E‘ Section ID Name given to the sedimentary archive in the original publication.
<
=% .
E ® | Sedimentary Name given to the specific portion of the sedimentary archive where
o | B ] SubSection ID
= archive the sample was obtained.
I 1]
5 a SubSection
=
(] distance from cm When available, distance from top of the Sub Section.
top
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Historical age years AD | Year AD when the eruption producing the deposit occurred.
Age 14C 14C years BP | 14C years BP of organic matter associated to a specific tephra.
Age 14C error years BP | Analytical error for the 14C age.
Specific code assigned by each radiocarbon laboratory to each
14C LabCode
sample. Usually different to Sample ID and Sample Observation ID.
Age Position of the organic matter analyzed for 14C age, relative to the
Stratigraphic tephra deposititis associated to. [t might be: Above, Below or Within
position the deposit. If additional information is given in the publication, then
itis also indicated under this attribute.
40Ar/39Ar age kilo years | 40Ar/39Ar age estimate of volcanic products.
40Ar/39Ar age
kilo years | Analytical error of the 40Ar/3%Ar age estimate.
error
Observed color of the tephra deposit sampled. Different from the
Deposit Color color of the particular components of the deposits, e.g. the glass
shards.
Deposit
cm Thickness of the tephra deposit sampled.
Thickness
Physical Minimum grain size of the sampled deposit reported by the authors.
mm or In the original publications this information is not standardize and
properties Grain Size min
description | it can be presented as either categorical or numerical, i.e. "fine ash”
or “0.625 mm”.
Maximum gran size of the deposit reported by the authors. In the
mm or original publications this information is not standardize and it can
Grain Size max
description | be presented as either categorical or numerical, i.e. "fine ash" or
“0.625 mm”.
SiOz, TiOz,
Major element composition of the analyzed volcanic products. Both
Al203, FeO,
the raw and volatile-free normalized dataset can be accessed.
Fe203, Fe20sT,
However it must be noted that ~14% of the Sample Observations
FeOT, MnO, wt%
analyzed for major elements are already published normalized and
MgO, CaO0,
g . with no information of the Total, thus the raw data cannot be
= Major Naz0, K20,
= accessed.
S elements P20s, Cl
=) LOI wt% Loss on Ignition. A measure of the amount of volatiles in the sample.
=]
: Raw dataset: Sum of the non-normalized analyzed major elements
<
= and LOJ, as indicated in the original publication.
g Total wt%
g Normalized dataset: Sum of the non-normalized analyzed major
8 elements and LOI taking into account FeOT as total Fe.
]
S Rb, St, Y, Zr,
Nb, Cs, Ba, La,
Trace
Ce, Pr, Nd, Sm, ppm Trace element concentrations of the analyzed volcanic products.
elements
Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb,
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Lu, Hf, Ta, Pb,
Th, U
87Sr_86Sr Ratio of isotopes of strontium: 87Sr/86Sr.
2SE_87Sr_86Sr Analytical 20 error for the 87Sr/86Sr ratio.
Isotopes 143Nd_144Nd Ratio of isotopes of neodymium: 143Nd /144Nd.
2SE_143Nd_144N
d Analytical 20 error interval for the 143Nd/144Nd ratio.
Measurement Label given to the batch of analyses which share the same analytical
Run ID conditions and secondary standard analyses.
For EMP data: size of electron beam used during analysis. For glass
Beam Size um
analysis, this is usually widened from a point source.
Analytical | Accelerating
kV For EMP data: accelerating voltage used during analysis.
« condition Voltage
g
E S For EMP data: electron beam current used during analysis. For glass
o
g Beam Current nA analysis, this is usually lowered relative to analyses of hard
‘g materials.
:(_'; Standard ID Secondary standard analyzed along with the samples.
é Number of analyzes performed to the same secondary standard
Secondar n
during the same Measurement Run.
y
Mean value of the "n" analyzes for each element and/or Total for
standard Si02: U wt%, ppm
each secondary standard in each Measurement Run.
analyses
Standard deviation of the "n" analyses for each secondary standard
SD_Si02:SD_U
in each Measurement Run.
Volcanic center indicated as the source of the volcanic deposit
Volcano sampled. If the volcanic source of the deposit has been questioned
or re assessed, it is indicated with a "VolcanicSource_Issue" flag.
Name given to the specific eruptive event producing the sampled
Event volcanic deposit. When the name given to a specific eruption has
changed in time, it is indicated under "EventName_Issue" flag.
. Magnitude of the eruptive Event (Pyle, 2000; 2015) associated with
Interpretation
the sampled volcanic deposit, as estimated in the original
Magnitude
publication. Different publications might estimate different
Magnitudes for the same event.
Volcanic Explosivity Index (VEI; Newhall and Self, 1982) of the
VEI eruptive Event associated with the sampled volcanic deposit, as
estimated in the original publication. Different publications might
estimate different VEIs for the same event.
Indication of the type of issue(s) associated with different attributes
Flags Flag of the data, detailed in Table 3.2. Data might be flagged by more than

one issue.
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Description of the particular situation why data is flagged. When

- data is flagged by different type of flags, the description is preceded
ag
by the type of flag it corresponds to. For example "SamplelD_Issue:
Description
No Sample ID is provided by the authors. DOI_issue: no DOI has been

assigned to the publication.”

Additional information that can help interpret data that doesn’t fall
Comments
under any other attribute.

3.4 Technical validation

The tephrochronological work utilizes very heterogeneous type of information to identify the source of
the remains of explosive eruptions and to consequently characterize the eruptive activity of volcanic
centers. Because of the latter, an important part of the technical validation of tephrochronological data is
understanding if this very heterogeneous information is comparable or not. A first order evaluation of
the comparability of data is qualitatively, which can be illustrated, for example, by taking a closer look at
radiocarbon dating of tephras. Because pyroclastic products cannot be directly dated with sufficient
precision to discriminate between eruptions, organic matter associated with the deposits are dated
instead. For instance, a charcoal piece found within the deposit can be dated to estimate the age of the
eruption, as it is assumed to be the result of hot pyroclastic material burning living trees. Alternatively, if
no charcoal is found within the tephra, soil either above or below the deposit might be dated. However,
the age of the soil might not represent the age of the deposit, as soil above might take years to develop
and soil below might incorporate older organic matter. In these cases, these ages are interpreted as
minimum and maximum ages, respectively. Thus, in order to correctly interpret what the radiocarbon
ages represent, it is important to have access to all this information, and not only the radiocarbon age
estimate and its analytical error. A similar situation occurs with geochemical compositions of pyroclastic
versus effusive products or bulk versus micro analytical analyses, as they represent different processes.
In the dataset, this information is contained in the Analysis attributes: Type of register (effusive material,
pyroclastic material, organic matter), Type of analysis (micro analytical, bulk), Analyzed Material (e.g.
lava, pumice, wood), Analytical technique (e.g. EMP, XRF, ICPMS); and additionally, the Stratigraphic
Position attribute, which indicate the stratigraphic position of the dated organic matter relative to the

pyroclastic deposit.
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The heterogeneity of data also expresses in the major element analyses. As mentioned before, different
publications might present Fe in different ways, which must be standardize in order to being able to
compare the data. Additionally, different publications might analyze different major elements. In
particular, less abundant major elements might or might not be analyzed (Figure 3.2) because of the
increased amount of time employed to analyze them versus the information they provide. In particular:
Cl (not analyzed in ~72% of the Sample Observations analyzed for major elements), P»0s (not analyzed
in ~25% of the cases) and/or MnO (not analyzed ~6% of the cases) are not always analyzed and thus the
normalization, even when standardizing Fe, does not represent exactly the same. However, because of
the relatively small concentrations of these elements in the volcanic products in the dataset (Cl between
0.001 and 0.6 wt%; P20s between 0.0001 and 1.78 wt%; MnO between 0 and 0.6 wt%), the normalized
concentration of elements is expected to vary little with respect to an ideal case where all major elements
are analyzed. Here this is tested by re-normalizing the samples, where major elements were analyzed

and the analytical total was published, by a new analytical total which does not include Cl, P,0s or MnO.

.l\

‘\
I
-
13343 I —

Figure 3.3. Hetereogeneity of the analyzed major elements contained in the dataset. In the figure the vertical axis
corresponds to the Sample Observations. In this case, 13,343 Sample Observations correspond to major element
analyses.

Then, this difference is compared with the 95%CL interval of the secondary standards analyzed along
with the samples. Because ~40% of the sample observations analyzed for major elements for which the
analytical total was published, were not published along with the secondary standards analyses, here all
samples observations are compared with all the secondary standard analyzed along with the remaining
~60% of the Sample Observations. However, the detailed comparison for each Measurement run can be
accessed in the code availability section. In all cases except for SiO; and Al;03, the difference between the

normalizations is lower than the 95%CL of secondary standards analyzed along with the samples (Figure
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3.3, S1, S2). In the case of Si0; and Al;O3 for some the samples the difference is higher than the 95%CL
(Figure 3.3 a, b), however it is difficult to estimate the number because the information of the analyzed
secondary standards is not available for all samples, as previously mentioned. Nevertheless, in ~99% of

the sample observations the difference is lower than 0.5 wt% for SiO; and lower than 0.13 wt% for Al;Os.

In order to correctly interpret the available information, it is also very important to understand the
quality of the data, i.e. being able to assess the accuracy, precision and making sure that the analyzed
products are not altered. In the case of radiocarbon ages, 4°Ar/3%Ar ages and isotope analyses 87Sr/86Sr
and 143Nd/144Nd, an analytical error is directly provided from the laboratories, which allows to
understand the analytical precision of the data. In the case of the geochemical composition, however,
assessing this is less direct and in the dataset this can be done by looking at different attributes. In the
first place, a quality assessment can be done through the LOI and Total attributes. As mentioned before,
ideally, the analytical total (sum of major elements and LOI) should approach 100 wt%. Lower Totals can
result from analytical problems (e.g. surface roughness of the samples, poor sample positioning, loss of
alkalis), from post depositional hydration (i.e. alteration of the volcanic products) or from a pre
depositional characteristic of the analyzed volcanic products (e.g. subduction magmas, as in the SVZ and
AVZ, are relatively hydrated). Thus, Totals lower than 100 wt% and or higher LOIs do not necessarily
reflect poor quality analyses or alteration of the samples, but can also reflect characteristics of the
volcanic environment. Because of the latter, there is no consensus regarding acceptable Totals and thus
in the dataset this value is stocked, when presented in the literature (~86% of the Sample Observations
analyzed for major elements are published along with the analytical Totals) for the user to judge.
However, it must be noted that for 95% of the Sample Observations, the Total is between 95 and 102
wt%, whereas the LOI is between -3 and 5 wt%. Also, samples with Totals lower than 90 wt% were not

included in the dataset.

Additionally, a quality control of the geochemical composition analyses of the samples can be done by
looking at the analytical conditions attributes (Beam size, Accelerating voltage, Beam current), when the
analyses have been performed by EMP. This information allows for a first order evaluation of how

comparable the results are.

An information of great value for assessing the quality of the geochemical composition analyses are the
composition of the secondary standards, analyzed along with the samples. Samples are analyzed for
geochemistry in batches, in each batch multiple secondary standards (generally no more than three or
four) are analyzed several times along with the samples to evaluate the comparability of the analyses
performed in different laboratories and estimate their precision and accuracy. This information can be
presented in publications as the mean analyzed value for each element of interest for each secondary
standard analyzed, along with their respective standard deviation and the number of analyzes performed

(n). Alternatively, in some publications all performed analyzes are presented, from which the latter
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Figure 3.4. Assessment of the impact of normalizing by analytical totals considering different major elements. A=
Normalized value considering the analytical total as the sum of all analyzed major elements - Normalized value
considering the analytical total withouth MnO0, P20s and Cl. The composition of secondary standards analyzed along
with the samples are also shown and indicated in the figure, the y value in this case corresponds to the 95%CL. Only
secondary standards with certified values are shown: GOR128-G, GOR132-G, KL2-G, ML3B-G, T1-G, StHs6/80-G,
ATHO-G (Jochum et al., 2006), NISTSRM610 (Jochum et al,, 2011), AGV-2, BIR-1, BHVO-1, BHVO-2, BCR-2, JA-1, JA-
2, W-2 (Jochum et al,, 2016), S-Y, OREAS184, OREAS700.
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Figure 3.5. Assessment of the overal quality of the geochemical data in the dataset. a: Accuracy of the geochemical
analyses, calculated as mean analyzed value of a particular secondary standard/certified value. b: Precision of the
geochemical analyses, calculated as mean/std analyzed value of a particular secondary standard. In order to better
visualize the information, when the same secondary standard is analyzed in more than three Measurement Runs,
the mean and standard deviation were obtained and plotted as a vertical line and the number of Measurement runs
are indicated in the legend as MRs. Otherwise the values are indicated as dots. Bold horiontal lines corresponds to
0.95 and 1.05 values for the accuracy and 5 and 10% for the precision. Only secondary standards with certified
values are shown: GOR128-G, GOR132-G, KL2-G, ML3B-G, T1-G, StHs6/80-G, ATHO-G (Jochum et al.,, 2006),
NISTSRM610 (Jochum et al,, 2011), AGV-2, BIR-1, BHVO-1, BHVO-2, BCR-2, JA-1, JA-2, W-2 (Jochum et al,, 2016), S-
Y, OREAS184, OREAS700.

parameters can be obtained. In the dataset, this information is stocked as the mean and standard
deviation values together with the number of analyses n, when this information was provided, either in
the original publication or through private request to the authors. From the total of Sample Observations
corresponding to major and trace elements compositions, for ~61.5% (10,209 Sample Observations), it
was possible to obtain the full information, whereas in ~1.5% of the cases (134 Sample Observations)
only the mean analyzed values were published. In order for this information to be actually comparable,
it is important that certified values of the secondary standards are available in order to compare the

obtained values with them and estimate the accuracy of the analyses. From the thirty three secondary
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standards analyzed in the publications on the dataset, certified values are available for nineteen of them:
GOR128-G, GOR132-G, KL2-G, ML3B-G, T1-G, StHs6/80-G, ATHO-G (Jochum et al., 2006), NISTSRM610
(Jochum etal., 2011), AGV-2, BIR-1, BHVO-1, BHVO-2, BCR-2, JA-1, JA-2, W-2 (Jochum et al,, 2016), S-Y (),
OREAS184, OREAS700 (). The latter corresponds to ~53 % of the Samples Observations analyzed for
geochemistry, and ~52% has the full information (mean, standard deviation and n). For these
Measurement Runs, accuracy can be estimated as the relative standard deviation (RSD) estimated as the
mean analyzed value versus the certified value (Figure 3.4a) and the precision as the mean versus the
standard deviation (Figure 3.4b). The accuracy estimates and precision plots and values for each of the
Measurement runs or for the whole dataset can be produced and accessed in the code availability section.
Overall, maximum accuracies and precisions are observed for SiO,, which range between ~0.95 and
~1.02, and ~0.09% and 1.54%, respectively; and minimum accuracies and precisions for P,0s, which

range between ~0.16 and ~2.00, and between 3% and 206%.

Finally, because of the very heterogeneous sources of information in the dataset, some issues were
encountered when gathering the data and trying to standardize it. These issues are categorized in the
Flag attribute and the particular situation is described under Flag Description. Seven type of issues where

identified and are described in Table 3.2.
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Table 3.2. Detail of Flag attribute values.

Type of Flag

Description

SamplelD_Issue

This flag is assigned when: a Sample ID or Sample Observation ID is not
given in the original publication; when the same Sample ID or Sample
Observation ID is given to two analyses in the same or in different
publication; or when different Sample IDs or Sample Observation IDs are

given to the same sample in different publications.

Position_Issue

This flag is assigned when: the sample position could not be assessed
because it is not made explicit in the publication and was not provided
upon request to the co authors; or when it was obtained from the map in

the original publications.

Age_lIssue

This flag is assigned when: the age estimate is considered by the authors
as an outlier with respect to other age estimates for the same eruptive
event; or it is said to represent either younger or older age because of

contamination with older/younger organic matter.

VolcanicSource_Issue

This flag is assigned when: the deposit has been indicated as sourced
from different volcanic centers in different publications; when the
geochemistry is somewhat different from the proposed source; when the

authors suggest a volcanic source for the deposit with some doubt.

Geochemistry_Issue

This flag is assigned when: the authors indicate that the analyzed
material might be altered; analyzed glass shards are highly microlitic and
thus the geochemical composition approximates a bulk analysis rather
than micro analytical; when the Total in the dataset is not the same as
the Total published by the authors, because the published Total does not
correspond to the sum of the major element analyses; when the data are
said to be normalized in the original publication but the Total does not
add to 100% and thus are here re-normalized; when it is not made
explicit in the publication if the FeO or Fe203 presented correspond to

total Fe, but is inferred from the analytical techniques.

EventName_Issue

This flag is assigned when: different names have been assigned to the
same eruptive event in different publications; the same sample has been
correlate to different eruptive events by different authors; the authors
indicate that two eruptions cannot be differentiated and thus the
assigned event might be one or the other; based on information on the

dataset a correlation with a specific tephra or deposit is proposed.
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This flag is assigned when: no DOI has been assigned to the publication;

the DOI link is broken.

DOI_Issue

3.5 Usage notes

The explorer can be access at the moment at: http://varaya.cl:3001/

Data can be downloaded either with major elements normalized or not, and either the whole data set or
the data corresponding to a selection of specific volcanoes and/or events. In order to do this, a download
tab in the upper part of the explorer will be implemented, with the buttons download “raw” or

“normalized” and “all” or “selected”.

3.6 Code availability
The code to normalize the raw data and to reproduce the analyses in Figures 3.4 and 3.5 (for the whole
dataset or for particular Measurement Runs) can be accessed for the moment at:

https://github.com/consuelola/TephraDataBase/ in the Notebooks file as “Normalizing.ipynb”,

“CheckNormalizations.ipynb” and “UncertaintyAndStandards.ipynb”.
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3.8 Supplementary

Andes and exploration tools

Table S1. Summary of answers from the interviews with part of the tephrochronology community

working or that has worked in the SVZ and AVZ. In bold is the information included in the data set and

the issues address through the data set and the explorer.

Question Summary of answers
.Reconstruct eruptive history (recurrence of volcanic activity, dispersion of
its products and magnitude of the different eruptive events) of a particular
Questions answered | volcanic center, or a volcanic area. This information is then used either for
using producing volcanic hazard maps, or to further the understanding of the
tephrochronological mechanisms originating volcanic activity.
data .Ameliorating chronologies of marine archives and ideally synchronizing

chronologies of different paleoenvironmental archives in order to study

climate change.

Data used to answer

these questions

.Geographic position of volcanic products.
.Type of deposit.
Stratigraphic position of the deposit.
.Thickness of the deposit.
.Macroscopic description of the deposit.
.Description of the lithic fraction.
.Grain size of the deposit: maximum, minimum, mean and standard
deviation.
.Color of the deposit.
.Name of the sample.
.Date in which the sample was obtained.
.Analyzed material.
.Age constraints of the deposits: historical age, 14C age, Ar/Ar age.
Stratigraphic position of the dated material, i.e. whether the age estimate
is maximum or minimum.
.Microscopic (thin section) description.
.Geochemical composition (major and trace elements ideally) of eruptive
products.
.Analytical technique employed to analyze the samples.
.Secondary standards analyzed along with the samples: name of the
secondary standard, mean analyzed value for each element, number of

analyses performed, standard deviation.
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.Analytical conditions of the analyses: beam size, accelerating voltage,
beam current.
.Eruptive events known for the volcanic center of interest.
.Uncertainties associated with the eruptive events, for example different
names given to the same deposit.
.Estimated eruptive volume of the event.
.Height of the eruptive columns.
.Magnitude and/or Volcanic Eplosivity Index estimations of the eruptive
events.
.Volume and thickness of lava flows.
.Dispersion of the products by eruption.

.Abbreviated citation of publication where the data was obtained from.

Scientific publications in peer reviewed journals.
Where data is obtained
.Global Volcanism Pogram, Smithsonian Institute.

.Geological maps from SERNAGEOMIN.

from

.The main tool for organizing the data are spreadsheets. Even though the

interviewed people uses more and less the same information, the way of
How data is organized
organizing it varies greatly. Some organize it first
and visualized
stratigraphically/chronologically, others by author or by volcanic center

and eruption.

.The information is sparse, dispersed.
.The information is not standardized and thus it is difficult to integrate the
information produced by different authors.
.Different names given to same criteria.
.Missing information (e.g. positon where the sample was obtained).
Different names given to the same eruption.
.They don't know a priori if the data are comparable and establishing this
Problems when
can take a lot of time.
developing these tasks
Ignorance of the existence of data.
.Raw data is missing.
.Changes in methodologies to calculate parameters over time.
.Changes in the interpretation of data over time.
Differences in organizing criteria by different authors.

Difficulties organizing the amount of data in a highly dense volcanic area.

.Biased tephrochronological archives.
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Publications included in the dataset : publications in peer reviewed journals (Abarztia & Moreno, 2008;
Abarzuda et al,, 2004; Alloway et al., 2015; Alloway et al., 2017a; Alloway et al., 2017b; Amigo et al., 2013;
Bertrand et al., 2008; Bitschene et al., 1993; Bouvet de Maisonneuve et al.,, 2012; Brahm et al., 2018;
Bucchi et al.,, 2015; Carel et al., 2011; Casati et al., 2019; Clapperton et al.,, 1995; Constantini et al., 2011;
Del Carlo et al,, 2018; D'Orazio et al., 2003; Fontijn et al., 2016; Futa & Stern, 1988; Geoffroy et al., 2018;
Gerlach et al,, 1988; Haberle & Lumley, 1998; Harambour, 1988; Heusser et al., 1989 Heusser et al., 2000;
Hickey-Vargas et al., 1989; Jacques et al., 2014; Kilian et al., 2003; Kratzmann et al., 2008; Lara et al., 2004;
Lara et al.,, 2006; Naranjo et al., 2017; Lohmar et al., 2012; Lopez-Escobar et al., 1992; Lopez-Escobar et
al., 1993; Lopez-Escobar et al., 1995; Martinez Fontaine et al.,, 2021; Mayr et al., 2019; Miranda et al.,
2013; Weller etal., 2014; Moreno & Ledn, 2003; Moreno et al., 2015; Moreno, 2004; Morgado et al., 2015;
Morgado et al., 2019; Motoki et al.,, 2006; Naranjo & Moreno, 1991; Naranjo et al., 1993; Naranjo & Stern,
2004; Naranjo & Moreno, 2005; Naranjo & Stern, 1998; Naranjo et al., 2017; Pesce & Moreno, 2014;
Rawson etal., 2015; Rawson et al., 2016; Reubi et al., 2011; Schindlbeck et al., 2014; Simmons et al., 2020;
Singer et al., 2008; Singer et al., 2008; Naranjo et al., 2017; Smith et al., 2019; Stern et al., 2011; Stern et
al,, 2015; Stern, 1992; Stern, 2008; Tagiri et al., 1993; Villarosa et al., 2006; Wastegard et al., 2013; Watt
et al, 2011a; Watt et al.,, 2011b; Watt et al,, 2013; Weller et al., 2014; Weller et al,, 2015; Weller et al,,
2017; Weller et al,, 2019); six publications from SERNAGEOMIN (Bertin et al., 2018; Lara et al., 2006;
Moreno et al., 2010; Naranjo & Moreno, 2005; Naranjo & Stern, 1998; Sellés & Moreno, 2011); and two
doctoral theses (Lohmar, 2008; Mella, 2008).
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continental margin (~41°S)

In Chapter 4, I describe the procedure for obtaining the tephrochronological records of marine sediment
cores MDO07-3098 and MDO07-3100. For core MDO07-3100, Giuseppe had already started the
tephrochronological work, identifying the potential cryptotephras and analyzing their geochemical
composition. For core MD07-3098 I developed this work. With this information I then proceeded to
identify source of the cryptotephras and tephras in both cores. I then followed n analogous procedure for
the tephrochronological record of core MD07-3081, described in chapter 5. This work is the base from
which marine surface reservoir ages (Rs) in the studied area are later estimated in chapter 5, aiming to
better constrain the chronologies of these cores. From this work, remains of eruptive activity were found
in the whole studied interval of the marine sediment cores, highlighting the potential of using
tephrochronology to improve the chronologies of cores in the Chilean Margin. One out of eight
cryptotephras could be robustly correlated with eruptions on land in core MD07-3098; and 2 out of 17
in core MD07-1300; additionally, the volcanic source of 8 cryptotephras in core MD07-3100 were
established. Cryptotephras that could not be robustly identified, can be determined in the future if trace
elements are analyzed both in the marine sediment cores and on land; but also as more chronological
constraints become available on land. Thus, the chronologies of these cores might be improved in the

future by means of tephrochronology, building in the work here described.

The dataset and explorer described in chapter 3 were essential to robustly identify the source of the
marine tephras, considering that most of them correspond to cryptotephras (remains of explosive
eruptions not visible to the naked eye). This is relevant because cryptotephras can be transported from
far away than tephras. Thus, the potential volcanic sources of the cryptotephras identified in the marine
cores where around 30, many of which have had recurrent explosive activity during the last 20,000 years.
The latter derived in an important bulk of data which I needed to understand in different dimensions

(space, time, geochemistry), and the explorer was developed, in part, as a tool to help doing this.

In practice, chapter 4 corresponds a published article (Martinez Fontaine et al., 2021), and the full

reference can be accessed in the supplementary material for this chapter.
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The Southern Volcanic Zone of the Andes (~33—46" S) is a very active volcanic zone with several volcanic
centers recording recurrent historical activity (e.g. Llaima, Villarrica, Puyehue-Cordén Caulle, Osorno,
Calbuco and Hudson). Tephrochronology is a valuable tool to help better understand the eruptive history
of volcanic centers, essential for producing volcanic hazard maps. Additionally, tephrochronology can
also be very useful to synchronize stratigraphic records of different nature such as paleoclimatological,
paleoceanographical and archaeological records on land, lakes, ice and the ocean. Here we present a
(crypto) tephrochronological record from two marine sediment cores retrieved in the Chilean conti-
nental margin at ~41° S and ~41.6° S. The records display continuous sedimentation since the late glacial,

Handling Editor: 1 Hendry

Keywords: as robustly constrained by planktonic foraminifera 5'%0 and 'C dates. During this period, twenty three
Post—glacial cryptotephras were identified as glass shard peaks together with two ~25—30 cm—thick visible tephras
Quaternary (one in each core). The source of the (crypto) tephras was mainly constrained by major and trace element
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geochemistry of individual glass shards together with their stratigraphic position, since it is not possible
to observe physical characteristics, such as color and grain size, when analyzing cryptotephras. From
these, one cryptotephra was robustly correlated with the HW7 eruption from the Hudson volcano
occurring in the Late Holocene at ~1.5 cal ka BP; and the two visible tephra layers were identified as
distant correlatives of the Lepué tephra originating from Michinmahuida volcane and occurring in the
Deglaciation/Holocene transition at around 11 cal ka BP. Additionally, eight cryptotephra occurring at
-3.6, 6.2, 7.0, 8.5, 96, 14.2, 159 and 18.2 cal ka BP were robustly identified as sourced from Michi-
nmahuida volcano but where otherwise not correlated, providing novel evidence of pre Holocene activity
of this volcanic center.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Tephrochronology is a powerful tool not only to unveil the
eruptive history of a territory, but to provide a robust chronological
frameworlk for its stratigraphic record. By identifying the pyro-
clastic remains of specific eruptions (tephra) in different sites, the
eruptive history of a determined volcanic center can be recon-
structed: its recurrence in time, the dispersion of its products and

* Corresponding author.
E-mail  addresses:
consuelolam.f@gmail.com (CM. Fontaine).

https://doi.org/10.1016/j.quascirev.2021.106928
0277-3791)® 2021 Elsevier Ltd. All rights reserved.

consuelo.martinez-fontaine@universite-paris-saclay.fr,

the magnitude of the different eruptive events. At the same time,
the remains of the eruptions can be viewed as stratigraphic time
markers, which provide regional chronological tie points for
different records. When an explosive eruption occurs, the ejected
pyroclastic material is deposited in different environments (land,
lakes, ice caps, and the ocean) and by identifying its remains, the
chronologies of paleoceanographic, paleoclimatological and
archaeological records can be aligned, which is crucial when
interpreting the evolution of complex systems, such as the climate.

The Southern Volcanic Zones of the Andes (SVZ) is a very active
volcanic zone, composed of at least 60 active volcanic centers be-
tween 33° S and 46° S (Fig. 1), many of which have had recurrent
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Fig. 1. Position of marine sediment cores MD07-3098 (~40.93° S, ~75.03° W, 3055 m) and MD07-3100 (~-41.60° §, - 74,95 W, 1609 m), here studied. Additionally, volcanic centers of
the Southern Volcanic Zone of the Andes which have been active since at least the late glacial are shown. Only volcanic centers between Llaima and Hudson volcanoes are
considered, given the positon of the cores. Also shown are the position of tephrochronological samples which have been analyzed for geochemistry and/or dated. Each volcanic
center and associated analyzed sample is assigned a particular color and each eruptive event a particular symbol {detailed legend and references in Fig. S16). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

explosive volcanic activity in post—glacial times (~20 cal ka BP),
such as Mocho-Choshuenco (Rawson et al., 2015), Chaitén (Alloway
et al., 2017b; Amigo et al., 2013; Watt et al., 2013), Hudson (Haberle
and Lumley 1998; Naranjo et al., 1993; Naranjo and Stern, 1998;
Kratzmann et al., 2008; Carel et al., 2011; Weller et al., 2014, 2015);
and/or in historical times, such as Llaima (Naranjo and Moreno,
1991, 2005; Reubi et al., 2011; Schindlbeck et al, 2014), Puyehue-
Cordon Caulle (Alloway et al., 2015; Bertrand et al., 2014; Gerlach
et al., 1988; Lara et al., 2006; Naranjo et al., 2017; Singer et al.,
2008; Villarosa et al., 2006) and Calbuco (Morgado et al., 2019;
Romero et al., 2016; Sellés and Moreno, 2011; Watt et al., 2011b).
Since many of these volcanic centers are located nearby populated
areas, volcanology together with tephrochronology become key in
reconstructing their eruptive history, from which volcanic hazard
maps are produced (e.g. Bertin et al,, 2018; Moreno and Naranjo,
2002). At the same time, this recurrent explosive volcanic activ-
ity, together with the close proximity of the volcanic centers (Fig. 1),
have produced a continuous and intricate tephrochronological re-
cord in the area (Fontijn et al, 2016), which is entangled within
stratigraphic records on land, lakes, the ocean, peat bogs, etc. The
latter has the potential of providing robust chronologies for paleo
environmental records in Patagonia, crucial for understanding the
behavior of global-scale climatic features thought to be important
factors controlling glacial—interglacial transitions, such as the
Southerly Westerly Winds (e.g. Menviel et al., 2018; Toggweiler
et al., 2006) and upwelling in the Southern Ocean (e.g. Anderson

et al., 2009; Siani et al., 2013).

In the last 40 years, the study of volcanology together with
tephrochronology have increased importantly our understanding
of the eruptive history of the SVZ since the late glacial period,
revealing high recurrence and explosivity of previously thought to
be much less active volcanic centers, such as Chaitén (Allowayetal.,
2017b; Amigo et al., 2013; Iglesias et al,, 2011; Moreno et al., 2014;
Wattet al,, 2013). However, it has also become apparent that there
are still many volcanic centers in the area, such as Yate, Apagado,
Hornopirén (Mella, 2008; Watt et al., 2011b), Yanteles and Corco-
vado (Lopez-Escobar et al, 1993; Naranjo and Stern, 2004) for
which the eruptive history is largely unknown. Efforts towards
increasing our knowledge of the volcanic activity in the SVZ include
undertaking field work in previously relatively less researched
areas (Watt et al, 20114, b) and increasing the research around
specific particularly active volcanic centers such as Puyehue-
Cordon Caulle (Alloway et al., 2015; Bertrand et al., 2014; Gerlach
et al., 1988; Lara et al., 2006; Naranjo et al, 2017; Singer et al,,
2008) and Hudson (Kratzmann et al,, 2008; Naranjo et al., 1993;
Naranjo and Stern, 1998; Weller et al., 2014). Understanding the
eruptive history of this area has additionally benefited from the
study of records such as peat (e.g. Stern, 2008; Weller et al,, 2019),
lake (Bertrand et al., 2008; Fontijn et al., 2014; Moreno et al., 2014;
Watt et al,, 2011b) and marine sediment cores (Carel et al., 2011).
These records provide particularly relevant information in areas
were the on land record of the eruptions is not available, either
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because it is of difficult access, it is in a highly vegetated area (such
as volcanoes south of ~42° S), or because it has been eroded, for
example by the presence of the Patagonian Ice Sheet (PIS), which
covered most of the SVZ south of ~38° S during the late glacial
period (Davies et al., 2020). Additionally, if continuous sedimen-
tation occurs, paleoenvironmental signals such as palynological or
marine isotopic curves can be obtained from lake or sediment
cores, which together with C ages provide a more comprehensive
context in which the tephras were deposited.

Because of the latter, marine sediment cores retrieved in the
Chilean continental margin have great potential of providing rele-
vant information to help complete the tephrochronological record
in the area. However, as a result of the predominant wind pattern, it
is expected that most eruptions leave rather thin ash deposits
within marine sediments as opposed to potent tephra layers, which
are routinely studied on land. Cryptotephrochronology identifies
the remains of past volcanic eruptions which are invisible to the
naked eye, and thus can be used to identify the remains of SVZ
eruptions in the Chilean continental margin. Here we use both a
tephrochronological and cryptotephrochronological approach to
find evidence of past volcanic eruptions in two marine sediment
cores retrieved in the Chilean continental margin (Fig. 1): core
MDO07-3098 (~40.93° S, ~75.03° W, 3055 m) and core MD07-3100
(~41.60° S, ~74.95° W, 1609 m). Since physical characteristics of
tephras such as grain size, thickness and color, cannot be used in
the identification of the volcanic source of the cryptotephras, their
characterization is based on the geochemical composition (major
and trace elements) of individual glass shards together with the
stratigraphic position of the cryptotephras, given by planktonic
foraminifera 3'®0 and c ages.

2. Volcanological context

The SVZ is one of the four volcanic zones that have been defined
in the Andes (Northern (3—6° S), Central (15-27° S), Southern
(33—46° S) and Austral (49-55° S); Stern, 2004), which, together
with the northern and central zones, derive from the subduction of
the Nazca plate under the South American plate. In particular, the
SVZ corresponds to the volcanic activity between Tupungatito
(~33° S) and Hudson (~46° S) volcanoes, where so far ~60 active
volcanic centers have been identified, many of which have recorded
recurrent explosive activity in post—glacial times (Global
Volcanism Program, Smithsonian Institution). The volcanic prod-
ucts in the SVZ are characterized by a geochemical composition
typical of subduction zones: calc—alkaline trends with medium to
high—K, relatively high mobile incompatible element concentra-
tions (Cs, Rb, K, Sr, Ba, Pb, Th, U), low REE and HFSE (Zr, Hf, Ta, Nb).

Among the more active and explosive volcanic centers in the
area are Puyehue-Cordon Caulle, Calbuco, Michinmahuida and
Hudson. Puyehue-Cordén Caulle, situated at ~40.6° S (Fig. 1), con-
sists of the Puyehue volcano, which has been active since at least
~300 ka, and the Cordén Caulle fissure, active at least since ~170 ka
(Singer et al., 2008). The products from Puyehue-Cordon Caulle
range from basaltic to rhyolitic with medium/low—K to medium/
high—K affinities (Alloway et al., 2015; Bertrand et al., 2014; Gerlach
et al,, 1988; Lara et al., 2006; Naranjo et al., 2017; Singer et al.,
2008). The most recent explosive events of Puyehue-Cordon
Caulle occurred in 1921-1922, 1960 and 2011, the last of which had
a Volcanic Explosivity Index (VEI) of 5 (Naranjo et al., 2017), and all
of which erupted mainly rhyolitic products. Other eruptive events
of similar magnitude have been described in the literature during
the Holocene, such as Mil Hojas, Puyehue 2/PCC2 and Puyehue 1/
PCC1 (Fontijn et al, 2016; Lara et al., 2006; Naranjo et al., 2017;
Singer et al., 2008); and many effusive products corresponding to
deglacial times have been dated (Singer et al., 2008) although no
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explosive correlatives have been identified yet.

The Calbuco volcano, situated at ~41.3° S, has also recorded
continuous volcanic activity since around 300 ka (Selles and
Moreno, 2011) and extensive historical activity (e.g. 1792, 1893,
1917,1929, 1932, 1945, 1961, 1972, 2015) the last of which had a VEI
of 4 (Romero et al,, 2016). As with Puyehue-Cordon Caulle, Holo-
cene tephras have been more thoroughly described (Watt et al.,
2011b), but evidence of explosive activity during the Deglaciation
has also been found and dated (Sellés and Moreno, 2011). Most
products from Calbuco are andesites or basaltic andesites that have
medium to low-K geochemical affinities (Lopez-Escobar et al,
1992, 1995Lopez-Escobar et al.,, 1995; Sellés and Moreno, 2011).

The Michinmahuida volcano is located at ~42.8° S in a little
populated area and has no record of historical activity, however
recurrent Holocene activity has been proposed in the literature
(Amigo et al., 2013; Moreno et al., 2014). One of the most wide-
spread tephra in the area is associated with Michinmahuida: the
Amarillo Ignimbrite, also called the Lepué tephra (Alloway et al.,
2017a; Amigo et al, 2013). The eruption that produced this
tephra occurred at the beginning of the Holocene (~11 cal ka BP)
and erupted bimodal products ranging from basaltic andesites to
rhyolites with medium to high—K affinities and has been estimated
to have had a VEI of 6 (Amigo et al., 2013).

The Hudson volcano is located at ~46° S in a little populated area
difficult to access, as Michinmahuida volcano. Contrastingly, more
information can be found about the Hudson volcano than for
Michinmahuida, probably because of its highly explosive
post—glacial and historical activity, notably, its 1991 eruption with a
VEI 4 (Naranjo et al., 1993). Products of Hudson range from basaltic
andesites to rhyolites with medium to high—K affinities (Carel et al.,
2011; Haberle and Lumley, 1998; Kratzmann et al., 2008; Lopez-
Escobar et al., 1993; Naranjo et al, 1993; Naranjo and Stern, 1998;
Weller et al., 2014, 2015) and at least 8 tephras have been described
and dated in the literature (Ho, HW1, HW2, HW3, H1, H2, HW6 and
HW?7), the oldest one: Ho, occurred around ~17 cal ka BP with an
estimated VEI of 6 and has been identified as far as ~900 km SE of
the volcano (Weller et al., 2014).

The presence of the cryptotephra layers in marine cores,
retrieved west of the volcanic centers can be somewhat counter-
intuitive because the dispersion of volcanic ash in the SVZ is largely
controlled by the prevailing Southerly Westerly Winds in the area.
From what is observed in the literature, but also in modern erup-
tions such as Chaitén, 2008 (Watt et al., 2009) and Puyehue Cordon
Caulle, 2011 (Bertrand et al., 2014), most of the ash produced by
explosive eruptions in the central (37-42° S) and southern (42—-46°
S) zones of the SVZ are transported to the east by the Southerly
Westerly Winds, the Subtropical jet and/or the Polar Front Jet
(Gallego et al., 2005; Rahn and Garreaud, 2014). A lesser amount of
the eruptions record a predominantly northward dispersion, which
is associated with the southeast Pacific subtropical anticyclone
transporting ashes to the north (Rahn and Garreaud, 2014). Among
these, Chal from Chaitén (Watt et al., 2013; Fontijn et al, 2016),
Neltume from Mocho-Choshuenco (Fontijn et al., 2016; Rawson
et al, 2015) and the Hudson eruption in 1991 (Naranjo et al,
1993). Less frequently, winds to the south and to the west also
occur as part of smaller scale phenomena, such as low pressure
systems and changes associated to the Southern Hemisphere's
baroclinic annular mode (Pérez-Santos et al,, 2019), for example
during the 2015 eruption of Calbuco (Romero et al., 2016). The latter
might explain the less common occurrence of tephra deposits to
the west and northwest of volcanoes, such as HW1-7 (Haberle and
Lumley, 1998) and Lepué Tephra (Alloway et al., 2017a). Thus, even
though ash transported by these short—lived wind directions might
not be enough to deposit potent tephra in the ocean in most cases,
they are enough to deposit thin ash layers and thus leave traces of
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past volcanic eruptions identifiable via cryptotephrochronology.

3. Methods
3.1. Core retrieving

Marine sediment cores MDO07-3098 (-40.93° S, -75.03° W,
3055 m) and MD07-3100 (~41.60° S, ~74.95° W, 1609 m) are two
CALYPSO cores retrieved by the French R/V Marion Dufresne during
the PACHIDERME expedition in February 2007 (Kissel and The
Shipboard Scientific Party, 2007). MDO7-3098 is a 20.74 m long
core composed mainly of silty clay with silty and sandy layers ho-
rizons, which also contains a visible tephra layer of ~30 cm between
~7.6 and 8 m labeled T6/98. MDO07-3100 is a 29.8 m long core
composed mainly of homogenous silty clays, which displays a
visible tephra layer of ~25 cm between 7.25 and 7.5 m labeled T8/
100. For this study, the first 13.5 m and 15 m from core MD07-3098
and MDO07-3100 (respectively) have been analyzed, which corre-
spond to the post—glacial portion of these sedimentary archives.
Because of the difference in lithology given by the presence of the
tephra, both cores present a ~25 cm gap in the upper part of the
visible tephra (Fig. 2), which are corrected for in the age models.

3.2. Stable isotope stratigraphy

The stratigraphic constraint of the cores is provided by stable
oxygen isotope data (3'%0) measured in planktonic foraminifera at
the Laboratoire des Sciences du Climat et I'Environnement (LSCE)
on Optima VG, GV Isoprime and Finnigan Delta + mass spectrom-
eters. Isotopic measurements were made every 10 cm in one to
thirty specimens of planktonic foramininfera G. bulloides
(250-315 um fraction) in both cores. This information allowed for a
first order identification of the timeframe the cores span (Fig. 2).
The measurements stopped where a stable late glacial isotopic
signal was reached, at ~13.5 m in core MD07-3098 and ~15 m in
core MDO07-3100. Results from core MD07-3100 have already been
published by Haddam et al. (2018) and those for core MD07-3098
are displayed in Table S1.

3.3. Tephra and cryptotephra identification

Cryptotephra layers were identified as peaks in the relative
amount of glass shards and micro—pumice. The cores were
sampled every 10 cm in 4 cc box samples, washed, sieved for the
fraction>40 um and rinsed in a 10% HCl solution to dilute the
carbonated fraction and allow for the identification only of the
detrital fraction. The percentage of glass shards and micro—pumice
was obtained by counting the relative amount of glass shards,
micro—pumice, crystals, lithics and other detrital material in the
detrital fraction >40 pum in at least 300 particles per sample. Pri-
mary glass shards and micro—pumice were identified as having
pristine angular morphologies with fragile tips and no remineral-
ization coatings (Fig. S1). In most depths glass shards color range
from a brown-honey color to white, with diverse degrees of
vesicularity. The glass shard and micro—pumice peaks were
considered where the percentage exceeded the background value
at least three times. For core MD07-3100, 115 samples were coun-
ted each 10 cm between 60 and 1220 cm, the background was
around 5% and sixteen glass shard and micro—pumice peaks were
identified as cryptotephras and analyzed for geochemistry with
peak values between 15 and 45%. For core MD07-3098, 86 samples
were counted with a resolution between 10 and 20 cm, from 1 to
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1321 cm depth, the background was 6% and seven glass shard peaks
were identified as cryptotephras and analyzed for geochemistry
with peak values between 18 and 27%.

In both cores, the visible tephras are recognized by an important
change in lithology easily recognizable as a change from olive
brown silty clay to black sand (Fig. 2). Both tephras present a sharp
erosive contact at the base and graded at the top. Because of the
graded upper contact, the upper limit of the tephras were identified
as an important dropin the glass shard and micro—pumice count in
both cores. Additionally, as mentioned in section 3.1, both cores
present a gap in the upper part of the tephra deposits, thus the
thickness of each tephra is estimated as the sum of the thickness
above and below each gap.

3.4. Geochemistry

In order to characterize the geochemistry of the cryptotephras
and visible tephras, individual glass shards from the identified
layers were hand—picked and mounted in epoxy resin beads and
polished on an automated polish wheel to avoid compositional
variations due to surficial alteration processes. Major element
where determined for each individual glass shard with a CAMECA-
SX 100 Electron Microprobe (EPMA-CAMPARIS) at the University
Paris VI (France). Ten elements were analyzed (Na, Mg, Si, Al, CL K,
Ca, Ti, Mn and Fe) using an accelerating voltage of 15 KV, a current
of 10 nA and a beam size of 5 um to minimize loss of alkalis such as
Na and the results are presented in Table S2. The instrument cali-
bration was done using natural mineral standards (e.g. Na is cali-
brated from albite, K from Orthose, Si, Ca and Mg from diopside, Fe
from hematite). Precisions on individual shards (1o) were better
than 0.6% for Si, ~1% for Al, 3% for Caand Mg, 4% for Na, 5% for Fe, 6%
for K, 10% for Ti and about 30% for Cl and Mn. The in-house glass
standard Lipari was also analyzed as an unknown sample during
the analytical sessions (Table S4) and display comparable values to
published data (Jochum et al,, 2007). As seen on Fig. 51, glass shards
from different cryptotephra layers and even in a single layer (T8/
100) might have very different aspects, such as highly vesiculated
and microlite—rich glass shards coexist with non-—vesiculated
microlite—poor glass shards. Attention was paid to analyze glass
shards with the less microlites possible and between ~10 and 30
analyses were acquired for each cryptotephra. Major element data
obtained here, as well as those from the literature, were normalized
to 100% before plotting in order to being able to compare the
analyses.

Additionally, trace element concentrations were measured in
ten of the sixteen depths in core MD07-3100 with a Laser Ablation
High Resolution ICP-MS (LA-HR-ICPMS) at GEOPS laboratory (Paris-
Saclay University). Results are presented in Table S2. For the abla-
tion, a CETAC-Teledyne Excimer 193 nm laser system was con-
nected to an Element XR HR-ICP-MS and the sample was
transported to the torch using He gas. A frequency of 5 Hz and a
fluence of 3.65 Jjcm?, for a spot size of 40 um were used during
analyses. The instrument was calibrated using the international
glass standard NIST 612 as an external standard. In order to cover
the large range of silica contents determined by EMPA for the glass
shards, international glass standards of rhyolitic (ATHO-G; 75.6 wt%
SiO;) or basaltic (KL2-G; 50.3 wt% SiO; ) compositions were also run
as unknown samples to control the quality of the measurements
(Table 54). The reported values in Table 5S4 compare well with the
preferred values from GEOREM (Jochum et al., 2007). For the pur-
pose of the study, internal standards KL2-G and ATHO-G gave a
precision (1a) on La between 2.4 and 3.7%, between 2.7 and 5.2% for
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Fig. 2. Stratigraphy from cores MD07-3098 and MD07-3100. Left: Composite photograph of each core, showing the position of the visible tephras as a dark layer at around 8 m (T6/
98 in MD07-3098) and 7.5 m (T8/100 in MD07-3100). Middle: 5'*0 from planktonic foraminifera G. bulloides; dots indicate measurements every 10 cm, the curve corresponds to the
three point moving average. Also indicated are climate intervals inferred from the observed changes in §**0. Right: Depths considered as potential cryptotephra layers (relative glass
shard peaks) labeled T1/98 to T8/98 (MD07-3098) and T1/100 to T17/100 {MD07-3100), together with the position where planktonic foraminifera '“C ages where obtained as dark
grey dots. Details for 5'80 and "C measurements in core M07-3098 in Tables 51 and 55 and for core MD07-3100 in Haddam et al. (2018).

¥Yb, between 3.2 and 3.7% for Zr and between 2 and 2.5% for Nb
(Table S4).

3.5. Radiocarbon dating

After identifying the glass shard and micro—pumice peaks,
planktonic foraminifera were picked either at the base or in the
middle of the peak, according to foraminifera peak abundances.
Radiocarbon dates for core MD07-3100 are published in Haddam
et al. (2018) whereas new radiocarbon dates for core MD07-3098
are presented in Table S5. Either mono specific G. bulloides or
mixed planktonic foraminifera were picked from the >150 pm
fraction, samples >3 mg were measured at UMS-ARTEMIS (Pellet-
ron 3 MV) AMS facilities (CNRS-CEA Saclay, France, Dumoulin et al.,
2017; Moreau et al., 2013), whereas samples <3 mg were analyzed
on the gas ion source ECHoMICADAS at the LSCE (Gif-Sur-Yvette,
France) using coupling of cracker system to the gas handling system
(Wacker et al., 2013; Tisnérat-Laborde et al., 2015). ¢ results are
reported in conventional age BP according to the convention of
Stuiver and Polach (1977), normalized to the base of 3">C of —25.0%
relative to the Pee Dee Belemnite (PDB) international standard, and
corrected by the age of the background subtraction. The age model
for the cores was then obtained with the software Undatable
(Lougheed and Obrochta, 2019) with a depth uncertainty of 1 cm,

corresponding to the sampling width, and calibrating according to
SHCal20 curve (Hogg et al., 2020).

4. Results
4.1. Chronological framework

The obtained stable isotope stratigraphy (Table 51, Fig. 2) reveals
that both studied cores cover at least the time interval between the
late glacial and the Late Holocene and register similar variations
and sedimentation rates since. The MD07-3100 3'80 record dis-
plays steady values around 2.7%. between ~12.5 and 15 m, which
characterizes the late glacial in the core (Fig. 2). A deglacial
decreasing trend is observed between ~12.5 and 7.5 m, when values
decrease from ~2.7 to ~0.9%c interrupted by two plateaus: around
~11 m and ~8—10 m. Minimum values of ~0.9%o PDB are reached at
~7.5 m, coincident with the occurrence of the ~25 cm visible tephra
(T8/100). Values characteristic of the Holocene are observed be-
tween ~7.5 m and the top. In particular: around 7 m 8'0 values
reach its mean global minimum of around 0.9%., followed by a
steady increase until 2%c between 6 and 5 m and finally, between
~5 and 0 m somewhat steady values of around 1.6%o occur, with two
intervals of lower values between ~3.6 and 4 and ~0.7—1 m.

The late glacial is observed in core MD07-3098 between ~13.5
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and 11.7 m with steady values around 3%e (Fig. 2). A deglacial
decrease is observed between ~11.7 and 8.1 m. Between ~11.7 and
10.2 m values decrease until 1.5%o, a slight increase until 1.6% is
observed between ~10.2 and 9 m, followed by a steady decrease
until reaching minimum values of ~0.9%c at 8.1 m, coincident with
the presence of a ~30 cm thick tephra layer (T6/98). Minimum
values of ~0.9%c maintain until 6.6 m. Between ~6.6 and 5.6 m,
values steadily increase until ~1.8%e and are maintained at this
value until ~3.2 m. From ~3.2 m to the core top values are relatively
lighter and more variable.

The age model of core MD07-3098 was obtained from 27
planktonic 'Cages (Table 55; Fig. $3), corrected by a mobile marine
surface reservoir age (Rs), following the method by Haddam et al.
(2018) for core MDO07-3100. The similarity of the 5'%0 curves of
both cores versus their planktonic L7l age (Fig. 52) suggests that
they record variations of the same water mass (Subantarctic Water)
in the studied time interval. Thus, we apply the same Rs correction
used for MDO07-3100 by Haddam et al. (2018) to the planktonic Hc
ages from core MDO07-3098 (Table S5). The conventional radio-
carbon ages were subsequently calibrated according to the SHCal20
curve (Hogg et al., 2020) and the age model was obtained with the
software Undatable (Lougheed and Obrochta, 2019).

From the resulting age model (Table S1; Fig. 53, 54), core MD07-
3098 has relatively high and nearly constant sedimentation rates
during the Holocene and Deglaciation of ~70 cm/ky. Core MDO07-
3100 has nearly constant sedimentation rates of ~65 cm/ky dur-
ing the whole studied interval (Haddam et al., 2018). The age model
together with the stable isotope stratigraphy indicate that in the
studied cores, the late glacial ends between 17 and 16.5 cal ka BP
(Fig. S4), the Deglaciation occurs between ~17 and 16.5 and
~10.5 cal ka BP and the Holocene between ~10.5 cal ka BP and the
present.

4.2. Cryptotephras

In core MD07-3100, sixteen depths where relative glass shard
and micro—pumice peaks occurred were recognized as cyrypto-
tephra layers labeled T1/100 to T17/100, in addition to T8/100
(Fig. 2, Table 1). From the stable isotope stratigraphy, cryptotephra
T1/100 through T7/100 occur during the Holocene, T8/100 in the
Holocene/Deglaciation transition, T9/100 to T14/100 during the
Deglaciation and T15/100, T16/100 and T17/100 during the late
glacial.

In core M07-3098, seven depths where relative glass shard and
micro—pumice peaks occur were identified as cryptotephra layers
labeled T1/98 to T8/98, in addition to the visible tephra layer T6/8
(Fig. 2, Table 1). T1/98 through T5/98 occur in the Holocene portion
of the core, T6/98 in the Holocene/Deglaciation transition and T7/
98 and T8/98 during the Deglaciation.

4.3. Geochemistry of the marine ash layers

All analyzed samples display major element composition
belonging to the calc—alkaline series and most can be classified as
medium-K to high—K, with rare glass shards of low-K affinity
(Figs. 3—5, Table S2, 3). Major elements in all samples follow a
trend, either bimodal or continuous, ranging from basaltic andesite
(minimum value of 49.8 wt% SiO, in cryptotephra T8/100) to
rhyodacite or rhyolite (maximum 77.8 wt% SiOz in cryptotephra T9/
100).

Three groups can be defined based on the relative amount of
K50 versus Si0;:

e Group 1 (Fig. 3, S5): samples with relatively high—K contents
(0.7-3.9 wt% K;0), with basaltic andesitic (52—56 wt% SiO3),
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andesitic (56—63 wt% Si02) and dacitic composition (63—70 wt%
SiO;) plot along the boundary between medium and high-K
fields (Peccerillo and Taylor, 1976) and points with rhyolitic
composition in the high-K field (>70 wt¥% SiO;). The two visible
tephras T6/98 and T8/100 and eleven cryptotephras among the
twenty three analyzed, fall in this group, notably T1/100
through T7/100, T12/100, T14/100, T15/100 and T17/100;

e Group 2 (Fig. 4, S6): samples with relatively lower K contents
than Group 1 (0.4—4.21 wt% SiO;). Basaltic andesitic and
andesitic compositions plot in the medium—K field and sample
points with dacitic and rhyolitic compositions at the boundary
between medium—K and high—K. Eleven cryptotephras belong
to this group: T1/98 through T5/98, T7/98, T9/100, T10/100, T11/
100, T13/100, T16/100;

e Group 3 (Fig. 5, S7): restricted to cryptotephra T8/98, which has
consistently lower K contents (0.7-13 wt% K0; with the
exception of one outlier with high—K around 4.2 wt% K20),
plotting near the low/medium—K field boundary, especially at
dacitic and rhyolitic composition.

Additionally, nine cryptotephras from core MD07-3100 were
analyzed for trace elements: T1/100, T2/100, T4/100, T5/100, T6/
100, T7/100, T9/100, T12/100, T14/100 and T15/100 together with
tephra T8/100. Overall these samples are relatively enriched in the
most incompatible elements (Rb, Ba, Th, U), have lower HFSE
(negative anomaly of Nb, Ta) and lower REE and Sr contents and
display a positive anomaly in Pb. Three different behaviors are
observed when analyzing the La/Yb versus Zr/Nb ratios of the
samples (Figs. 3b and 4b): cryptotephra layers T2/100, T4/100, T5/
100, T6/100, T7/100, T8/100, T12/100, T14/100 and T15/100 form a
cluster with La/Yb values between -4 and 7 and Zr/Nb between ~17
and 31; T1/100 has relatively higher LajYb values between ~8 and
12 and Zr/Nb values between ~20 and 25; and T9/100 displays more
dispersed values, with LajYb between ~5 and 11 and Zr/Nb between
~18 and 30.

44. Correlations

For the identification of the potential source of the tephras and
cryptotephras, we compared the geochemistry of the glass shards
here analyzed with the geochemistry of both explosive and effusive
products that were analyzed by both micro analytical and bulk
geochemical methods from volcanic centers between Llaima and
Hudson. The latter is achieved taking into account that for some of
the volcanic centers in this area no micro analytical data were
found in the literature (e.g. Yanteles and Corcovado by Naranjo and
Stern (2004)) and that, especially for older eruptions, only effusive
products were analyzed (e.g. Puyehue-Cordon Caulle by (Singer
et al., 2008)). Additionally, previous work in the region has previ-
ously shown that a similar geochemical trend is followed by effu-
sive and explosive products from the Hudson volcano (Carel et al.,
2011), which is also observed in the literature here considered
(Fig. S8, 59). Most of this literature corresponds to major element
compositions, from which it can be observed that the major
element signature of many volcanoes overlap (Fig. S10). Thus major
element compositions cannot be used alone to pinpoint the vol-
canic source of the cryptotephras. Nevertheless, the potential vol-
canic sources can still be narrowed down based on their K>0 versus
SiO2 contents. With this in mind, in the following section, we
organize the discussion regarding the potential source of the
tephras and cryptotephras according to the three groups previously
defined based on the relative amount of KO versus SiO; together
with some key trace element ratios of the analyzed samples, when
available (Figs. 3—5). The potential eruptive event is further con-
strained based on the stratigraphy and estimated age of the tephras
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Table 1

Summary of identified tephras and cryptotephras in cores MD07-3098 and MD07-3100.
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Cryptotephra  Core Depth range (cm)  Calendar age median  Calendar age Calendar age Group Source Potential correlative
(years BP) 1o range 20 range
T1/98 MD07-3098 25-35 294 445-132 74762 Group 2 YA2?
T2/98 MD07-3098  445-455 6233 64105999 7053-5856 Group 1
T3/98 MDO07-3098 505-535 7633 7853-7320 80197027 Group 2 Pccz?
T4/98 MDO07-3098 545-570 7928 8138-7738 83807639 Group 2
T5/98 MDO07-3098 645-675 9356 9581-9124 99168939 Group 2 PCC1?
T6/98 MDO07-3098 764-801 10,512 10,702-10296  11,265-10050 Group 1 Michinmahuida Lepué
T7/98 MDO07-3098 1030-1060 13,965 14,387-13681 14,919-13546 Group 2
T8/98 MD07-3098 1090-1120 15,472 15,778-15163  15991-14596  Group 3
T1/100 MD07-3100 130-160 1557 1410-1720 1315-1855 Group1  Hudson HW7
T2/100 MDO07-3100 320-340 3635 3895-3382 4118-3141 Group 1 Michinmahuida LTT-10?7
T3/100 MDO07-3100 370-385 4117 43423939 44243745 Group 1
T4/100 MDO07-3100 440-460 6170 66945716 69925122 Group 1 Michinmahuida  LTT14? LTT-15? MIC1?
T5/100 MDO07-3100 485-495 7044 72146838 75206686 Group 1 Michinmahuida LTT15? MIC1?
T6/100 MDO07-3100 530-560 8514 86368364 88128228 Group 1 Michinmahuida LTT20?
T7/100 MD07-3100 605-615 9603 97039478 98929318 Group1  Michinmahuida
T8/100 MD07-3100 728-755 10,616 10,706—-10440 10938-10348 Group1 Michinmahuida Lepué
T9/100 MDO07-3100 825-835 12,163 12,464-11941  12,604-11760 Group 2
T10/100 MDO07-3100 895-915 12,839 12,966-12671 13,151-12575 Group 2
T11/100 MDO07-3100 980-1005 13,812 13,906-13672 14,047-13596 Group 2
T12/100 MDO07-3100 1025-1050 14,154 14,296-13950 14,533-13808 Group 1 Michinmahuida
T13/100 MDO07-3100 1125-1145 15,253 15,493-15048 15,701-14,777  Group 2
T14/100 MD07-3100 1170-1190 15,930 16,063—-15775 16,228-15649  Group1 Michinmahuida
T15/100 MD07-3100  1345-1355 18,226 18,422-18030 18,595-17870 Group1 Michinmahuida
T16/100 MDO07-3100 1385-1395 19,386 19,709-19193 1980018758 Group 2
T17/100 MDO07-3100 1465-1475 20,448 20,638-20266  20,818-20080 Group 1
and cryptotephras. 4.5.1. T1/100

4.5. Group 1

The thirteen tephras and cryptotephras belonging to Group 1,
with relatively higher K (0.7-3.9 wt% K>0), especially at silica levels
higher than ~68 wt% Si0O; (Fig. 3a, 54), display a geochemical trend
similar to volcanoes Michinmahuida (Alloway et al., 2017a; Amigo
et al., 2013; Naranjo and Stern, 2004), Hudson (Carel et al,, 2011;
Del Carlo et al,, 2018; Haberle and Lumley, 1998; Kratzmann et al,,
2008; Lopez-Escobar et al., 1993; Naranjo et al., 1993; Naranjo and
Stern, 1998; Smith et al,, 2019; Stern, 2008; Weller et al, 2014,
2015), Quetrupillan (Brahm et al., 2018; Fontijn et al., 2016; Hickey-
Vargas et al., 1989; Rawson et al., 2016; Simmons et al., 2020) and
Yate (Lopez-Escobar et al, 1993; Mella, 2008; Watt et al., 2011b).
These volcanic centers can be further discriminated by means of
their trace element geochemistry, in particular, their Zr/Nb versus
La/Yb ratios (Fig. 3b). From the thirteen tephras and cryptotephras
in this group, one tephra and nine cryptotephras have been
analyzed for trace elements: T1/100, T2/100, T4/100, T5/100, T6/
100, T7/100, T8/100, T12/100, T14/100 and T15/100. When
comparing their Zr/Nb versus La/Yb ratios, with the available in-
formation from Michinmahuida, Hudson, Quetrupillin and Yate,
the tephra (T8/100) and eight of the nine cryptotephra layers (T2/
100, T4/100, T5/100, T6/100, T7/100, T12/100, T14/100 and T15/
100) display compositions similar to Michinmahuida and one
cryptotephra (T1/100) displays compositions similar to Hudson.
Similar behaviors are observed when looking at other trace ele-
ments (Fig. S11), such as Zrversus Y, La versus Tm and Th versus Nb,
although the differences among the different volcanic centers are
not as clear as in the case of La/Yb versus Zr/Nb.

In addition, one potential correlation among the marine sedi-
ment cores can be established.

In the following section we discuss the potential correlative of
each cryptotephra based on its stratigraphic position, estimated
calendar age and available geochemical information on land from
the potential sources. Because many of the cryptotephras display a
Michinmahuida signature, we discuss them together.

The stratigraphic position of this cryptotephra corresponds to
the Late Holocene, with an estimated mean calendar age at its base
of ~1.6 (1a: 1.7—1.4) cal ka BP (Table 1). Around this time, two of the
volcanic centers associated with Group 1: Hudson and
Quetrupillan, had eruptions recorded in the literature (Fig. 6): HW7
from Hudson (~1.5 cal ka BP; 1a: 1.7—1.4; Haberle and Lumley,
1998), Quet5 (~1.7 cal ka BP; 10: 1.8—1.6) and Puesco (~1.9 cal ka
BP; 1a: 2—-1.8; Fontijn et al, 2016) from Quetrupillan. Individual
glass shard major element geochemistry has been obtained for all
of these eruptions and therefore we can compare their geochemical
fingerprints with those of the marine cryptotephras (Fig. 3¢). From
these, T1/100 displays values closer to HW7 (Carel et al., 2011;
Haberle and Lumley, 1998), both of which follow a bimodal trend. In
contrast Quet5 and Puesco only display more evolved products,
between 65 and 68 wt¥% SiO;, thus the less evolved part of the trend,
observed in T1/100, is absent. Major and trace element data thus
support the Hudson volcano as the source of the T1/100 crypto-
tephra (Fig. 3a, b, ¢, 7). We propose T1/100 as a distant correlative
of the HW7 eruption of the Hudson volcano. The latter is consistent
with prior information indicating a northwest dispersion of some
Hudson volcano products (Fig. 6) such as eruptions HW2, HW3,
HW6, HW1 and HW7, found in lake cores in Taitao peninsula and
Chonos archipelago (Haberle and Lumley, 1998) as well as in marine
sediment core MD07-3088 (Carel et al., 2011).

4.5.2. T3/100

Cryptotephra T3/100 occurs in the Late Holocene at an esti-
mated calendar age of ~4.1 (1a: 4.3-3.9) cal ka BP. During this time
period, from the volcanoes in Group 1, only Hudson has a recorded
eruption (Fig. 6): H2 at ~4 cal ka BP (Naranjo and Stern, 1998). From
the comparison of the major element geochemistry, it is plausible
that T3/100 corresponds to the eruption H2 (Fig. 3e), however H2
corresponds to fairly evolved products ranging from 64 to 70 wt%
Si0, whereas T3/100 also presents a less evolved cluster between
54 and 56% SiO; not present in H2, as documented in the literature.
As mentioned before, the major element geochemistry of T3/100 is
also consistent with Yate, Michinmahuida and Quetrupillin
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of post—glacial deposits from volcanic centers displaying a similar behavior (color legend to the right): Michinmahuida (Alloway et al., 2017a; Amigo et al,, 2013; Lopez-Escobar
et al., 1993; Naranjo and Stern, 2004), Hudson (Carel et al., 2011; Del Carlo et al,, 2018; Haberle and Lumley, 1998; Kilian et al,, 2003; Kratzmann et al., 2008; Ldpcz-[smbar
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Hickey-Vargas et al., 1989; Rawson et al., 2016; Simmons et al, 2020) and Yate (Lopez-Escobar et al., 1993; Mella, 2008; Watt et al., 2011b). “Unknown" corresponds to products not
assigned to any particular eruption. a: All cryptotephras in Group 1 are plotted, lines separating areas with low-K, medium-K and high-K according to Peccerillo and Taylor (1976)
are shown. b: Only tephra for which trace elements were analyzed are shown (cryptotephra without an asterisk in the legend to the right). ¢, d, e, f, g, h: Comparison of specific
cryptotephra where a potential correlative could be identified on land with available geochemical analyses. c: HW7 (Haberle and Lumley, 1998), Puesco and Quet5 (Fontijn et al,,
2016). d: LTT-9 and LTT-10 (Moreno et al., 2014) together with available post—glacial data from Michinmahuida (Lepué, MIC1 and Unknown). e: H2 (Haberle and Lumley, 1998;
Naranjo and Stern, 1998; Smith et al., 2019; Weller et al,, 2015). f: Lepué (Alloway et al., 2017a; Amigo et al,, 2013). g: same as a. h: available post—-glacial data from Michinmahuida
(Lepué, MIC1 and Unknown). Major element data correspond to normalized volatile—free compositions. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

(Fig. S8). The source of this cryptotephra could be further con-
strained by trace element analyses and future research around
these volcanoes which might reveal other potential correlatives.

4.5.3. T17/100

T17/100, occurs in the Late glacial at an estimated age of ~20.5
(1a: 20.6-20.3) cal ka BP. From the major elements alone is not
possible to further narrow down among the volcanic centers in
Group 1 as the possible source (Fig. 3g, 59). Additionally, little ev-
idence for tephra deposits at this time exists on land because of the
predominant presence of the PIS in the area until ~18 cal ka BP
(Davies et al., 2020). From the volcanoes in Group 1, so far only
volcanic products from Yate have been dated so far, by “°Ar/*?Ar in
22 + 7 cal ka BP (Mella, 2008), indicating volcanic activity during
this time. No evidence for Michinmahuida, Hudson or Quetrupillan
at this time exists so far, however because of the position of
Quetrupillan north of the sediment core, which is opposite to the
predominant winds in the area, it is less likely that T17/100 was
emitted from this volcano.

4.54. Cryptotephras with michinmahuida signature

We now discuss the potential correlations of the tephra and
cryptotephra layers which have geochemical compositions similar
to the Michinmahuida volcano, as discussed above (T2/100, T4/100,

T5/100, T6/100, T7/100, T8/100, T6/98, T12/100, T14/100 and T15/
100).

4.5.4.1. T2/100. The younger cryptotephra with a geochemistry
similar to Michinmahuida volcano is T2/100 (Fig. 3a, b, d) with an
estimated age of ~3.6 cal ka BP (10: 3.9-3.4). In the literature, ev-
idence for eruptive activity of this volcano at that time has been
found in a lacustrine core.

~24 km southwest of Michinmahuida at Lago Teo (~42.9° S,
~72.7° W; Moreno et al., 2014) and in the Mallines section ~13 km
southeast of it (~42.9° S, ~72.3° W; Amigo et al, 2013). In the
Mallines section, Amigo et al. (2013) report a scoria deposit iden-
tified in the upper part of the section (3rd scoria), bracketed be-
tween ~5 and 13 cal ka BP, which they attribute to the
Michinmahuida volcano. For this deposit, major and trace elements
were analyzed in the bulk tephra, however the sample has been
reported as altered (Amigo et al., 2013) so further robust correlation
is not possible. At Lago Teo, on the other hand, four tephras with a
Michinmahuida—like major element geochemistry have been
identified between ~5 and 1.3 cal ka BP by Moreno et al. (2014).
From these, the more likely correlatives to T2/100 correspond to
LTT-9 and LTT-10 (Fig. 6), which have estimated calendar ages of ~3
(1g: 3.2—-29) and ~3.5 (1a: 3.6-3.3) ka BP. However, it is not
possible to establish a robust correlation because the majority of
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3f and 6). . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Chronology for cores MD07-3098 and MDO07-3100 highlighting the cryptotephras associated to Group 1, as described in the text, compared with the chronologies of
explosive products from each volcanic center displaying a similar geochemical behavior (Fig. 3). Only known events dated by 'C are plotted. To the left: position of the marine
sediment cores here studied together with the position of each volcanic center associated to Group 1 indicated as a triangle, from north to south: Quetrupillan, Yate, Michinmahuida
and Hudson. Also shown are the position of tephrochronological samples which have been analyzed for geochemistry andfor dated as smaller size symbols. Each symbol corre-
sponds to a different eruptive event indicated in the respective volcanic center chronology (to the right). Pyroclastic deposits which have been dated but no correlation has been yet
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volcanic center in Table SG6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the analyzed glass shards in T2/100 correspond to the more evolved
part of the trend with dacitic and rhyolitic compositions, which are
not present in LTT-9 and LTT-10.

4.542. T4/100 and T5/100. During the Middle Holocene, two
cryptotephras with a Michinmahuida signature occur in the marine
sediment cores: T4/100 and T5/100. T4/100 has a calibrated age of
~6.2 (10: 6.7-5.7) cal ka BP, whereas T5/100 has an age of -7 (1a:
7.2—6.8) cal ka BP.

At Lago Teo, two tephras occur in the Middle Holocene (LTT-14
and LTT-15), which have respectively estimated calendar ages of
~6.1 (1g: 6.3-5.8) and ~6.2 (10: 6.4-6) cal ka BP (Moreno et al.,
2014), and have been suggested to follow a geochemical trend
similar to Michinmahuida. From these, LTT-14 displays values with
lower K (Fig. 7a) than commonly reported for Michinmahuida,
meanwhile the composition of LTT-15 is closer to Michinmahuida
and to the less evolved part of the trend in both T4/100 and T5/100
(Fig. 7a). The estimated calendar ages of LTT-15 and LTT-14 overlap
(Fig. 6) and they are both within error synchronous to T4/100,
hence it is not possible to further correlate these deposits.

Additionally, both T4/100 and T5/100 could potentially be
correlated to the MIC1 tephra from Michinmahuida volcano (Amigo
et al,, 2013; Naranjo and Stern, 2004). The MIC1 tephra was first
identified as an andesitic pumice deposit ~90 km east of Michi-
nmahuida volcano by Naranjo and Stern (2004). They obtained two
¢ ages from peat bracketing the MIC1 deposit, which indicate an
age equal to or younger than ~7.2 and older than ~5.8 cal ka BP
(Fig. 6, Table S6). A correlative of this tephra was later identified by
Amigo et al. (2013) in the Mallines section, who dated the under-
lying paleosol at ~7.5 cal ka BP. However, a younger age was ob-
tained in the same paleosol a few centimeter below, indicating this
age altered by Amigo et al. (2013), thus a robust correlation based
on geochemistry cannot be done. However, from the sole available
analysis, major elements display similar values to T4/100 and T5/

100 (Fig. 7a). Additional evidence for eruptive activity of Michi-
nmahuida during this time is also provided by Alloway et al.
(2017b), who describe the occurrence of a tephra layer in various
sections (Pumalin-3, -4, -7, -2) in the area nearby Michinmahuida
volcano occurring directly under Pumalin/Cha2 tephra, coincident
with the position of MIC1 in the Mallines section. One trace
element analysis in Pumalin-2 section (Pum 2-11) is provided by
Alloway et al. (2017a) in bulk tephra, which displays a
Michinmahuida—like geochemistry (Fig. 7b).

From a chronological point of view, it is possible that T4/100 is
correlated to LTT-15 (and/or estimate might not be accurate. Un-
fortunately, only three geochemical data points identified as MIC1
are provided in the literature, all in bulk samples, two of which are
thought to be LTT-14) and that T5/100 is correlated to MICI.
Additionally, because of the large uncertainty associated with the
age of MIC1, it is also possible that LTT-15 and T4/100 are correla-
tives of MIC1 (Fig. 6) and that no correlative of LTT-15 has been
identified.

4.5.4.3. T6/100. T6/100 occurs in the Early Holocene and has an
estimated calendar age of ~8.5 cal ka BP (14: 8.6—8.3). Evidence of
Michinmahuida activity around this time is again found in Lago Teo
and in one section nearby the village of Chaiten (Casati et al,, 2019).
Casati et al. (2019) identified a Michinmahuida—sourced deposit
dated in ~8.4 cal ka BP (1a: 8.4—8.3) for which one geochemical
analysis is available displaying La/Yb versus Zr/Nb ratios coincident
with T6/100 (Sample P17-4CBd, Fig. 7d), thus we propose this de-
posit is a likely correlative of T6/100. In Lago Teo, two tephras
identified as Michinmahuida occur during this period: LTT-18 and
LTT-20 with calendar age estimates for tephra LTT-18 of ~7.9 cal ka
BP (20: 8-7.8) and of ~8.5 cal ka BP (25 8.6—8.4) for LTT-20. Thus,
LTT-20 could correspond to T6/100. When comparing the major
element geochemistry, LTT-20 represents a cluster around 68 wt%
Si02, whereas T6/100 is rather bimodal with a wider range of
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compositions, almost identical to Lepué tephra (Fig. 7c). However,
they might still correspond to the same tephra, and further infor-
mation might reveal in the future a wider compositional range for
the eruption that formed LTT-20.

4.5.4.4. T7/100. T7/100is the oldest cryptotephra thatoccurs in the
Early Holocene, which has an estimated age of ~9.6 cal ka BP (1a:
9.7-9.5). Evidence on land for Michinmahuida activity around this
time is presented by Casati et al. (2019), who dated a deposit
attributed to Michinmahuida at ~9.2 cal ka BP (1a: 9.3-9.2), very
similar to the estimated calendar age for T7/100 (Fig. 6). Amigo et al.

(2013) identify one scoria deposit (5th scoria in the Mallines sec-
tion) from Michinmahuida and bracket this event between ~7.6 and
10.3 cal ka BP. This deposit is positioned above Chal tephra, for
which a calibrated age estimate ranging from ~9.5 to 10.5 cal ka BP
has been proposed (Alloway et al., 2017b; Amigo et al., 2013; Fontijn
et al.,, 2016; Naranjo and Stern, 2004; Watt et al.,, 2011b). A potential
correlative of this deposit is also identified by Alloway et al. (2017b)
in section Pumalin-4, which occurs above Chal as the 5th scoria
from the Mallines section and is proposed to have a geochemical
composition corresponding to Michinmahuida. A comparison of
the element measurement for Pumalin-4 (Pum 4-—7), the deposit
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(P16-5Csm) identified by Casati et al. (2019) and the 5th scoria,
display LafYb versus Zr/Nb values close to those know for Michi-
nmahuida and to T7/100 (Fig. 7f).

4.5.4.5. T6/98 and T8/100. T6/98 and T8/100 correspond to the only
visible tephras in cores MD07-3098 and MD07-3100, respectively.
Both tephras occur in the same stratigraphic position in each core at
the Holocene-Deglaciation transition, and at synchronous calendar
ages, within error, of ~10.6 (15: 10.7-10.4) for T8/100 and ~10.5
(1a: 10.7-10.3) cal ka BP for T6/98 (Fig. 6). Additionally, they both
have a thickness of ~25-30 cm and similar major element
geochemistry (Fig. 3f), thus we propose that both tephras are cor-
relatives. The major element compositions tend to be bimodal with
two clusters at 54—-57 and 68—73 wt% SiOz and both major and
trace elements are consistent with volcanic deposits attributed to
Michinmahuida, in particular the Lepué tephra (Fig. 3f).

So far, only one deposit from Michinmahuida volcano has been
thoroughly described in the literature: the Amarillo Ignimbrite/
Lepué Tephra. The Amarillo Ignimbrite was first described and
dated by Amigo et al. (2013) in the vicinities of Michinmahuida
volcano. However because of the lack of geochemical information
they were not able to identify the fall deposit associated with the
eruption. Later, Alloway et al. (2017a) identified and described the
associated regional tephra and named it Lepué because of its
occurrence in and around Lago Lepué on Chiloé island, northwest of
the Michinmahuida volcano. This is a tephra with a bimodal
composition with values ranging from ~54 to 72 wt% SiO; (Fig. 3f),
with an estimated calendar age around 10.9 cal ka BP (Alloway
et al., 2017a). The Lepué tephra has been identified in dozens of
different sites, as far away as ~250 km northwest from the Michi-
nmahuida volcano (Fig. 6), with a predominantly northern and
northwestern dispersion (Alloway et al., 2017a). In particular, it has
been identified on the Chilean continental margin at ODP-202 site
1233, located ~12 km southeast of marine core MD07-3098 and
50 km northeast of core MD07-3100. At ODP-202 site 1233, the
Lepué tephra is ~30 cm thick and its age is bracketed between ~10
and 12.3 cal ka BP (Alloway et al., 2017a). The latter is consistent
with the visible tephra layers of ~25—-30 c¢m thick found in cores
MD07-3100 and MDO07-3098. Furthermore, when comparing their
trace and major element geochemistry, both tephras in the studied
cores are consistent with the Lepué Tephra products (Fig. 3b, f).
Thus we identify the only visible tephra in the cores as the regional
marker Lepué tephra.

4.54.6. T12/100, T14/100, T15/100. Cryptotephras T12/100, T14/100
and T15/100 have estimated calendar ages of ~14.2 (1a: 14.3-14),
~15.9 (1s: 16.1-15.8) and ~18.2 (1a: 18.4-18) cal ka BP. No tephra
with a geochemistry similar to Michinmahuida has been thor-
oughly described during the Deglaciation and late glacial and more
particularly, none older than Lepué tephra. The lack of Michi-
nmahuida tephras could be related to the presence of the PIS in the
area proximal to the volcano in the last glacial period. However, a
recent study in the La Zeta sequence located in the Argentina sector
of the Andean complex has allowed to recover some tephras whose
origin has been tentatively attributed to the Michinmahuida,
however no geochemistry is available for further comparison
(Alloway et al., 2017Db). In particular, the JT1 tephra dated at ~18 cal
kaBP(1c: 18.2-17.8) has an age similar to that of the T15/100 event
(~18.2 cal ka BP). Additionally, Alloway et al. (2017b) identify two
other deposits, JT4 and JT5 with age estimates of 178 (lo:
17.9-17.6) and 17.5 (1o: 17.6—17.3) cal ka BP. These ages are not
coincident with any of the marine cryptotephras here identified,
however they represent an evidence of volcanic activity of the
Michinmahuida volcano during deglacial period.

As a summary, it was possible to robustly identify two eruptions
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from the Group 1 tephras and cryptotephras: the Lepué tephra from
Michinmahuida (T6/98 and T8/100), occurring at ~10.9 cal ka BP;
and the HW7 tephra from the Hudson volcano (T1/100), occurring
at ~1.5 cal ka BP. Both of which have been shown to record a
northwestern dispersion (Fig. 6; Alloway et al., 2017a; Carel et al.,
2011; Haberle and Lumley, 1998). Additionally, eight crypto-
tephras layers where identified as Michinmahuida—sourced (T2/
100, T4/100, T5/100, T6/100, T7/100, T12/100, T14/100 and T15/
100). These results are consistent with previous research around
Michinmahuida volcano which had suggested recurrent volcanic
activity during the Holocene (Amigo et al., 2013; Moreno et al,,
2014). However, it is still hard to provide robust correlations
among deposits, which in part is due to the paucity and accuracy of
age/stratigraphic constraints, major and/or trace elements
geochemistry. Additionally, the apparent high recurrence of Mich-
inmahuida volcano can also be a source of uncertainty in the cor-
relation since age estimates might not be precise enough to
distinguish among eruptions, as in the case of LTT-14 and LTT-15
(Fig. 6). Here we combine age/stratigraphic constraints, major
and/or trace elements geochemistry to provide robust correlatives
for Michinmahuida—sourced tephras, in the ocean. The occurrence
of tephras older than T8/100 (T2/100, T14/100 and T15/100, Fig. 6)
is particularly interesting because it provides robust new evidence
for recurrent activity of the Michinmahuida volcano since the late
glacial period. This new information might be missing on land
because of the highly vegetated area, less research around Michi-
nmahuida because of its inactivity in historical times, or because of
glacial erosion associated to the presence of the PIS. In many sites
the Lepué tephra was found lying above glacial deposits (Alloway
et al,, 2017a), however in some other sites additional tephra de-
posits have been found between Lepué and glacial till and more so,
organic matter directly above glacial deposits has been dated as old
as ~17 cal ka BP. In fact, estimates of the PIS extent since the Last
Glacial Maximum indicate that a rapid retreat would have begun in
this area around 18 cal ka BP and that by 15 cal ka BP the ice was
confined to the vicinities of the volcanoes (Davies et al., 2020),
allowing for the deposition of deglacial tephras on land. Thus, it
might be possible to find on land correlatives for the Michi-
nmahuida cryptotephras discussed here. In particular, deposits
tentatively associated with Michinmahuida have already been
mentioned in the literature (Alloway et al., 2017a), which might be
correlated if geochemical information becomes available.

4.6. Group 2

Cryptotephra layers T1/98, T2/98, T3/98, T4/98, T5/98, T9/100,
T10/100, T11/100, T7/98, T13/100, T16/100 display a major element
trend similar to that of volcanic centers Antillanca-Casablanca
(Fontijn et al., 2016; Naranjo et al., 2017; Geoffroy et al., 2018;
Villarosa et al., 2006), Puyehue-Cordén Caulle (Fig. 4, S5; Alloway
et al, 2015; Bertrand et al., 2014; Fontijn et al., 2016; Gerlach
et al,, 1988; Lara et al., 2006; Naranjo et al, 2017; Singer et al,,
2008; Villarosa et al., 2006) and Yate (Lopez-Escobar et al., 1993;
Mella, 2008; Watt et al., 2011b). T1/98 occurred in the Late Holo-
cene; T2/98,T3/98, and T4/98 occurred in the Middle Holocene; T5/
98 in the Early Holocene; T9/100, T10/100, T11/100, T7/98 and T13/
100 during the Deglaciation; and T16/100 during the late glacial
(Figs. 2 and 8).

Three eruptions sourced from Antillanca-Casablanca have been
recognized so far in the literature: Nahuel Huapi (Fontijn et al.,
2016; Naranjo et al, 2017), Rayhuen (Fontijn et al., 2016) and
Playas Blanca-Negra (Fontijn et al., 2016; Geoffroy et al., 2018;
Naranjo et al., 2017; Villarosa et al., 2006). All of them have been
dated and occurred between ~1.3 and 3.5 cal ka BP (Fontijn et al.,
2016; Naranjo et al., 2017; Villarosa et al., 2006) and cannot be
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correlated with any of the cryptotephras studied here (Fig. 8). In the
case of Puyehue-Cordon Caulle, five Holocene tephras deposits are
described in the literature: Mil Hojas, North Cordon Caulle, Ranco,
Puyehue2/PCC2 and Puyehuel/PCC1 (Fig. 8; Fontijn et al., 2016;
Lara et al., 2006; Naranjo et al., 2017; Singer et al., 2008), and vol-
canic actvity during the Deglaciation has been identified by
40Ar/*?Ar dating of some effusive products between 12 + 2.8 and
18.7 + 1.1 cal ka BP (Singer et al., 2008). Finally, two tephras of Yate
volcano have been recognized in the literature: Yal and Ya2. Ya2
has been dated bracketed between ~0.4 and 0.9 cal ka BP, whereas
Yal is thought to represent a Holocene eruption but its age is not
constrained (Watt et al., 2011b). Additionally, *°Ar/*®Ar dating
together with the observation of volcanic products with and
without evidence of glacial erosion have been identified and
ascribed to the Yate volcano, suggesting a continuous activity since
122 + 19 cal ka BP (Mella, 2008). Geochemically, some differences
can be observed between these volcanic centers. When comparing
glass shard major elements (Fig. 4, Fig. S8), Puyehue-Cordon Caulle
products are mainly dacitic or rhyolitic (66—74 wt¥% Si02) with
relatively intermediate K (2.2—3.5 wt% K,0 (Alloway et al., 2015;
Fontijn et al,, 2016; Naranjo et al., 2017);) compared to the other
volcanoes with similar silica concentration (Yate: 2.6—3.5 wt#% K, 0;
Antillanca-Casablanca: 2.2-3.2 wt% K,0). Antillanca-Casablanca
glass shards display a trend with relatively less evolved products
(56—75 wit% Si0;) than Puyehue-Cordén Caulle, from andesitic to
rhyolitic compositions at relatively lower K than Puyehue-Cordon
Caulle (Fontijn et al., 2016; Geoffroy et al., 2018; Naranjo et al., 2017;
Villarosa et al., 2006). In the case of Yate, individual glass shards
ranging from andesites to rhyolites have been erupted since the last
glaciation (Mella, 2008; Watt et al,, 2011b). The eruption with the
most information corresponds to Ya2, which displays a continuous
trend from basaltic andesite to rhyolite with relatively higher K
than the two other volcanoes (Fig. 4a, c, e), particularly at andesitic
compositions (Fig. 4c, e). For the three volcanic centers,
whole—rock compositions (Gerlach et al., 1988; Jacques et al., 2014,
Lara et al,, 2006; Lopez-Escobar et al., 1993; Mella, 2008; Naranjo
et al., 2017; Rawson et al., 2016; Singer et al, 2008) record a
more complete trend, from basalts and basaltic andesite to rhyolite,
however andesites are rare in Puyehue-Cordon Caulle and Anti-
llanca-Casablanca.

Additionally, these volcanic centers can be distinguished based
on their trace elements. Notably, La/Yb values of Puyehue-Cordén
Caulle are lower, plotting between 4 and 7 (Fig. 4b), with Zr/Nb
values ranging between 22 and 50; meanwhile Antillanca-
Casablanca displays very heterogeneous La/Yb values ranging be-
tween 4 and 21 and Zr/Nb values from 21 to 62; and Yate displays
La/Yb values between 3 and 12 and Zr/Nb from 24 to 39. The latter
helps discriminate between Puyehue-Cordon Caulle and the other
two volcanic centers, however Antillanca-Casablanca and Yate
cannot be distinguished based on these ratios. When looking at
other trace elements, for example Th versus Zr, Th versus Nb or Ce
versus Ta (Fig. S10) a similar behavior continues to be observed
between Antillanca-Casablanca and Yate, thus at present a robust
geochemical discrimination between them is not possible. In the
following section, we discuss the potential source and correlative of
each cryptotephra based on the available information, which for
the moment is mainly associated with eruptions from the Puyehue-
Cordén Caulle, however always keeping in mind that future work
might reveal new tephras associated with Antillanca-Casablanca
and/or Yate.

4.6.1. T1/98

The most recent cryptotephra layer from Group 2, T1/98, occurs
in the Late Holocene and has an estimated age of ~0.3 cal ka BP (1o:
0.4-0.1). T1/98 displays bimodal compositions with two clusters
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between 54—-60 and 66—69 wt% SiO;, and its major element
geochemistry is more consistent with the available information
from Yate than that of Puyehue-Cordén Caulle or Antillanca-
Casablanca (Fig. 4c). Notably, andesitic compositions are frequent
in the most primitive glass shards of T1/98, but are virtually absent
or very rare in Puyehue-Cordon Caulle and Antillanca-Casablanca
volcanic products. Therefore, tephra T1/98 could be a correlative
of the most documented eruption from Yate volcano Ya2 (Fig. 8),
bracketed between ~0.4 and ~0.9 cal ka BP. Additionally, although
less likely, it could correspond to a Puyehue-Cordon Caulle erup-
tion, for which many Late Holocene tephras have been described. In
particular, the most recent described tephra from Puyehue-Cordén
Caulle corresponds to the Mil Hojas eruption, for which an age
estimate has been obtained by several authors between ~0.5 and
~1 cal ka BP (Fontijn et al., 2016; Lara et al, 2006; Naranjo et al.,
2017; Singer et al., 2008), slightly older than T1/98. Additionally,
two pyroclastic density current deposits associated with the
Puyehue-Cordon Caulle and younger than Mil Hojas have age es-
timates of ~0.1 (1o range: 0.1-0.06) and ~0.2 (1o range: 0.2-0.1) cal
ka BP (Table S6; Lara et al., 2006). At the same time, Naranjo et al.
(2017) also recognize two tephra deposits associated to Puyehue-
Cordon Caulle which are older than the historic eruption of
1921-1922 CE and younger than the Late Holocene Mil Hojas
eruption. It is possible that these deposits are correlated with the
pyroclastic density current dated by Lara et al. (2006) and T1/98.
Unfortunately, there is no geochemistry available for either of these
deposits and thus, a further correlation cannot be done. The most
likely correlative of T1/98 would thus be the eruption Ya2 based on
available information.

4.6.2. T2/98

T2/98 occurred during the Middle Holocene at an estimated
calendar age of 6.2 cal ka BP (14g: 6.4—6). Around this time, one
eruption associated with Puyehue-Cordon Caulle has been
described in the literature: Puyehue 2/PCC2, with estimated cal-
endar ages ranging from 6.4 to 7.1 cal ka BP (Fontijn et al., 2016; Lara
et al, 2006; Naranjo et al., 2017; Singer et al., 2008). The deposits
corresponding to Puyehue 2/PCC2 were first 1c dated by Laraet al.
(2006) at ~-6.7 (10: 6.7—6.6) cal ka BP (Fig. 8, Table SG). The same
deposit is also described by Singer et al. (2008) who obtained bulk
tephra geochemistry for the pyroclastic deposit and whole—rock
geochemistry for its effusive correlative, a rhyolite lava dome
named Pr2 and dated by "‘“)Ar/mAr in 6.4 + 0.9 and 6.9 + 1.6 cal ka
BP. Additional information is provided by Fontijn et al. (2016), who
obtained individual glass shard major element geochemistry for a
likely correlative of this tephra (which they name PCC2), and pro-
vide a modelled age of ~6.4 cal ka BP. Finally, Naranjo et al. (2017)
date the underlying sediment of this tephra in 7.1 cal ka BP (10:
7.2-7). From a chronological point of view it is possible that
cryptotephra T2/98 is correlated to Puyehue2/PCC2. From a
geochemical point of view, the most evolved cluster from T2/98,
with values between ~70 and 75 wt% Si0; is consistent with ana-
lyses of PCC2 (Fig. 4d) but the marine tephra follows a more com-
plete trend with Si0O; values ranging from ~60 to 75 wt% SiOz,
whereas on land volcanic products are restricted to 7073 wt%
Si0,. However, most of the available analyses were obtained by
Fontijn et al. (2016), who mention that less evolved products were
sampled but not analyzed because of the highly crystalline ground
mass hampering major element measurements. Thus, the lack of
less evolved products from Puyehue 2/PCC2 might be an analytical
bias rather than a geochemical fingerprint of this eruption.

4.6.3. T3/98 and T4/98

T3/98 occurred during the Middle-Early Holocene with calendar
age estimates of ~7.6 cal ka BP (1o: 7.9-7.3). It displays bimodal
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Fig. 8. Chronology for cores MDO07-3098 and MD07-3100 highlighting the cryptotephra associated to Group 2, as described in the text, compared with the chronologies of explosive
products from each volcanic center displaying a similar geochemical behavior (Fig. 4). Only events dated by '¥C are plotted. To the left: position of the marine sediment cores here
studied together with the position of each volcanic center associated to Group 2 indicated as a triangle, from north to south: Puyehue-Cordon Caulle, Antillanca-Casablanca and
Yate. Also shown are the position of tephrochronological samples associated with each volcanic center which have been analyzed for geochemistry andfor dated as smaller size
symbols. Each symbol corresponds to a different eruptive event indicated to the right in the respective volcanic center chronology (to the right). Pyroclastic deposits which have
been dated but no correlation has been stablished are plotted in the chronology but unlabeled and the position is indicated as a dot of the corresponding volcanic center color.
Details on the chronologies of each volcanic center in Table S6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

compositions with two clusters between 56—59 and 65—72 wt%
SiO; (Fig. 4e). T4/98 occurred during the Middle-Early Holocene at
~79 cal ka BP (1a: 81-7.7). Glass shards in T4/98 display a
continuous trend from 59 to 73 wt% SiO,. During this time interval
none of the volcanic centers in Group 2 has a recorded activity
(Fig. 8), except for effusive products of Puyehue-Corddn Caulle
dated at 6.9 + 1.6 ka which have been correlated to the Puyehue2/
PCC2 eruption (Singer et al., 2008). From the major elements alone
it is not possible to further constrain the volcanic source of either of
these two cryptotephra, thus future work might reveal potential
correlatives for them.

4.6.4. T5/98

T5/98 occurs in the Early Holocene at ~9.4 cal ka BP (l1a:
9.6-9.1). It presents a bimodal geochemistry with values between
54—61 and 67-72 wt¥% SiOz. The only described eruption from
volcanoes in Group 2 during the Early Holocene corresponds to
Puyehue 1/PCC1. Puyehue 1/PCC1 is a tephra found overlying
moraine deposits or directly on rocks presenting glacial erosion
(Naranjo et al., 2017), which has been dated by Singer et al. (2008),
as part of unit Pri1, at ~10.5 cal ka BP (1a: 10.5-10.4) and its
whole—rock analysis corresponds to a dacitic composition. The
estimated calendar ages of T5/98 and PCC1 do not coincide, notably
the estimated calendar age of Puyehue 1/PCC1 is ~1000 years older
than that of T5/98. When comparing the major element
geochemistry of T5/98 and that of PCC1/Puyehue 1 (Fig. 4f), the
most evolved part of the bimodal trend in the marine tephra is
coincident with glass shard analyses by Fontijn et al. (2016) and
whole—rock analyses by Singer et al. (2008). Additionally, one bulk
tephra analysis (Rawson et al., 2016) has values similar to the less
evolved part of the trend observed in T5/98, around 61 wt% Si02
(Fig. 4f).

With the current age assessment for Puyehue 1/PCC1, it seems

unlikely that T5/98 is the correlative of this tephra. However
because so far only one age constraint is available, the estimated
age of PCC1 might greatly vary in the future. As mentioned, for
example, in the case of MIC1 in Section 5.1.4.2, for which the esti-
mated age ranges between ~5.8 and 7.2 cal ka BP, age constraints for
a tephra can greatly vary at different sites depending on the
measured material and stratigraphic position of it, and thus the
assessment of more dates could help further constraint the corre-
lation between Puyehue 1/PCC1 and T5/98.

4.6.5. T9/100

Cryptotephra T9/100, occurring at ~12.2 cal ka BP (la:
12.5-119), is the only cryptotephra from Group 2 for which trace
elements have been analyzed. As mentioned before, volcanoes in
Group 2 can be further distinguished based in their La/Yb ratios. In
particular, Puyehue-Cordon Caulle has very uniform and relatively
low La/Yb values, around 5. In contrast, Antillanca-Casablanca and
Yate volcanic centers display more heterogeneous La/Yb values
ranging between ~3 and 21, similar to what is observed in T9/100
which presents values between ~5 and 12 (Fig. 4b). Surprisingly,
when looking at other trace element concentrations, such as Th
versus Zr or Nb, cryptotephra T9/100 seems to follow a Puyehue-
Cordon Caulle trend (Fig. S14). From the latter, the geochemical
signature from T9/100 is so far puzzling and a potential source is
not yet identifiable.

4.6.6. Deglacial and late glacial cryptotephras21

According to our results, five cryptotephras from Group 2 occur
during the Deglaciation and one during the late glacial period in
addition to T9/100. Cryptotephra T10/100 occurs at ~12.8 cal ka BP
(10: 13-12.7), T11/100 at ~13.8 cal ka BP (10: 13.9-13.7), T7/98 at
~14 cal ka BP (1a: 14.4-13.7), T13/100 at ~15.3 cal ka BP (1a:
15.5—-15) and finally T16/100 at ~19.4 cal ka BP (1a: 19.7-19.2).
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From these, it is possible that T7/98 and T11/100 are correlated
since they are within error synchronous and display similar major
element trends (Fig. 4h, S15).

No tephra deposits have been robustly identified on land for the
volcanic centers in Group 2 during the Deglaciation. As previously
mentioned, Puyehuel/PCC1 (~10.5 cal ka BP (1g: 10.5-10.4) is
found deposited over moraine deposits or glaciated rocks (Naranjo
et al, 2017), hence no older tephra deposit is known. However,
Singer et al. (2008) dated effusive products of the Puyehue-Cordon
Caulle by “°Ar/*Arat 12 + 2.8,12.3 + 1.9, 14.9 + 2.9,18.7 + 1.1 cal ka
BP. Unfortunately, the higher error associated with the 4°Ar/°Ar
method relative to ¥C dating does not allow a direct correlation
with these products. However, this information demonstrates that
Puyehue-Cordon Caulle was active during the Deglaciation and late
glacial and thus it is a plausible source for the marine crypto-
tephras. Additionally, the effusive products from Puyehue-Cordén
Caulle follow a wide range from basalts to rhyolites, coherent with
the compositional variations found in cryptotephras from Group 2
(Fig. 4g).

Further information on the volcanic activity of volcanic centers
in Group 2 during the Deglaciation might be found in a lake core
record from Lago Puyehue (Pu-II; Bertrand et al., 2008), where two
tephra layers with similar geochemistry (PU-I1 929-930 and
933-934 cm) have an estimated age slightly older than 13.8 cal ka
BP. Bertrand et al. (2008) propose a Puyehue-Corddn Caulle source
for PU-I1 933934 cm and suggest a more distant source for PU-II
929-930, however no exact volcanic center is indicated. When
observing their major element geochemistry, they both present a
bimodal trend with the more evolved partofthe trend plotting very
closely to the more evolved products from Antillanca-Casablanca
and Puyehue-Cordon Caulle (Fig. 4h). On the other hand, the less
evolved part of the trend could correspond to either of the volcanic
centers in Group 2. When comparing these tephras with T11/100
and T7/98, dated at ~13.8 and ~14 cal ka BP respectively, both
cryptotephras and tephras on land represent bimodal trends with
geochemical similarities around the less evolved clusters at ~-60 wt
% SiO,. However, at higher silica values the comparison between
products becomes less consistent, the on land tephras having
higher SiOz contents for lower Kz0. Thus it is unlikely that they
correspond to correlatives.

As a summary for Group 2, eleven cryptotephras were identified
as either Puyehue-Cordon Caulle, Antillanca-Casablanca or Yate
sourced. However, the paucity of literature information did not
enable us to correlate with robustness any of these cryptotephras.
We suggest that T1/98 might be correlated to Ya2, and that more on
land chronological constraints together with trace element ana-
lyses could help further constrain this correlation and better
discriminate it from Puyehue-Cordon Caulle activity at this time.
Additionally we suggest that T2/98 might be correlated to PCC2/
Puyehue 2, if less evolved products from the latter are analyzed;
and T5/98 to PCC1/Puyehue 1, if more age constraints on land
become available. Regarding the remaining cryptotephras in this
group, no tentative correlations could be established. However the
data presented here supports previous evidence for volcanic ac-
tivity of Puyehue-Cordén Caulle and Yate during Holocene, degla-
cial and late glacial periods for which the marine tephras might
represent the distant evidence of this explosive volcanic activity. A
better correlation with the on land information however requires
more geochronological and geochemical data, for example Yal
eruption so far no age constraint exits and only two geochemical
bulk analyses of the tephra are available (Watt et al, 2011b).
Additionally, most deglacial evidence potentially correlated to the
cryptotephra here analyzed corresponds to “Ar/*°Ar dating in
effusive products which does not allow for a correlation because of
the high errors associated with #°Ar/**Ar dating relative to 'C
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4.7. Group 3

Cryptotephra layer T8/98 occurs at the beginning of the Degla-
ciation and has an estimated calibrated age of ~15.5 cal ka BP (10:
15.8—15.2). The major element geochemistry of this cryptotephra is
unique in both cores analyzed here, with much lower K;0 values
ranging between ~0.5 and 1.3 wt% at variable SiO2 contents
(Figs. 5a, 3a and 4a for comparison). This particular geochemical
fingerprint is shared by eight volcanic centers dispersed between
39 and 45° S along the SVZ (Fig. 1): Llaima (Bouvet de Maisonneuve
et al., 2012; Naranjo and Moreno, 1991, 2005; Rawson et al., 2016;
Reubi et al., 2011; Schindlbeck et al., 2014; Lohmar, 2008), Osorno
(Bertrand et al., 2008; Jacques et al., 2014; Lopez-Escobar et al.,
1992, 1993; Moreno et al, 2010; Tagiri et al., 1993), Calbuco
(Lopez-Escobaret al, 1992, 1995Lopez-Escobar et al., 1995; Morgado
et al, 2019; Watt et al, 2011b; Sellés and Moreno, 2011),
Hornopirén (Watt et al., 2011b), Huequi (Watt et al,, 2011a), Cor-
covado, Yanteles (Lopez-Escobar et al., 1993; Naranjo and Stern,
2004) and Mentolat (Lopez-Escobar et al, 1993; Naranjo and
Stern, 2004; Stern et al., 2015; Weller et al, 2015, 2017, 2019).

Among these volcanoes, one eruption from the Llaima volcano
has been well described and dated with a similar age to T8/98
(~15.5 cal ka BP). The Curacautin Ignimbrite, resulting from this
eruption, is proposed to have occurred in two phases based on 'C
ages populations and field observations (Lohmar, 2008): Curacautin
1 (Table S6) with a mean age of ~16.1 cal ka BP and Curacautin 2
with a mean age ~15 cal ka BP (Fig. 9). A direct geochemical com-
parison of individual glass shards major element geochemistry
between T8/98 and Curacautin products indicates similar values
below 60 wt% Si0; (Fig. 5b), however the more evolved values
observed in T8/98 with low K0 are not present in Curacautin, for
which glass shards with higher silica values display much higher K
than tephra T8/98. The geochemical trend displayed by T8/98
seems more consistent with a poorly described pyroclastic deposit
from the Calbuco volcano, dated at ~14.4 cal ka BP (Sellés and
Moreno, 2011). For this deposit no geochemical data have been
reported and the stratigraphic position of the charcoal used for M
dating is unknown, hampering further robust correlation.
Regarding the remaining volcanoes, no deposits have been identi-
fied during this time interval (Fig. 9) and the Osorno volcano is
thought to be a volcano with a dominant effusive activity (Moreno
et al., 2010), it might thus be a less likely possible source for T8/98.

From the latter, it is plausible that the cryptotephra T8/98 is
correlated to either Curacautinl, 2 or the unknown event from
Calbuco volcano. Given the wind configuration in the area and the
position of the volcanic centers relative to core MD07-3098, Cal-
buco volcano would be the more likely source of the cryptotephra
(Fig. 1). However, given the chaotic nature of atmospheric circula-
tion as described in section 2, a Llaima source is not impossible.

Further information, especially regarding the volcanic activity of
Calbuco could help clarify.

4.8. General comment

As mentioned in the previous sections, all the cryptotephra and
tephra layers analyzed here represent a trend, either bimodal or
continuous, from basaltic andesite to dacite or rhyolite, which is in
contrast with many records on land which represent clusters. This
was also observed by Carel et al. (2011) when comparing marine
tephra layers and on land tephras from the Hudson volcano. This
difference, which is observed in the case of T2/100 versus LTT-9 and
LTT-10, T3/100 versus H2 (Fig. 3d, e), T4/100 or T5/100 versus LTT-
14 and LTT-15, LTT-20 compared to T6/100 (Fig. 7a, ), T2/98 versus
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Fig. 9. Chronology for cores MD07-3098 and MD07-3100 highlighting the one cryptotephra associated to Group 3 {T8/98), as described in the text, compared with the chronologies
of explosive products from each volcanic center displaying a similar geochemical behavior (Fig. ). Only events dated by "*C are plotted. To the left: position of the marine sediment
cores here studied together with the position of each volcanic center associated to Group 3 indicated as a triangle, from north to south: Llaima, Osorno, Calbuco, Hornopirén, Huequi
(no eruptive events have been dated for Huequi so far), Corcovado, Yanteles and Mentolat. Also shown are the position of tephrochronological samples associated with each volcanic
center which have been analyzed for geochemistry and/or dated, as smaller size symbols. Each symbol corresponds to a different eruptive event indicated in the respective volcanic
center chronology (to the right). Pyroclastic deposits which have been dated but no correlation has been stablished are plotted but unlabeled in the chronology and the position is
indicated as a dot of the corresponding volcanic center color. Details on the chronologies of each volcanic center in Table S6. This possible correlation in the future. . (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Puyehue 2/PCC2 (Fig. 4d) might indicate either that the deposits on
land and the ocean arise from different eruptive events or it could
also arise from biases associated to the dispersion of the ashes and/
or measuring techniques. For example, it has been mentioned in
the literature that analytical biases arise by the increased difficulty
in analyzing glass shards with microlites, which are more abundant
in less evolved melts (e.g. Alloway et al., 2017a; Fontijn et al., 2016).
The latter could explain the lack of less evolved products in LTT-20
compared to T6/100 (Fig. 7c), however it would not explain the
differences observed in T2/100 versus LTT-9 and LTT/10 (Fig. 3d)
and T4/100 or T5/100 versus LTT-14 and LTT-15 (Fig. 7a).

An interesting situation regarding this point is observed in both
identified eruptions in this study: HW7 and Lepué tephra. For both
these tephras a number of different sections have been analyzed for
geochemistry on land for which different sections display different
geochemistry. In particular, in the case of Lepué tephra, none of the
analyzed sections on land represent the whole trend (Alloway et al.,
2017a; Amigo et al., 2013), however all marine tephras do, including
ODP-202 site 1233 and both tephras here analyzed (Fig. 10). In
addition, a similar situation is observed for tephra HW7, however in
this case two of the studied sections on land: “Laguna Marcelo” and
“Laguna Stibnite” also display the full trend (Haberle and Lumley,
1998), as do cryptotephra T1/100 and cryptotephra at 160 cm in
core MD07-3088 (Carel et al., 2011), all of them located to the west
of Hudson volcano. It is difficult to pinpoint what give rise to the
different geochemical compositions in the different sections as this
probably arises from a sum of different biases. For example: bias
associated with the depositional environment; bias associated with
the analytical techniques; biases associated with the very nature of
the eruption i.e. its explosiveness and/or duration; and finally,
biases associated with the dispersal conditions of their products,
such as wind direction at the moment of the eruption. For these
various reasons, marine cryptotephra might have the capacity of
recording a more complete geochemical trend from a single vol-
cano than on land tephras. Although the reasons are still unclear,

this would mean that marine tephras/cryptotephras can thus serve
as robust compositional reference for further correlations because
they would be less geochemically biased. In addition to the robust
stratigraphic constraints here provided for each tephra and cryp-
totephra, the geochemistry of the marine tephras/cryptotephras
constitute robust tephrochronological constraints to disentangle
the complex tephrochronological record in the SVZ.

5. Conclusion

Here we present a continuous marine (crypto) tephrochrono-
logical record associated with the SVZ, derived from two marine
sediment cores retrieved in the Chilean continental margin. From
the twenty five tephras and cryptotephras analyzed: one crypto-
tephra was correlated with tephra HW7 from Hudson volcano
previously identified by Carel et al. (2011) and Haberle and Lumley
(1998); and the Lepué tephra (Alloway et al., 2017a; Amigo et al.,
2013), associated with Michinmahuida volcano, was identified in
both studied cores as a ~25—30 cm—thick visible tephra layer. The
latter constitutes an important tie point to align not only the
chronologies of cores MD07-3098 and MDO07-3100, but also the
chronologies of other available paleoceanographic record in the
area, such as ODP-202 site 1233 (Lamy et al., 2004, 2015) and
MDO07-3088 (Carel et al,, 2011; Siani et al., 2013). Thus representing
a step forward towards producing a chronologically robust paleo-
ceanographic record in the area.

Additionally, eight cryptotephra were identified as Michin
mahuida sourced based on major and trace elements for which
robust stratigraphic constraints are provided. The latter is in
agreement with previous records suggesting continuous Holocene
activity of Michinmahuida (Amigo et al,, 2013; Moreno et al,, 2014),
and provides new and robust evidence for its deglacial and late
glacial activity. Eleven cryptotephra were identified as sourced
either from Puyehue-Cordon Caulle, Antillanca-Casablanca or Yate,
even though no robust correlation could be established at this
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stage. Nevertheless, they represent evidence for late glacial and
deglacial explosive activity of either of these volcanic centers, for
which evidence on land has only been previously identified by
Bertrand et al. (2008). The latter complements previous informa-
tion from Puyehue-Cordon Caulle (Singer et al, 2008) and Yate
(Mella, 2008) for which effusive products have been dated indi-
cating late glacial and deglacial ages and provides further chrono-
logical constraints for the Puyehue-Cordon Caulle activity.

Overall, the marine sediment cores here studied provide robust
geochemical and stratigraphic evidence for a continuous volcanic
activity in the SVZ since the late glacial (~20 cal ka BP). In the future,
this information, together with an increased geochemical and
chronological on land database, might help further unveil the vol-
canic activity of the different volcanic centers and provide addi-
tional tie points to synchronize different paleo environmental
records in the area.
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Figure S1. Scanning Electron Microscope individual glass shard images showing pristine morphologies of analyzed
glass shards. a-f correspond to tephra T8/100, a and e are microlitic whereas b, ¢, d and f are microlitic-poor or
free shards. g and h: cryptotephra T1/100. i and j: cryptotephra T16/100.
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Figure S2. Comparison of planktonic foraminifera G. bulloides 180 versus interpolated planktonic foraminifera 4C
age from cores MD07-3100 (Haddam et al., 2018) and MD07-3098 (Table S1, S3). Points indicate measurements
every 10 cm, the lines correspond to the respective three point moving average. Also indicated are climate intervals
inferred from the observed changes in §180.
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Figure S3. Age model from core MD(07-3098 produced from 27 planktonic foraminifera 14C ages corrected by a
mobile marine surface reservoir age as described in the text and indicated in Table S5. The age model was produced
using the Undatable software (Lougheed and Obrochta, 2019), calibrating with the SHCal20 curve (Hogg et al,,
2020). Each calibrated age distribution is plotted in light blue, the red line corresponds to the age-depth model
median calendar age, the blue dotted and black dotted lines correspond to the 1o range and 2o envelopes,
respectively.
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Figure S4. Comparison of planktonic foraminifera G. bulloides 6180 versus estimated calendar ages from cores

MDO07-3100 (Haddam et al., 2018) and MD07-3098 (Table S1). Points indicate measurements every 10 cm, the lines

correspond to the respective three point moving average. Also indicated are climate intervals inferred from the

observed changes in §180.
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Figure S5. Linear regression for products associated with Group 1. a: The linear regression from each volcanic center and cryptotephra (in grey) associated to Group 1 are plotted together for comparison.
Also plotted are lines separating areas with Low-K, Medium-K and High-K according to Peccerillo and Taylor (1976). b, ¢, d, e: Linear regressions for each volcanic center associated to Group 1 together
with the available geochemical information on land from both effusive and explosive products and both micro analytical and bulk analyses. Michinmahuida (Alloway et al,, 2017a; Amigo et al., 2013;
Casati et al,, 2019; Lopez-Escobar et al., 1993; Naranjo and Stern, 2004), Hudson (Bitschene et al., 1993; Carel et al,, 2011; Del Carlo et al.,, 2018; Haberle and Lumley, 1998; Kilian et al., 2003; Kratzmann
etal,, 2008; Lopez-Escobar et al., 1993; Naranjo et al.,, 1993; Naranjo and Stern, 1998; Smith et al., 2019; Stern, 2008; Weller et al., 2014, 2019, 2015), Quetrupillan (Brahm et al,, 2018; Fontijn et al., 2016;
Hickey-Vargas et al., 1989; Rawson et al., 2016; Simmons et al., 2020), Yate (Lopez-Escobar et al., 1993; Mella, 2008; Watt et al.,, 2011b). f to r: Linear regression for each cryptotephra in Group 1 together
with the corresponding glass shard analyses at each depth. Major elements correspond to normalized volatile-free compositions.
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Figure S6. Linear regression for products associated with Group 2. a: The linear regression from each volcanic
center and cryptotephra (in grey) associated to Group 2 are plotted together for comparison. Also plotted are lines
separating areas with Low-K, Medium-K and High-K according to Peccerillo and Taylor (1976). b, c, d: Linear
regressions for each volcanic center associated to Group 2 together with the available geochemical information on
land from both effusive and explosive products and both micro analytical and bulk analyses. Puyehue-Cordén Caulle
(Alloway et al., 2015; Bertrand et al., 2008; Fontijn et al., 2016; Gerlach et al., 1988; Lara et al., 2006; Naranjo et al.,
2017; Rawson et al.,, 2016; Singer et al., 2008), Antillanca-Casablanca (Fontijn et al., 2016; Geoffroy et al., 2018;
Jacques et al., 2014; Naranjo et al., 2017; Rawson et al,, 2016; Villarosa et al., 2006) and Yate (Lépez-Escobar et al.,
1993; Mella, 2008; Watt et al.,, 2011b). e to o: Linear regression for each cryptotephra in Group 2 together with the
corresponding glass shards analyses at each depth. Major elements correspond to normalized volatile-free
compositions.
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Figure S7. Linear regression for products associated with Group 3. a: The linear regression from each volcanic
center and cryptotephra T8/98 (in grey), associated to Group 3. c to j: Linear regressions for each volcanic center
associated to Group 3 together with the available geochemical information on land from both effusive and explosive
products and both micro analitical and bulk analyses. Llaima (Bouvet de Maisonneuve et al., 2012; Lohmar, 2008;
Naranjo and Moreno, 1991, 2005; Rawson et al., 2016; Reubi et al., 2011; Schindlbeck et al., 2014), Osorno (Bertrand
etal, 2008; Jacques et al., 2014; Lépez-Escobar et al.,, 1993, 1992; Moreno et al., 2010; Tagiri et al., 1993), Calbuco
(Lopez-Escobar et al.,, 1995, 1992; Morgado et al,, 2019; Sellés and Moreno, 2011; Watt et al.,, 2011b), Huequi (Watt
etal, 2011a), Hornopirén (Watt et al., 2011b), Mentolat (Lépez-Escobar et al., 1993; Naranjo and Stern, 2004; Stern
etal.,2015; Welleretal.,,2017,2015) Yanteles and Corcovado (Lopez-Escobar etal., 1993; Naranjo and Stern, 2004).
Major elements correspond to normalized volatile-free compositions.
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Figure S8. Comparison of the geochemical composition of the different types of analyzed products for volcanoes in Group 1 (a-h) and 2 (g-1). For all plots: analyses of lavas correspond
to black markers, bulk tephra correspond to colored markers with black edges and glass shard analyses correspond to colored markers with colored edges. Hudson (Bitschene et al.,
1993; Carel etal., 2011; Del Carlo et al., 2018; Haberle and Lumley, 1998; Kilian et al., 2003; Kratzmann et al., 2008; Lépez-Escobar et al., 1993; Naranjo et al., 1993; Naranjo and Stern,
1998; Smith et al,, 2019; Stern, 2008; Weller et al., 2014, 2019, 2015), Michinmahuida (Alloway et al., 2017a; Amigo et al., 2013; Casati et al.,, 2019; Lopez-Escobar et al., 1993; Naranjo
and Stern, 2004), Quetrupilldn (Brahm et al., 2018; Fontijn et al., 2016; Hickey-Vargas et al., 1989; Rawson et al., 2016; Simmons et al., 2020), Yate (L6pez-Escobar et al,, 1993; Mella,
2008; Watt et al.,, 2011b), Puyehue-Cordén Caulle (Alloway et al., 2015; Bertrand et al., 2008; Fontijn et al., 2016; Gerlach et al.,, 1988; Lara et al., 2006; Naranjo et al., 2017; Rawson et
al,, 2016; Singer et al., 2008), Antillanca-Casablanca (Fontijn et al., 2016; Geoffroy et al., 2018; Jacques et al., 2014; Naranjo et al.,, 2017; Rawson et al., 2016; Villarosa et al., 2006).
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Figure S9. Comparison of the geochemical composition of the different types of analyzed products for volcanoes in Group 3. For all plots: analyses of lavas correspond to black markers,
bulk tephra correspond to colored markers with black edges and glass shard analyses correspond to colored markers with colored edges. Llaima (Bouvet de Maisonneuve etal., 2012;
Naranjo and Moreno, 1991, 2005; Rawson et al.,, 2016; Reubi et al., 2011; Schindlbeck et al., 2014; Lohmar, 2008), Osorno (Bertrand et al., 2008; Jacques et al., 2014; Lopez-Escobar
etal, 1993, 1992; Moreno et al.,, 2010; Tagiri et al., 1993), Calbuco (Lépez-Escobar et al., 1995, 1992; Morgado et al.,, 2019; Watt et al., 2011b; Sellés and Moreno, 2011), Huequi (Watt
et al, 2011a), Hornopirén (Watt et al.,, 2011b), Mentolat (Lépez-Escobar et al., 1993; Naranjo and Stern, 2004; Stern et al., 2015; Weller et al., 2017, 2015) Yanteles and Corcovado
(Lépez-Escobar et al., 1993; Naranjo and Stern, 2004). Major elements correspond to normalized volatile-free compositions.
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Figure S10. Major element comparison of effusive and explosive data from volcanic center between Llaima and

Hudson here consider as potential sources of the cryptotephra and tephra in marine sediment cores MD07-3100

and MDO07-3098. Major elements correspond to normalized volatile-free compositions. Detailed legend and
references in Figure S16.
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Figure S11. Comparison of trace element from products associated with Group 1. All cryptotephra belonging to
Group 1 with available trace elements are plotted in a, b and c and indicated in the legend to the right. Trace element
data from Michinmahuida (Alloway et al., 2017a; Amigo et al., 2013; Casati et al., 2019; Lopez-Escobar et al., 1993;
Naranjo and Stern, 2004), Hudson (Bitschene et al,, 1993; Del Carlo et al,, 2018; Kratzmann et al., 2008; Lépez-
Escobar et al., 1993; Naranjo and Stern, 1998; Stern, 2008; Weller et al,, 2014, 2015), Quetrupillan (Brahm et al,,
2018; Hickey-Vargas et al., 1989; Rawson et al., 2016; Simmons et al., 2020) and Yate (Lopez-Escobar et al., 1993;
Mella, 2008; Watt et al., 2011b).
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Figure S12. Comparison of individual glass shard geochemistry from crytotephra T3/100 with available
information on land of each volcanic center in Group 1. a and b: Michinmahuida (Alloway et al., 2017a; Amigo et al,,
2013; Casati et al,, 2019; Lopez-Escobar et al., 1993; Naranjo and Stern, 2004),c and d: Hudson (Bitschene et al.,
1993; Lopez-Escobar et al., 1993; Naranjo et al., 1993; Naranjo and Stern, 1998; Haberle and Lumley, 1998; Kilian
et al,, 2003; Kratzmann et al., 2008; Stern, 2008; Carel et al., 2011; Weller et al., 2014, 2015, 2019; Del Carlo et al.,,
2018; Smith et al., 2019), e and f: Quetrupillan (Brahm et al., 2018; Hickey-Vargas et al., 1989; Fontijn et al., 2016;
Rawson etal., 2016; Simmons etal., 2020), g and h: Yate (Lopez-Escobar et al., 1993; Mella, 2008; Watt etal., 2011b).
Major elements correspond to normalized volatile-free compositions.
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Figure S13. Comparison of individual glass shard geochemistry from crytotephra T17/100 with available
information on land of each volcanic center in Group 1. a and b: Michinmahuida (Lépez-Escobar et al., 1993; Naranjo
and Stern, 2004; Amigo etal., 2013; Alloway etal., 2017a, b), cand d: Hudson (Bitschene et al., 1993; Lépez-Escobar
etal, 1993; Naranjo et al.,, 1993; Naranjo and Stern, 1998; Haberle and Lumley, 1998; Kilian et al., 2003; Kratzmann
etal, 2008; Stern, 2008; Carel et al,, 2011; Weller et al,, 2014, 2015, 2019; Del Carlo et al., 2018; Smith et al,, 2019),
e and f: Quetrupillan (Brahm et al,, 2018; Hickey-Vargas et al,, 1989; Fontijn et al., 2016; Rawson et al,, 2016;
Simmons et al., 2020), g and h: Yate (Lépez-Escobar et al,, 1993; Mella, 2008; Watt et al., 2011b). Major elements
correspond to normalized volatile-free compositions.
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Figure S14. Comparison of individual glass shard geochemistry from crytotephra T9/100 with available
information on land of each volcanic center in Group 2. Trace element data from Puyehue-Cordén Caulle (Alloway
et al,, 2015; Gerlach et al,, 1988; Lara et al., 2006; Naranjo et al., 2017; Rawson et al., 2016; Singer et al.,, 2008),
Antillanca-Casablanca (Geoffroy et al., 2018; Jacques et al., 2014; Naranjo et al., 2017; Rawson et al., 2016; Villarosa
etal, 2006) and Yate (Lopez-Escobar et al., 1993; Mella, 2008; Watt et al., 2011b).
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Figure S15. Comparison of major element glass shards composition from cryptotephras T11/100 and T7/98 which
have a similar stratigraphic position an estimated calendar age, as indicated in the text. Also shown are composition
from products associated with volcanic centers in Group 2: Puyehue-Cordén Caulle (Alloway et al., 2015; Bertrand
etal.,, 2008; Fontijn etal., 2016; Gerlach etal.,, 1988; Lara et al., 2006; Naranjo etal., 2017; Rawson et al., 2016; Singer
et al,, 2008), Antillanca-Casablanca (Fontijn et al,, 2016; Geoffroy et al., 2018; Jacques et al., 2014; Naranjo et al,,
2017; Rawson et al,, 2016; Villarosa et al., 2006) and Yate (Lopez-Escobar et al., 1993; Mella, 2008; Watt et al,,
2011b). Major elements correspond to normalized volatile-free compositions.
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Figure S16. Detailed legend for Figure 1 and S10. “Unknown” correspond to products associated with a volcanic
center but which are not yet associated with any particular eruption. The complete legend from which the latter

was compiled is detailed below.

Llaima (Bouvet de Maisonneuve et al., 2012; Fontijn et al,, 2016; Jacques et al., 2014; Lohmar, 2008; Naranjo and Moreno, 1991,

2005; Rawson et al,, 2016; Reubi et al,, 2011; Schindlbeck et al,, 2014)

Sollipulli (Fontijn et al., 2014; Naranjo et al., 1993b)

Caburga-Huelemolle (Fontijn et al,, 2016; Hickey-Vargas et al., 1989; Jacques et al,, 2014; Morgado et al,, 2015; Rawson et al,

2016)

Villarrica (Costantini etal,, 2011; Fontijn etal.,, 2016; Hickey-Vargas et al.,, 1989; Jacques etal., 2014; Lohmar et al., 2012; Rawson

etal, 2016)
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Naranjo et al,, 2017; Rawson et al., 2016; Singer et al.,, 2008)

Antillanca-Casablanca (Fontijn et al,, 2016; Geoffroy et al., 2018; Jacques et al.,, 2014; Lara et al., 2006; Naranjo et al.,, 2017;
Rawson et al., 2016; Singer et al,, 2008; Villarosa et al., 2006)

Osorno (Bertrand et al., 2008; Fontijn et al., 2016; Jacques et al., 2014; Lépez-Escobar et al., 1992; Moreno, 2010; Tagiri et al,,
1993)

Calbuco (Fontijn et al., 2016; Lépez-Escobar et al,, 1995, 1992; Morgado et al., 2019; Rawson et al., 2016; Sellés and Moreno,
2011; Wattetal,, 2011b)

Yate, Apagado, Hornopirén (Lépez-Escobar et al., 1993; Mella, 2008; Watt et al., 2011b)
Huequi (Lopez-Escobar et al,, 1993; Watt et al,, 2011a)
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Stern, 2004)
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al, 2015; Naranjo and Stern, 2004; Watt etal., 2013, 2011b)
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Mentolat (Lopez-Escobar et al.,, 1993; Naranjo and Stern, 2004; Stern et al., 2015; Weller et al,, 2019, 2017, 2015)

Maca (D’Orazio et al., 2003; Lopez-Escobar et al., 1993; Naranjo and Stern, 2004; Weller et al., 2015)

Cay (D’Orazio et al,, 2003; Lopez-Escobar et al., 1993; Naranjo and Stern, 1998)

Hudson (Carel et al., 2011; Del Carlo et al., 2018; Haberle and Lumley, 1998; Haddam et al., 2018; Kilian et al.,, 2003; Kratzmann
etal, 2008; Lopez-Escobar et al,, 1993; Naranjo et al., 1993a; Naranjo and Stern, 1998; Smith et al., 2019; Stern, 2008; Weller et
al, 2014, 2019, 2015)

146



Chapter 4 — Supplementary material

4.2.1 References

Alloway, B. V., Moreno, P.I, Pearce, N.J.G.,, De Pol-Holz, R, Henriquez, W.I.,, Pesce, O.H., Sagredo, E.,
Villarosa, G., Outes, V., 2017a. Stratigraphy, age and correlation of Lepué Tephra: a widespread c. 11
000 cal a BP marker horizon sourced from the Chaitén Sector of southern Chile. J. Quat. Sci. 32, 795-
829. https://doi.org/10.1002/jqs.2976

Alloway, B. V., Pearce, N.J.G., Moreno, P.L, Villarosa, G., Jara, L., De Pol-Holz, R., Outes, V., 2017b. An 18,000
year-long eruptive record from Volcan Chaitén, northwestern Patagonia: Paleoenvironmental and
hazard-assessment implications. Quat. Sci. Rev. 168, 151-181.

https://doi.org/10.1016/j.quascirev.2017.05.011

Alloway, B. V., Pearce, N.J.G,, Villarosa, G., Outes, V., Moreno, P.I,, 2015. Multiple melt bodies fed the AD
2011 eruption of Puyehue-Cordén Caulle, Chile. Sci. Rep. 5. https://doi.org/10.1038/srep17589

Amigo, A, Lara, L.E., Smith, V.C., 2013. Holocene record of large explosive eruptions from Chaitén and
Michinmahuida Volcanoes, Chile. Andean Geol. 40, 227-248.
https://doi.org/10.5027 /andgeov40n2-a03

Bertrand, S., Castiauy, J., Juvigné, E., 2008. Tephrostratigraphy of the late glacial and Holocene sediments
of Puyehue Lake (Southern Volcanic Zone, Chile, 40°S). Quat. Res. 70, 343-357.
https://doi.org/10.1016/j.yqres.2008.06.001

Bertrand, S., Daga, R., Bedert, R., Fontijn, K., 2014. Deposition of the 2011-2012 Cordé6n Caulle tephra
(Chile, 40°S) in lake sediments: Implications for tephrochronology and volcanology. ]. Geophys. Res.
Earth Surf. 119, 2555-2573. https://doi.org/10.1002/2014]F003321

Bouvet de Maisonneuve, C., Dungan, M.A., Bachmann, O., Burgisser, A., 2012. Insights into shallow magma
storage and crystallization at Volcan Llaima (Andean Southern Volcanic Zone, Chile). J. Volcanol.

Geotherm. Res. 211-212, 76-91. https://doi.org/10.1016/j.ijvolgeores.2011.09.010

Brahm, R, Parada, M.A,, Morgado, E., Contreras, C., McGee, L.E., 2018. Origin of Holocene trachyte lavas of
the Quetrupillan volcanic complex, Chile: Examples of residual melts in a rejuvenated crystalline
mush reservoir. J. Volcanol. Geotherm. Res. 357, 163-176.

https://doi.org/10.1016/j.jvolgeores.2018.04.020

Bucchi, F., Lara, L.E., Gutiérrez, F., 2015. The Carran-Los Venados volcanic field and its relationship with
coeval and nearby polygenetic volcanism in an intra-arc setting. ]. Volcanol. Geotherm. Res. 308, 70-

81. https://doi.org/10.1016/j.jvolgeores.2015.10.013

Carel, M,, Siani, G., Delpech, G., 2011. Tephrostratigraphy of a deep-sea sediment sequence off the south

Chilean margin: New insight into the Hudson volcanic activity since the last glacial period. ].

147


https://doi.org/10.1002/jqs.2976
https://doi.org/10.1016/j.quascirev.2017.05.011
https://doi.org/10.1038/srep17589
https://doi.org/10.5027/andgeov40n2-a03
https://doi.org/10.1016/j.yqres.2008.06.001
https://doi.org/10.1002/2014JF003321
https://doi.org/10.1016/j.jvolgeores.2011.09.010
https://doi.org/10.1016/j.jvolgeores.2018.04.020
https://doi.org/10.1016/j.jvolgeores.2015.10.013

Chapter 4 — Supplementary material

Volcanol. Geotherm. Res. 208, 99-111. https://doi.org/10.1016/i.jvolgeores.2011.09.011

Casati, E., D’Amico, M., Sefrna, L., Trombino, L., Tunesi, A., Previtali, F., 2019. Geo-pedological contribution
to the reconstruction of Holocene activity of Chaitén volcano (Patagonia, Chile). J. South Am. Earth

Sci. 94. https://doi.org/10.1016/j.jsames.2019.102222

Costantini, L., Pioli, L., Bonadonna, C., Clavero, ., Longchamp, C., 2011. A Late Holocene explosive mafic
eruption of Villarrica volcano, Southern Andes: The Chaimilla deposit. ]. Volcanol. Geotherm. Res.

200, 143-158. https://doi.org/10.1016/j.jvolgeores.2010.12.010

Del Carlo, P., Di Roberto, A., D’Orazio, M., Petrelli, M., Angioletti, A., Zanchetta, G., Maggi, V., Daga, R,
Nazzari, M., Rocchi, S., 2018. Late Glacial-Holocene tephra from southern Patagonia and Tierra del
Fuego (Argentina, Chile): A complete textural and geochemical fingerprinting for distal correlations
in the Southern Hemisphere. Quat. Sci. Rev. 195, 153-170.
https://doi.org/10.1016/j.quascirev.2018.07.028

D’Orazio, M., Innocenti, F., Manetti, P., Tamponi, M., Tonarini, S., Gonzalez-Ferran, O., Lahsen, A., Omarini,
R.,, 2003. The Quaternary calc-alkaline volcanism of the Patagonian Andes close to the Chile triple
junction: geochemistry and petrogenesis of volcanic rocks from the Cay and Maca volcanoes (~45°S,

Chile). J. South Am. Earth Sci. 16, 219-242. https://doi.org/10.1016/50895-9811(03)00063-4

Fontijn, K., Rawson, H., Van Daele, M., Moernaut, ]., Abarzua, A.M., Heirman, K., Bertrand, S., Pyle, D.M,,
Mather, T.A., De Batist, M., Naranjo, J.A., Moreno, H., 2016. Synchronisation of sedimentary records
using tephra: A postglacial tephrochronological model for the Chilean Lake District. Quat. Sci. Rev.
137, 234-254. https://doi.org/10.1016/j.quascirev.2016.02.015

Geoffroy, C.A., Alloway, B.V., Amigo, A., Parada, M.A.,, Gutierrez, F., Castruccio, A., Pearce, N.J.G., Morgado,
E., Moreno, P.I.,, 2018. A widespread compositionally bimodal tephra sourced from Volcan Melimoyu
(44°S, Northern Patagonian Andes): Insights into magmatic reservoir processes and opportunities
for regional correlation. Quat. Sci. Rev. 200, 141-159.
https://doi.org/10.1016/j.quascirev.2018.09.034

Gerlach, D.C, Frey, F.A.,, Moreno-Roa, H., Lopez-Escobar, L., 1988. Recent Volcanism in the Puyehue-
Cordon Caulle Region, Southern Andes, Chile (40.5°S): Petrogenesis of Evolved Lavas. ]. Petrol. 29,
333-382. https://doi.org/10.1093 /petrology/29.2.333

Haberle, S.G., Lumley, S.H., 1998. Age and origin of tephras recorded in postglacial lake sediments to the
west of the southern Andes, 44°S to 47°S. ]. Volcanol. Geotherm. Res. 84, 239-256.
https://doi.org/10.1016/S0377-0273(98)00037-7

Haddam, N.A, Siani, G., Michel, E., Kaiser, J., Lamy, F., Duchamp-Alphonse, S., Hefter, ]., Braconnot, P.,

148


https://doi.org/10.1016/j.jvolgeores.2011.09.011
https://doi.org/10.1016/j.jsames.2019.102222
https://doi.org/10.1016/j.jvolgeores.2010.12.010
https://doi.org/10.1016/j.quascirev.2018.07.028
https://doi.org/10.1016/S0895-9811(03)00063-4
https://doi.org/10.1016/j.quascirev.2016.02.015
https://doi.org/10.1016/j.quascirev.2018.09.034
https://doi.org/10.1093/petrology/29.2.333
https://doi.org/10.1016/S0377-0273(98)00037-7

Chapter 4 — Supplementary material

Dewilde, F., Isgiider, G., Tisnerat-Laborde, N., Thil, F., Durand, N., Kissel, C., 2018. Changes in
latitudinal sea surface temperature gradients along the Southern Chilean margin since the last

glacial. Quat. Sci. Rev. 194, 62-76. https://doi.org/10.1016/j.quascirev.2018.06.023

Hickey-Vargas, R.L.,, Frey, F.A. Gerlach, D.C, 1986. Multiple sources for basaltic arc rocks from the
Southern Volcanic Zone of the Andes (34°-41°S): trace element and isotopic evidence for
contributions from subducted oceanic crust, mantle, and continental crust. J. Geophys. Res. 91,

5963-5983. https://doi.org/10.1029/]B091iB06p05963

Hickey-Vargas, R.L., Moreno Roa, H., Ldpez-Escobar, L., Frey, F.A., 1989. Geochemical variations in Andean
basaltic and silicic lavas from the Villarrica-Lanin volcanic chain (39.5° S): an evaluation of source
heterogeneity, fractional crystallization and crustal assimilation. Contrib. to Mineral. Petrol. 103,

361-386. https://doi.org/10.1007/BF00402922

Hogg, A.G., Heaton, T.J., Hua, Q., Palmer, ].G., Turney, C.S.M., Southon, |, Bayliss, A., Blackwell, P.G., Boswijk,
G., Bronk Ramsey, C., Pearson, C., Petchey, F., Reimer, P., Reimer, R., Wacker, L., 2020. SHCal20
Southern Hemisphere Calibration, 0-55,000 Years cal BP. Radiocarbon 62, 759-778.
https://doi.org/10.1017/RDC.2020.59

Jacques, G., Hoernle, K., Gill, ], Wehrmann, H., Bindeman, I, Lara, L.E., 2014. Geochemical variations in the
Central Southern Volcanic Zone, Chile (38-43°S): The role of fluids in generating arc magmas. Chem.

Geol. 371, 27-45. https://doi.org/10.1016/j.chemgeo.2014.01.015

Kilian, R., Hohner, M., Biester, H., Wallrabe-Adams, H.]., Stern, C.R. 2003. Holocene peat and lake sediment
tephra record from the southernmost Chilean Andes (53-55°S). Rev. Geol. Chile 30, 47-64.
https://dx.doi.org/10.4067/S0716-02082003000100002

Kratzmann, D.J,, Carey, S., Scasso, R., Naranjo, J.A., 2008. Compositional variations and magma mixing in
the 1991 eruptions of Hudson volcano, Chile. Bull. Volcanol. 71, 419-439.
https://doi.org/10.1007 /s00445-008-0234-x

Lara, L.E., Moreno, H., Naranjo, J.A., Matthews, S., Pérez de Arce, C., 2006. Magmatic evolution of the
Puyehue-Cordon Caulle Volcanic Complex (40° S), Southern Andean Volcanic Zone: From shield to
unusual rhyolitic fissure volcanism. ]. Volcanol. Geotherm. Res. 157, 343-366.

https://doi.org/10.1016/j.jvolgeores.2006.04.010

Lara, L.E.,, Naranjo, J.A,, Moreno, H. 2004. Lanin volcano (39.5°S), Southern Andes: geology and
morphostructural evolution. Rev. Geol. Chile 31, 241-257. https://doi.org/10.4067/S0716-
02082004000200004

Lohmar, 2008. Pétrologie des grands dépots d’ignimbrites des volcans Villarrica (Lican et Pucén) et

149


https://doi.org/10.1016/j.quascirev.2018.06.023
https://doi.org/10.1029/JB091iB06p05963
https://doi.org/10.1007/BF00402922
https://doi.org/10.1017/RDC.2020.59
https://doi.org/10.1016/j.chemgeo.2014.01.015
https://dx.doi.org/10.4067/S0716-02082003000100002
https://doi.org/10.1007/s00445-008-0234-x
https://doi.org/10.1016/j.jvolgeores.2006.04.010
https://doi.org/10.4067/S0716-02082004000200004
https://doi.org/10.4067/S0716-02082004000200004

Chapter 4 — Supplementary material

Llaima (Ignimbrite Curacautin), dans les Andes du Sud (Chili). PhD Thesis, Université Blause Pascal

- Clermont Ferrand II, France.

Lohmar, S., Parada, M., Gutiérrez, F., Robin, C., Gerbe, M.C., 2012. Mineralogical and numerical approaches
to establish the pre-eruptive conditions of the mafic Lican Ignimbrite, Villarrica Volcano (Chilean
Southern Andes). J. Volcanol. Geotherm. Res. 235-236, 55-69.
https://doi.org/10.1016/j.jvolgeores.2012.05.006

Lépez-Escobar, L., Kilian, R., Kempton, P.D., Tagiri, M., 1993. Petrography and geochemistry of Quaternary
rocks from the Southern Volcanic Zone of the Andes between 41°30’ and 46°00'S, Chile. Rev. Geol.
Chile 20, 33-55. https://doi.org/10.5027 /andgeoV20n1-a04

Lépez-Escobar, L., Parada, M.A,, Hickey-Vargas, R.L., Frey, F.A., Kempton, P.D., Moreno, H., 1995. Calbuco
Volcano and minor eruptive centers distributed along the Liquifie-Ofqui Fault Zone, Chile (41°-42°
S): contrasting origin of andesitic and basaltic magma in the Southern Volcanic Zone of the Andes.

Contrib. to Mineral. Petrol. 119, 345-361. https://doi.org/10.1007/BF00286934

Lépez-Escobar, L., Parada, M.A.,, Moreno, H., Frey, F.A., Hickey-Vargas, R.L., 1992. A contribution to the
petrogenesis of Osorno and Calbuco volcanoes, Southern Andes (41°00°’-41°30°’S): a comparative

study. Rev. Geol. Chile 19, 211-226.

Lougheed, B.C., Obrochta, S.P., 2019. A Rapid, Deterministic Age-Depth Modeling Routine for Geological
Sequences With Inherent Depth Uncertainty. Paleoceanogr. Paleoclimatology 34, 122-133.
https://doi.org/10.1029/2018PA003457

Martinez Fontaine, C., Siani, G., Delpech, G., Michel, E., Villarosa, G., Manssouri, F., Nouet, ]. Post-glacial
tephrochronology record off the Chilean continental margin (~41° S). Quaternary Science Reviews.

Quaternary Science Reviews 261, 106928. https://doi.org/10.1016/j.quascirev.2021.106928

Mella, M, 2008. Petrogéneses do complexo vulcanico Yate (42, 309S), Andes do Sul, Chile. Tese de
Doutorado, Instituto de Geociéncias, Universidade de Sao Paulo, Sao Paulo. https://doi.org/

10.11606/T.44.2009.tde-04032009-091537

Moreno, P.I,, Alloway, B. V., Villarosa, G., Outes, V., Henriquez, W.1., Pol-Holz, R. De, Pearce, N.J.G., 2014. A
past-millennium maximum in postglacial activity from Volcan Chaitén, southern Chile. Geology 43,

47-50. https://doi.org/10.1130/G36248.1

Moreno, H., Lara, L., Orozco, G., 2010. Geologia del Volcan Osorno, Region de Los Lagos. Servicio Nacional

de Geologia y Mineria, Carta Geoldgica de Chile, Serie Geolégica Basica, 126, 1-31, Santiago.

Moreno, H., Naranjo, ]., 2002. Mapa de Peligros del Volcan Llaima, Region de La Araucania. Servicio

Nacional de Geologia y Mineria, Carta Geoldgica de Chile, Serie Geologia Ambiental 7. Santiago.

150


https://doi.org/10.1016/j.jvolgeores.2012.05.006
https://doi.org/10.5027/andgeoV20n1-a04
https://doi.org/10.1007/BF00286934
https://doi.org/10.1029/2018PA003457
https://doi.org/10.1016/j.quascirev.2021.106928
.%20https:/doi.org/%2010.11606/T.44.2009.tde-04032009-091537
.%20https:/doi.org/%2010.11606/T.44.2009.tde-04032009-091537
https://doi.org/10.1130/G36248.1

Chapter 4 — Supplementary material

https://doi.org/10.13140/RG.2.1.1844.3124

Morgado, E., Morgan, D.]., Harvey, ]., Parada, M.A, Castruccio, A., Brahm, R, Gutiérrez, F., Georgiev, B,
Hammond, S.J., 2019. Localised heating and intensive magmatic conditions prior to the 22-23 April
2015 Calbuco volcano eruption (Southern Chile). Bull. Volcanol. 81.
https://doi.org/10.1007 /s00445-019-1280-2

Morgado, E., Parada, M.A., Contreras, C., Castruccio, A., Gutiérrez, F., McGee, L.E., 2015. Contrasting
records from mantle to surface of Holocene lavas of two nearby arc volcanic complexes: Caburgua-
Huelemolle Small Eruptive Centers and Villarrica Volcano, Southern Chile. ]. Volcanol. Geotherm.

Res. 306, 1-16. https://doi.org/10.1016/j.jvolgeores.2015.09.023

Naranjo, J.A., Moreno, H., 1991. Actividad explosiva postglacial en el volcan Llaima, Andes del Sur (38°

45’S). Rev. geol. Chile 18, 69-80. https://doi.org/10.5027 /andgeoV18n1-a06

Naranjo, J.A., Moreno, H., Banks, N.G., 1993a. La erupcién del volcan Hudson en 1991 (46°S), Region XI,
Aisén, Chile. Serv. Natl. Geolégico Mineria Bol. 44, 1-50.

Naranjo, J.A.,, Moreno, H., Emparan, C., Murphy, M., 1993b. Volcanismo explosivo reciente Sollipulli la

caldera del volcan Sollipulli, Andes del Sur (39°S). Rev. Geol. Chile 20, 167-191.

Naranjo, J.A., Moreno, H., 2005. Geologia del Volcan Llaima, Regidn de la Araucania. Servicio Nacional de
Geologia y Mineria, Carta Geoldgia de Chile, Serie Geologia Basica, 88, 1-33, Escala 1:50.000,

Santiago.

Naranjo, J.A., Singer, B.S,, Jicha, B.R.,, Moreno, H., Lara, L.E., 2017. Holocene tephra succession of Puyehue-
Cordén Caulle and Antillanca/Casablanca volcanic complexes, southern Andes (40-41°S). ].

Volcanol. Geotherm. Res. 332, 109-128. https://doi.org/10.1016/j.ivolgeores.2016.11.017

Naranjo, J.A., Stern, C.R., 2004. Holocene tephrochronology of the southernmost part (42°30°-45°S) of the
Andean Southern Volcanic Zone. Rev. Geol. Chile 31, 225-240. https://doi.org/10.4067/S0716-
02082004000200003

Naranjo, J.A., Stern, C.R., 1998. Holocene explosive activity of Hudson Volcano, southern Andes. Bull.

Volcanol. 59, 291-306. https://doi.org/10.1007/s004450050193

Peccerillo, A., Taylor, S.R, 1976. Geochemistry of Eocene Calc-Alkaline Volcanic Rocks from the
Kastamonu Area, Northern Turkey. Contrib. to Mineral. Petrol. 58, 63-81.
https://doi.org/10.1007 /BF00384745

Rawson, H., Keller, T., Fontijn, K., Pyle, D.M., Mather, T.A., Smith, V.C., Naranjo, ].A., 2016. Compositional

variability in mafic arc magmas over short spatial and temporal scales: Evidence for the signature

151


https://doi.org/10.13140/RG.2.1.1844.3124
https://doi.org/10.1007/s00445-019-1280-2
https://doi.org/10.1016/j.jvolgeores.2015.09.023
https://doi.org/10.5027/andgeoV18n1-a06
https://doi.org/10.1016/j.jvolgeores.2016.11.017
https://doi.org/10.4067/S0716-02082004000200003
https://doi.org/10.4067/S0716-02082004000200003
https://doi.org/10.1007/s004450050193
https://doi.org/10.1007/BF00384745

Chapter 4 — Supplementary material

of mantle reactive melt channels. Earth Planet. Sci. Lett. 456, 66-77.
https://doi.org/10.1016/j.epsl.2016.09.056

Rawson, H., Naranjo, ].A., Smith, V.C., Fontijn, K., Pyle, D.M., Mather, T.A., Moreno, H., 2015. The frequency
and magnitude of post-glacial explosive eruptions at Volcan Mocho-Choshuenco, southern Chile. J.

Volcanol. Geotherm. Res. 299, 103-129. https://doi.org/10.1016/j.jvolgeores.2015.04.003

Reubi, 0., Bourdon, B., Dungan, M.A., Koornneef, ].M., Sellés, D., Langmuir, C.H., Aciego, S., 2011.
Assimilation of the plutonic roots of the Andean arc controls variations in U-series disequilibria at

Volcan Llaima, Chile. Earth Planet. Sci. Lett. 303, 37-47. https://doi.org/10.1016/j.epsl.2010.12.018

Schindlbeck, ].C., Freundt, A., Kutterolf, S., 2014. Major changes in the post-glacial evolution of magmatic
compositions and pre-eruptive conditions of Llaima Volcano, Andean Southern Volcanic Zone, Chile.

Bull. Volcanol. 76, 1-22. https://doi.org/10.1007 /s00445-014-0830-x

Sellés, D., Moreno, H., 2011. Geologia del Volcan Calbuco. Servicio Nacional de Geologia y Mineria, Carta

Geoldgica de Chile, Serie Geoldgica Basica, 130, Escala 1:50.000, Santiago.

Siani, G., Michel, E.,, De Pol-Holz, R, DeVries, T., Lamy, F., Carel, M., Isguder, G., Dewilde, F., Lourantou, A,
2013. Carbon isotope records reveal precise timing of enhanced Southern Ocean upwelling during

the last deglaciation. Nat. Commun. 4. https://doi.org/10.1038/ncomms3758

Simmons, [.C., McGarvie, D., Cortés, ].A.,, Calder, E.S., Pavez, A. 2020. Holocene volcanism at the
Quetrupillan Volcanic Complex (39°30’ S, 71°43’ W), southern Chile. Volcania, 3(1), pp. 115-137.
https://doi.org/10.30909/v0l.03.01.115137

Singer, B.S. Jicha, B.R, Harper, M.A, Naranjo, ]J.A., Lara, L.E, Moreno, H. 2008. Eruptive history,
geochronology, and magmatic evolution of the Puyehue-Cordén Caulle volcanic complex, Chile. Bull.

Geol. Soc. Am. 120, 599-618. https://doi.org/10.1130/B26276.1

Smith, R.E,, Smith, V.C,, Fontijn, K., Gebhardt, A.C., Wastegard, S., Zolitschka, B., Ohlendorf, C., Stern, C.,
Mayr, C., 2019. Refining the Late Quaternary tephrochronology for southern South America using
the Laguna Potrok Aike sedimentary record. Quat. Sci. Rev. 218, 137-156.
https://doi.org/10.1016/j.quascirev.2019.06.001

Stern, C.R., 2008. Holocene tephrochronology record of large explosive eruptions in the southernmost

Patagonian Andes. Bull. Volcanol. 70, 435-454. https://doi.org/10.1007/s00445-007-0148-7

Stern, C.R,, De Porras, M.E., Maldonado, A., 2015. Tephrochronology of the upper Rio Cisnes valley (44°S),
southern Chile. Andean Geol. 42, 173-189. https://doi.org/10.5027 /andgeoV42n2-a02

Tagiri, M., Moreno, H., Lopez-Escobar, L., Notsu, K. 1993. Two magma types of the high-alumina basalt

152


https://doi.org/10.1016/j.epsl.2016.09.056
https://doi.org/10.1016/j.jvolgeores.2015.04.003
https://doi.org/10.1016/j.epsl.2010.12.018
https://doi.org/10.1007/s00445-014-0830-x
https://doi.org/10.1038/ncomms3758
https://doi.org/10.30909/vol.03.01.115137
https://doi.org/10.1130/B26276.1
https://doi.org/10.1016/j.quascirev.2019.06.001
https://doi.org/10.1007/s00445-007-0148-z
https://doi.org/10.5027/andgeoV42n2-a02

Chapter 4 — Supplementary material

series of Osorno, Souther Andes (41°06’S)-plagioclase dilution effect. ]. Min. Petr. Econ. Geol. 88,
359-371. https://doi.org/10.2465/ganko.88.359

Villarosa, G., Outes, V., Hajduk, A., Crivelli Montero, E., Sellés, D., Fernandez, M., Crivellj, E., 2006. Explosive
volcanism during the Holocene in the Upper Limay River Basin: The effects of ashfalls on human
societies, Northern Patagonia, Argentina. Quat. Int. 158, 44-57.
https://doi.org/10.1016/j.quaint.2006.05.016

Watt, S.F.L., Pyle, D.M., Mather, T.A., 2013. Evidence of mid- to late-Holocene explosive rhyolitic eruptions
from Chaitén Volcano, Chile. Andean Geol. 40, 216-226. https://doi.org/10.5027 /andgeoV40n2-
a02

Watt, S.F.L., Pyle, D.M., Mather, T.A., 2011a. Geology, petrology and geochemistry of the dome complex of
Huequi volcano, southern Chile. Andean Geol. 38, 335-348. https://doi.org/10.5027 /andgeov38n2-
a05

Watt, S.F.L, Pyle, D.M,, Naranjo, J.A,, Rosqvist, G., Mella, M., Mather, T.A., Moreno, H., 2011b. Holocene
tephrochronology of the Hualaihue region (Andean southern volcanic zone, ~42° S), southern Chile.

Quat. Int. 246, 324-343. https://doi.org/10.1016/j.quaint.2011.05.029

Weller, D., Miranda, C.G., Moreno, P.I,, Villa-Martinez, R., Stern, C.R,, 2014. The large late-glacial Ho
eruption of the Hudson volcano, southern Chile. Bull. Volcanol. 76, 1-18.

https://doi.org/10.1007 /s00445-014-0831-9

Weller, D.J., de Porras, M.E., Maldonado, A., Méndez, C., Stern, C.R., 2019. Petrology, geochemistry, and
correlation of tephra deposits from a large early-Holocene eruption of Mentolat volcano, southern

Chile. J. South Am. Earth Sci. 90, 282-295. https://doi.org/10.1016/j.jsames.2018.12.020

Weller, D.J., De Porras, M.E., Maldonado, A., Méndez, C., Stern, C.R.,, 2017. Holocene tephrochronology of
the lower Rio Cisnes valley, souhern Chilee Andean Geol. 44, 229-248.
https://doi.org/10.5027 /andgeov44n3-a0l

Weller, D.J.,, Miranda, C.G., Moreno, P.I, Villa-Martinez, R., Stern, C.R., 2015. Tephrochronology of the
southernmost Andean Southern Volcanic Zone, Chile. Bull. Volcanol. 77, 1-24.

https://doi.org/10.1007/s00445-015-0991-

153


https://doi.org/10.2465/ganko.88.359
https://doi.org/10.1016/j.quaint.2006.05.016
https://doi.org/10.5027/andgeoV40n2-a02
https://doi.org/10.5027/andgeoV40n2-a02
https://doi.org/10.5027/andgeov38n2-a05
https://doi.org/10.5027/andgeov38n2-a05
https://doi.org/10.1016/j.quaint.2011.05.029
https://doi.org/10.1007/s00445-014-0831-9
https://doi.org/10.1016/j.jsames.2018.12.020
https://doi.org/10.5027/andgeov44n3-a01

154



Chapter 5: Oceanic circulation of the Southeast Pacific during the

last 20,000 years

Finally, in chapter 5, the main aim of this work is tackled and the previous work is integrated. First, the
tephrochronology work developed in cores MD07-3098, MD07-3100 and MD07-3081 is used to estimate
Rs variations at 41° and 49° S during the last 20,000 years. Because not every depth where planktic
foraminifera radiocarbon ages have been analyzed has a corresponding Rs estimate, assumptions
regarding how Rs might have varied in the past have to be made in order to calibrate them. In this chapter
[ describe the strategy used to this aim. In particular, I compared the stable isotope stratigraphies of cores
MDO07-3098, MD07-3100, and MD07-3081 in a 14C age, rather than calendar age, from which changes in
surface waters and their Rs at different latitudes in the Chilean continental margin are inferred. To
complement the newly produced information, [ compared it to previously published Rs and stable isotope
stratigraphy in core MD07-3088, retrieved off the Chilean continental margin at ~46°S (Siani etal., 2013).
From this, important latitudinal variations in surface water distribution and Rs in the SEP during the last
20,000 years are inferred. This procedure is an improvement from the strategy followed in chapter 2 to
estimate Rs variations at ~31° S and ~36° S, as it incorporates new Rs estimates, and a more complete
stable isotope stratigraphy is available for the cores. However, it still holds a lot of uncertainty: associated
with the Rs estimates, which could change in time as new chronological and stratigraphic constrains for
on land tephra becomes available; or as more cryptotephra are identified, allowing to better understand
the mechanisms controlling Rs variations in the area. With the high uncertainties in chronologies in mind,
[ calculated the variation in bottom water A14C at each core retrieving site together with the 95.4
Confidence Interval of these estimations. However big, these uncertainties are kept in mind when
interpreting ventilation changes in the SEP, as future improvements in marine core chronologies might
greatly change the mean A14C estimates. In spite of the big uncertainties, important circulation variations

are observed during the last ~20,000 years in the Southeast Pacific.
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Chapter 5 — Oceanic circulation of the Southeast Pacific during the last 20,000 years

5.1 Introduction

The ocean is though to have an important role in glacial-interglacial cycles by having the capacity of
storing CO; during glacial periods and release it to the atmosphere during interglacials periods. During
the last important transition from a glacial to an interglacial state, the last deglaciation (~18-11 cal ka
BP), atmospheric reconstructions indicate that pCO; concentrations rose from 190 ppm to 270 ppm. At
the same time, as atmtospheric A*CO; reconstructions indicate that values decreased ~270%o0 during
the same period (Reimer et al., 2020), which is more than can be accounted for by the variability in 14C
production rates in the atmosphere (Broecker and Barker, 2007; Hain et al., 2014). This evidence had led
to the hypothesis that during the Last Glacial Maximum carbon accumulated in different areas of the
global deep ocean, and that during the deglaciation this carbon would be release to the atmosphere as
CO; via the Southern Ocean and Equatorial Pacific Ocean. Because the climatic system is very complex
and an intricate series of feedbacks interplay, there is still a lot of work to be done to disentangle the
mechanisms leading to this carbon transfer. Among the possible mechanisms: changes in deep ocean
ventilation associated with the extension of sea ice around Antarctica; variations in the latitudinal
position of the Southerly Westerly Winds; changes in the formation of North Atlantic Deep Water, which
in the modern ocean helps ventilate deep waters in the Southern Ocean. Here we present new 14C data
on four marine sediment cores retrieved at depths between ~1,600-3,300 m in the South East Pacific,
between ~41-49° S. By integrating this new information with five previously published records of five
marine sediment cores in the SEP (De Pol-Holz et al., 2010; Martinez Fontaine et al., 2019; Siani et al.,
2013) we obtain a detailed transect between 31-49° S and 500-3,300 m depth constraining the
ventilation of AAIW, PDW and CDW during the last ~22 cal ka BP.

5.2 Methodology

5.2.1 Core retrieving

Marine sediment cores MD07-3098 (40.93° S, 75.03° W, 3055 m), MD07-3100 (41.60° S, 74.95° W, 1609
m) and MD07-3081 (49.42° S, 76.96° W, 3273 m), correspond to three CALYPSO cores retrieved by the
French R/V Marion Dufresne during the PACHIDERME expedition in February 2007 (Kissel and The
Shipboard Scientific Party, 2007). Cores MD07-3098 and MD07-3100 are described by Martinez Fontaine
etal. (2021), corresponding to chapter 4 of this thesis and by Haddam et al. (2018), respectively. Briefly,
core MD07-3098is a 20.74 m long core composed mainly of silty clay with silty and sandy layers horizons,
which contains a visible tephra layer of ~30 cm between ~7.6 and 8 m; MD07-3100 is a 29.8 m long core
composed mainly of homogenous silty clays, which displays a visible tephra layer of ~25 cm between
7.25 and 7.5 m; meanwhile core MD07-3081 corresponds to a 16.22 m-long core composed of olive to

gray silty clay interbedded with sandy layers (Figure 5.1).
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5.2.2 Stable isotope stratigraphy

The stratigraphic constraints of the cores here studied are given by planktonic foraminifera G. bulloides
and benthic foraminifera Cibicides wuellerstorfi, Cibicides spp or Uvigerina peregrina stable oxygen
isotope data (8180, 613C). The latter are used to identify relevant climatic periods in the cores, which aid
in the identification of cryptotephras, Rs estimates, and age model production (Section 5.2.4). Both
planktonic and benthic foraminifera are employed taking into consideration that both type of records
have their own biases. On the one hand, the signal recorded by G. bulloides can be affected by local
processes such as fresh water inputs and front migration (e.g. Haddam et al., 2018), making it sometimes
difficult to correlate even nearby records. At the same time, benthic foraminifera are expected to
represent the more stable 6180 signal of deep waters, helping better constrain climatic periods in the
cores. However, the deglaciation signal might not be the same at the different water depths, the cores
being retrieved in different water masses that underwent a different history. Thus both planktic and
benthic records have been used for this stratigraphy purpose. The latter is true for epifaunal Cibicides
species here analyzed (cores MD07-3100), which have been observed to calcify in equilibrium with
ambient bottom waters in the SEP (Reyes-Macaya et al., in preparation). However, infaunal U. peregrina
might not reflect the 8180 of bottom sea water as it lives in the sediment interface and so can be affected
by pore water micro habitats. Nevertheless, a comparison of ambient bottom water and U. peregrina §180
in the modern SEP indicates that U. peregrina is consistenly more enriched than bottom water in ~ 1%
throughout the water column (Reyes-Macaya et al., in preparation). For the two deeper cores (MD07-
3098 and MD07-3100) no Cibicides curve could be obtained and thus these benthic stratigraphies can be

aided by observing changes in G. bulloides.

G. bulloides results from cores MD07-3100 and MD07-3098 have already been published by Haddam et
al. (2018) and Martinez Fontaine et al. (2021), respectively. For core MD07-3081, isotopic measurements
were made every 10 cm, between 20 cm and 830 cm depth, and with irregular spacing between 5 and
120 cm, between 830 cm and 1620 cm (Table S5.1). Analyses were performed in 1 to 30 specimens at
each depth (picked from the 250-315 pum fraction) at the Laboratoire des Sciences du Climat et

I'Environnement (LSCE) on Optima VG and GV Isoprime mass spectrometers.

Regarding the benthic foraminifera, because of its low availability, in core MD07-3100, no monospecific
Cibicides species though to calcify in equilibrium with ambient bottom water could be picked for the
whole interval of interest and thus a curve was build integrating analyses performed in Cibicides bradyi,
Cibicides kullenberghi, Cibicides pachyderma (corrected by -0.5%0) and Cibicides wuellerstorfi. Results
from cores MD07-3100 and MD07-3119 have already been published by Haddam et al. (2020). For cores
MDO07-3098 and MD07-3081 Cibicides availabilities throughout the cores were too low to build a curve
and thus U. peregrina was picked instead. In core MD07-3098, between 3 and 12 specimens were

analyzed every 10-20 cm between 0 and 1340 cm; and in core MD07-3081, between 6 and 1 specimens
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every 10 cm between 20 cm and 830 cm depth, and with irregular spacing between 5 and 120 cm in the

rest of the core (Table S5.1).

This stable oxygen stratigraphy allowed for a first order identification of the time frame the cores span
in order to concentrate the work in the portion of the cores since the LGM. In cores MD07-3098, MD07-
3100 this corresponds to the first ~14 m of the cores, whereas in core MD07-3081, it corresponds to the

whole core (Figure 5.1).

5.2.3 Radiocarbon dating

Radiocarbon dating in planktic and benthic foraminifera were performed in all the cores in order to
obtain their chronologies (planktic foraminifera) and to interpret changes in ventilation of deep waters
(benthic foraminifera). Results are shown in Table S5.2. Planktic foraminifera radiocarbon ages for core
MDO07-3100 and MD07-3098 have already been published by Haddam et al. (2018) and Martinez
Fontaine et al. (2021), respectively. Mixed benthic foraminifera were analyzed in thirty depths between
0 and 2070 cm in core MD07-3098, twenty-eight of which have been analyzed for planktic foraminifera
as well. Because of relatively lower benthic foraminifera abundances, samples <3 mg were analyzed on
the gas ion source ECHoMICADAS at the LSCE (Gif-Sur-Yvette, France) using a coupling of cracker system
to the gas handling system (Wacker et al., 2013; Tisnérat-Laborde et al., 2015); whereas samples >3 mg
were measured at UMS-ARTEMIS (Pelletron 3 MV) AMS facilities (CNRS-CEA Saclay, France, Dumoulin et
al,, 2017; Moreau et al,, 2013). In core MD07-3100, fourteen depths between 160 and 1340 cm were
analyzed for benthic foraminifera at the UMS-ARTEMIS AMS facilities, twelve of which have been

analyzed for planktic foraminifera as well.

For core MD(07-3081, paired planktic and benthic foraminifera were analyzed in seventeen out of twenty-
one depth analyzed in total. In the four remaining depths only planktic foraminifera were analyzed.
Because of the overall lower foraminifera abundances, mainly mixed planktonic and mixed benthic
foraminifera were analyzed, except for four depths where mono specific G. bulloides were analyzed. In
general, benthic foraminifera were less abundant in this core and thus samples <2 mg were analyzed on
the gas ion source ECHoMICADAS at the LSCE, whereas samples >2 mg were measured at UMS-ARTEMIS
AMS facilities. Radiocarbon results are reported in conventional ages before present (BP) according to
the convention of Stuiver and Polach (1977), normalized to the base of 613C of -25.0%o relative to the Pee

Dee Belemnite (PDB) international standard, and corrected by the age of the background subtraction.
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Figure 5.1 6180 stratigraphy for the cores for which new benthic foraminifera 14C data is presented in this study. In each core, to the left: composite picture of the core, to the
right: G.bulloides (color) and benthic foraminifera (black) 6180. For core MD07-3098 and MD07-3081 U. peregrina was analyzed, in core MD07-3100 different Cibicides
species, and in core MD07-3119 Cibicides wuellerstorfi. Depths where 14C ages were obtained are indicated as dots of the corresponding core color next to the composite
photo. The depth of the identified tephras and cryptotephras in the cores are also indicated as horizontal lines together with the name of the tephra (e.g Lepué). For cores
MDO07-3098 and MD07-3100, tephras are identified in Martinez Fontaine et al. (2021), for core MD07-3081 the details are in the supplementary.
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5.2.4 Age models

The age models for the marine sediment cores, i.e. assigning a calendar age estimate to different depths
of the marine sediment cores, are obtained using the software Undatable (Lougheed and Obrochta, 2019).
Undatable uses the planktonic foraminifera 14C ages analyzed at different depths of the marine sediment
cores to estimate calendar ages every 1 cm. To do this, the user provides a number X of ((age,
uncertainty), (depth, uncertainty)) pairs for constraining the chronologies of the cores. In this case, these
correspond to the X planktonic foraminifera radiocarbon ages analyzed at each core, with its
corresponding analytical error, and the depth at which they were analyzed. For core MD07-3098, 29 14C
ages were analyzed in 28 depths; in core MD07-3100, 42 14C ages where analyzed in 31 depths; and 20
14C ages where obtained in 20 depths in core MD07-3081. The uncertainty assigned to the depths of the
radiocarbon dating was 1 cm, which corresponds to the sampling width (except for four depths in core
MDO07-3100 where the sampling widths were between 2 and 4cm). With this information, Undatable
calibrated the *C ages by SHCal20 curve (Hogg et al., 2020) and produced a number nsim (in this case
100,000) of age-depth curves. Each age—depth curve is constructed by random sampling from the
calibrated age and depth distributions from the X ((age, uncertainty), (depth, uncertainty)) pairs of each
core. Then, a calendar age estimate is produced every 1 cm, which corresponds to the mean, median,

68.2% and 95.4% confidence intervals (CI) of the nsim age-depth curves at that particular depth.

In order to correctly calibrate the planktic foraminifera 14C ages for obtaining the age models of each core,
they must first be corrected by appropriate marine surface reservoir ages (Rs). In the Southeast Pacific,
Rs vary latitudinally, because of different regimes of coastal upwelling in the Chilean margin (Merino et
al,, 2018), bringing more or less 1*C-depleted ESSW to the surface. In particular, either seasonal or
permanent coastal upwelling occurs north of ~39° S and modern Rs estimates are relatively high,
whereas south of ~39° S, upwelling is generally impeded by the SWW, and Rrs are relatively low. The
position of the SWW is thought to have changed in the past, and in particular they are hypothesized to
have reached its southernmost position during the early Holocene (Gray et al. submitted). Thus, the
upwelling regime at the core retrieving sites may have been different in the past. Additionally, previous
Rs estimates in the study area, at ~46° S, indicate important variations during the deglaciation (Siani et
al,, 2013). Here we use tephrochronology to estimate Rs variations in cores MD07-3098, MD07-3100 and
MDO07-3081 (section 5.2.4.1) since the late glacial. Because not every depth where planktonic
foraminifera were dated has a corresponding Rs estimate, assumptions regarding the variations of Rs in

the past have to be made (section 5.2.4.2).

From this, new age models for cores MD07-3098 and MD07-3081 are produced, and the age model for
core MD07-3100 is pudated from Haddam et al. (2018) by incorporating new Rs (see below) and
calibrating by SHCal20 curve. Additionally, the age models of marine cores with previously published 14C

records in the area are updated using SHCal20 curve. These cores correspond to MD07-3088 (Haddam
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etal, 2018; Siani etal., 2013), GeoB 7163-7, GeoB 7162-6, GeoB 717-6, GeoB 71494-2 (Martinez Fontaine
etal.,, 2019) and core SO161-22SL (from now on 22SL, de Pol-Holz et al., 2010; Martinez Fontaine et al,,
2019).

5.2.4.1 Reservoir ages estimates

In order to estimate Rs variations in the past in the study area, here we use the identification of tephras
and cryptotephras in the marine cores as a reference for the contemporary atmospheric #C age. The
principle behind this is that, if tephras and/or cryptotephras identified in the marine sediment cores can
be robustly correlated with tephras on land, which have been independently dated by 14C, then Rs can be

estimated as:

Rs = 14'Ctephra in marine core ~ 14'Ctephra on land

For cores MD07-3098 and MD07-3100, cryptotephra and tephra identification is described in Martinez
Fontaine et al. (2021). In core MD07-3098 one tephra is robustly correlated with Lepué tephra (Figure
5.1, 5.2), sourced in Michinmahuida volcano (~43° S), which occurred at ~11 ka cal BP (Amigo et al.,
2013; Alloway et al., 2017; Martinez Fontaine et al, 2021). In core MD07-3100, one tephra is also
correlated with Lepué tephra, and one cryptotephra is correlated with HW7 tephra, sourced in Hudson
volcano, which occurred at ~1.5 ka cal BP (~46° S; Haberle & Lumley, 1998; Carel et al.,, 2011). For core
MD07-3081, an analogous approach was followed to identify source of the identified cryptotephras in it,
and is described in the supplementary material. From the latter it was possible to robustly identify three
cryptotephras in core MD07-3081, corresponding to eruptions HW2, HW1 (Haberle & Lumley, 1998;
Careletal.,, 2011) and Ho (Bendle etal., 2019; Van Daele et al., 2016; Weller et al., 2014), all three sourced
in Hudson volcano, occurring around 13.7, 14.5 and 17.4 ka cal BP, respectively. After the identification
of the tephras and cryptotephras in the marine sediment cores, the Rs were estimated as the difference
between the planktonic 14C age at the midpoint between base of the cryptotephra and its peak, and the
estimated 14C age of the tephra on land. To estimate the 14C ages of the tephras on land, the available 14C
dates in the literature were collected for each tephra (Table S5.5), this information was then filtered

following certain criteria, described below.

The products of volcanic eruptions (e.g. lava or tephra) cannot be directly dated by 4C, because they don’t
contain a measurable amount of it, they are 14C-dead. Instead, organic matter associated with deposits of
explosive eruptions (tephra) are dated, which give a reference of the time the eruptions occurred.
Depending on the material analyzed and its stratigraphic position with respect to the tephra, the 14C ages
estimates are thought to be more or less accurate in representing the actual age of the eruption. For
example, when an explosive eruption occurs, a portion of the pyroclastic material ejected from the
volcanic center interior is transported down the slopes of the volcanic center by pyroclastic currents.

When this occurs in vegetated areas, these very hot pyroclastic currents burn the organic matter growing
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nearby the volcanic centers. Then, if pieces of charcoal are found within the pyroclastic curent deposits,
it is expected that they represent the 14C of the atmosphere at the time of the eruption. This is an ideal
case, however, many times it is not possible to identify charcoal or burnt material within tephra deposits.
When this is the case, generally organic matter found below and/or above the tephra is dated, which gives
an idea of the maximum/minimum age of an eruption. In this case, however, additional attention must be
given to the material dated. For example, in some cases soil developed above or below a tephra is dated,
as soil is formed by the decomposition of organic matter over time, this 14C will corresponds to the mean
of the 14C ages of the materials composing it, which can differ greatly from the age of the eruption.
Additionally, depending on the rate of accumulation of sediment in different environments, the distance
of the sampled material from the tephra deposition is also relevant. Ideally, organic matter obtained
directly below the tephra would be dated, because its age is expected to be closer to the real age of the
tephra. Analogously, when organic matter sampled above the tephra depositis dated, there is no certainty
on how long after the tephra it was deposited, and so it constitutes a minimum age. Because of all of the
above, we collected information in the stratigraphic position and analyzed material of the 14C estimates
available for the eruptions identified in the marine sediment cores. When available, 1*C ages of macro
rests (e.g. charcoal or wood remains) rertrieved from within the tephra deposit or directly below it, were
preferred over bulk organic matter found above or below it (details below). An additional filter employed
was selecting only 14C ages associated to deposits for which geochemical analyzes where available. The
latter is done taking into account that the Southern Volcanic Zone of the Andes, from which the
cryptotephras and tephras identified in the marine cores originate, is highly active and thus it is not
unlikely that two eruption from different volcanic center occurred closely spaced in the stratigraphic
record on land. Thus, the geochemical composition of the deposits is used to differentiate among

potentially contemporaneous eruptions.

From the identified eruptions, Lepué tephra, identified in cores MD07-3100 and MDO07-3098,
corresponds to a widespread ignimbrite. Around twenty 14C ages analyzes performed in different
outcrops and lake sediment cores identified as Lepué tephra are available in the literature (Table S5.5;
Alloway et al., 2017 and references therein; Amigo et al., 2013). From these, seven 4C ages correspond
to deposits analyzed for geochemistry, from which only one 14C age was performed in a charcoal found
within the tephra, corresponding to 9960 = 330 years. Because of the relatively high error of this 4C
estimate, we included four other 1*C performed in bulk organic matter sampled directly below the lower
contact of the tephra in order to evaluate if the 14C age could be better constrained. The mean 14C ages of
the five ages is 9,800 * 340 14C years BP, which is within error the same as considering the one charcoal
date. Taking this into consideration, the 14C age considered for Lepué tephra is the latter (Table S5.5). In
cores MD07-3100 and MD07-3098, planktonic foraminifera at the base of Lepué tephra have been dated
in 10,325+40 and 10,205+40 14C years, resulting in Rs estimates of 530 + 340 and 400 + 345, respectively.
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For HW7, identified in core MD07-3100, two 14C age are available in the literature (Habele & Lumley,
1998), both of which are associated with deposits analyzed for geochemistry and correspond to
macrorest of organic matter found within the tephras. From these, the estimated *C on land for HW?7 is
1,720 + 160 14C years. In core MD07-3100, the base of HW7 was dated in 2,490 #* 60, resulting in a Rs of
~770 =170 years.

For HW2, identified in core MD07-3081, three 14C age are available in the literature (Habele & Lumley,
1998), all of which are associated with deposits analyzed for geochemistry. From these, two *C ages
correspond to macrorest of organic matter within the tephras and one to bulk sediment above the tephra.
The two age estimates within the tephra are used for estimating the 14C age of HW2, resulting in an age
0of 11,910 + 110 14C years. HW2 has been identified in core MD07-3081 and dated at is base in 12,215 +
60 14C years, resulting in a Rs of 310 + 120 years.

For HW1 identified in core MD07-3081, two 1*C age are available in the literature (Habele & Lumley,
1998), both of which are associated with deposits analyzed for geochemistry and correspond to
macrorest of organic matter within the tephras. From these, the estimated 14C on land for HW1 is 12,435
+ 110 #C years. In core MD07-3081, the base of HW1 was dated at ~13,070 * 60, resulting in a Rs of
~640 + 130 years.

Finally, for tephra Ho, eight 14C ages estimates are available in the literature (Weller et al., 2014), from
which six are associated to deposited analyzed for geochemistry. All of the six ages were performed in
bulk organic matter deposited either above or below Ho. From these, we’ve selected the dates for samples
obtained below the tephra, as they were stratigraphically closer to Ho (Table S5.5). Taking into account
those ages, the mean estimate for Ho is 14,610 + 240 years. Because of what was mentioned above, this
age must be consideried as a maximum age, and thus, the Rs estimated from this value should be
considered as minimum values. In core MD07-3081, the base of Ho was dated in 14,850 * 60, resulting in

a minimum Rs of 245 + 240.

5.2.4.2 Rs variations in the Chilean margin (40-49° S) since the late glacial

In order to produce the age models for the cores, each planktonic foramnifera 14C age has to be corrected
by a Rs. Because not every depth where planktonic foraminifera were dated has a corresponding Rs
estimate, assumptions regarding how Rs might have varied in the past have to be made. At present,
surface waters at the retrieving sites of cores MD07-3098, MD07-3100 and MD07-3081 are all bathed by
SAAW, which is present from the surface to ~100 m depth. SAAW is transported east by the Antarctic
Circumpolar Current (ACC) around Antarctica and in its way from the Pacific to the Atlantic Ocean, bumps
into South America at ~46°S. From there a portion is transported north by the Humboldt current or Peru-
Chile current until ~30° S, reaching cores MD07-3100 and MD07-3098; and a portion is transported
south and into the Atlantic Ocean by the Cape horn current, reaching core MD07-3081. Modern Rs
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estimates obtained between 41-43° S yield a mean value of 440 + 100 years, whereas further south,
between 51-53° S, Rs are relatively lower, with a mean value of 355 + 80 years (Merino et al., 2018). As
already mentioned, north of ~39° S, the northward flowing SAAW is modified by mixing with ESSW,

brought to the surface by coastal upwelling and Rs are relatively higher.

The available modern Rs information in the Chilean continental margin, indicate overall lower values at
higher latitudes (Merino et al., 2018 and references therein). This latitudinal variation in Rs has been
associated with different upwelling regimes in the region, largely controlled by the coastal line together
with the southeast Pacific subtropical anticyclone and the latitudinal position of the SWW (Strub et al,,
1998). The coastal line of the Chilean continental margin together with the presence of the southeast
Pacific subtropical anticyclone favor the development of strong northward winds parallel to the coast,
which induce offshore Ekman pumping and thus, coastal upwelling (Strub et al., 1998). This phenomenon
is responsible for yearlong coastal upwelling north of ~30° S. Between 30-39° S, coastal upwelling occurs
in austral summer, whereas in austral winter the northward migration of the easterly blowing SWW,
impedes coastal upwelling. South of ~40°S, coastal upwelling is for the most part impeded by the
permanent presence of the SWW. However, evidence of favorable upwelling condition between ~40 and
46° S has been found (Narvaez et al., 2019), which might explain the relatively higher Rs between 42-
43° S with respectto ~51-53°S. As already mentioned, coastal upwelling is thought to have an important
impact in Rs in the SEP because it brings relatively 1#C-depleted ESSW to the surface. ESSW flows south
from the equator until ~39° S between ~200 and 400 m, underneath SAAW. In areas where strong coastal
upwelling occurs, characteristics of the ESSW can be identified in the first 50 m of the water column
(Figure S5.4, Reyes-Macaya et al., submitted). Although little modern 1*C information in the continental
margin exists to characterize ESSW, the off shore section at 87°W, where ESSW can still be identified,
indicates even lower 14C contents than AAIW (Figure 1.2). Thus, its upwelling should modify importantly
the Rs in the SEP. Even though the core of ESSW reaches ~39° S, between ~39-46° S, a mixing zone with
SAAW is identified below 100 m until ~46° S (Reyes-Macaya et al., submitted; Silva et al., 2009).

From the latter, if a similar configuration maintained in the past, Rs are expected to be fairly similar at
the three core retrieving sites, although they may be slightly lower in core MD07-3081, as modern
estimates indicate. However, because of important changes during the deglaciation (e.g. migrations in the
position of the SWW), this configuration might have changed in the past. To evaluate this, we compare
the stable isotope (8§80 and §13C) curves of cores MD07-3098, MD07-3100 and MD07-3081, versus their
planktonic foraminifera 1#C ages. By comparing the stable isotope curves in a *C age, if important
differences in Rs occurred at different latitudes, it should be visible as a lagged timing of the transitions
between climatic periods (late glacial, deglaciation, ACR). Additionally, we evaluate if coastal upwelling
or some other process occurred in the past, bringing old ESSW to the surface at the core retieving sites

by comparing their planktonic foraminifera 613C curves. Because ESSW and SAAW have very contrasting
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613C values (Reyes-Macaya et al., submitted), it is possible to identify upwelling hotspots in the Chilean
continental margin by looking at its latitudinal variation at the surface (e.g. as in Martinez Fontaine et al.,
2019). We complement the information here provided with previous information (Rs estimates, 6180 and
613C) in core MD07-3088 retrieved at ~46° S (Siani et al., 2013), this record provides six additional Rs
estimates in the core of SAAW and thus it is expected to present similar conditions to those at ~41°S and

~46°S.

From the comparison in Figure 5.2, during the late glacial and deglaciation, two different behaviours are
observed: cores MD07-3098, MD07-3100 and MD07-3088 display similar 613C and &80 values, whereas
MDO07-3081 has higher 6§13C and &80 values, especially during the deglaciation. Additionally during the
deglaciation and late glacial, Rs estimates in core MD07-3081 are consistently lower than in core MD07-
3088, by ~500-600 years, at depths where the same eruptions have been identified. During the early
Holocene, 613C in core MD07-3088 displays more variability than the other cores, oscillating between
lower values similar to cores MD07-3098 and MD07-3100, and higher values similar to core MD07-3081.
In this period, Rs estimates for cores MD07-3098, MD07-3100 and MD07-3088 are available. However,
the error of the Rs estimates in cores MD07-3098 and MD07-3100 is very large (~345 years), and thus it
is difficult to make an inference respect to wether the Rs at ~41° S and 46° S are different or not. After
~8 ka 1C BP, all four cores display similar isotopic values. In this period, eruptiton HW7 has been
identified in cores MD07-3100 and MD07-30088, and Rs estimates are similar. From the latter, it seems
that surface waters at ~41 and 46° S have had similar characteristics and Rs since the late glacial, whereas
surface waters at 49° S had different characteristics and lower Rs. The lower &§13C values in the
northermost cores during the deglaciation might be indicative of more presence of ESSW at the surface
during this period. One explanation of for this is that the position of the SWW had been further south
during that period favoring coastal upwelling in this area. This is unlikely during the ACR as palynological
information indicates that SWW might be close to 46° S (Montade et al., 2019) as paleoclimatological
information in land indicates the presence of the SWW at ~ 41° S during this period, as seen in the
prevalence eof cold/wet conditions at this latitude (Moreno, 2004). However during the two warming
episodes of the deglaciation the subtropical front might have migrated far South favoring coastal
upwelling at the location of cores retrieved at 40 and 46° S). Another possible explanation can be inferred
taking into account the planktonic foraminifera 6180 curves. During the deglaciation and until the early
Holocene, planktonic foraminifera 6180 in cores MD07-3098, MD07-3100 and MD07-3088 are relative
lower than in core MD07-3081. The latter has been interpreted as more important influence of fresh
water input at ~41° S and ~46° S with respect to ~49°S, derived from the melt of Patagonian ice sheet
(Haddam et al., 2018), which dramatically reduced its extension during the deglaciation (Davies et al,,
2020). The 880 curve mirrors the changes in 613C, which since the late glacial, but especially during the

deglaciation are ~1%o. lower than at ~49°S. We hypothesize that the big discharge of fresh water to the
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coast would have destabilized the surface water, inducing mixing with sub surface ESSW during this time

and increasing Rs at ~41°S and ~46°S and decreasing the surface waters §13C.

From the latter, we consider that surface water conditions, and in particular Rs, where similar at ~41° S
and ~46° S since the late glacial. Thus, for the climatic periods where no Rs are available in core MD07-
3098 and MD07-3100 (deglaciation and late glacial), we assign the Rs estimates at 46°S. For core MD07-
3081, evidence indicates that surface waters were different than at 41° S and 46° S, and in particular Rs
were lower. And thus, for core MD07-3081 we assign its Rs estimates for the deglaciation and late glacial.

For the Holocene we assign the modern value.
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Figure 5.2. To the left: omparison of the G.bulloides stable carbon and oxygen isotope of cores in this study and core MD07-3088 (Carel et al,, 2011; Siani etal., 2013), versus linealy interpolated planktonic
14C ages. As detailed in the text, this comparison is interpreted in terms of water mass present at the surface and Rs at ~41° S, ~46° S and ~49° S. To the right individual plots for each core showing:
G.bulloides 6180 plotted as colored curves and dots, benthic foraminifera 6180 as colored curve with black dots, the identified tephras and cryptotephras in the cores as a vertical lines together with the
name given to the tephra and the estimated Rs. Rs estimates for core MD07-3088 from Siani et al. (2013). To the right are additionally plotted, the planktonic 14C ages obtained in each core as grey dots.
As indicated in the text, constant Rs were applied to planktonic 14C to each climatic period (i.e. late glacial, HS1, ACR, YD, Holocene), which in the figure are indicated as rectangles of different colors
corresponding to the error and height corresponding to the mean value. For example, in core MD07-3098, an Rs estimated in core MD07-3100 was applied to planktonic foraminifera 14C in the Holocene
portion of the core, whereas for the deglaciation, Rs estimated in core MD07-3088 were applied.
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5.2.5 A14C estimation
In order to interpret changes in ventilation of deep waters in the SEP since the late glacial, we obtain the
A1C of deep waters, corresponding to the deviation from the modern atmosphere, following the
expression by Adkins and Boyle (1997) derived from Stuiver and Polach (1977):

14C age

e 8033
A4C = ———1 |1000%o0

_cal age
e 8266

Because of the dependence of A*C from calendar ages, it is important to communicate the error
associated with the age models and its impact in A14C estimation. In order to account for this uncertainty,
the 68.2 and 95.4%Confidence Intervals (CI) are estimated by calculating the A14C value over the last
1,000 Monte Carlo simulations of the nsim iterations produced by Undatable for each age model.
Additionally, to account for the analytical uncertainty in benthic foraminifera 14C ages, the 14C age in each
A(C calculation is randomly drawn from a normal distribution with mean equal to the reported benthic
foraminifera 14C age, and a standard deviation equal to the analytical error. The 68.2 and 95.4 % CI are

reported in Table S5.2 and all the simulations in the 95.4% CI are visualized in Figures 5.3, 5.4, S5.7.

5.3 Results

From the benthic and planktic 6180 stratigraphy and chronology, all cores cover at least from the late
glacial to the late Holocene. A steady signal between ~3 and 4%o0 8180 in G. bulloides, and between 4 and
5%o0 6180 for benthtic foraminifera is observed until ~17 ka cal BP (95.4% CI 16.3-17.7) in core MD07-
3100; ~16.5 ka cal BP (95.4% CI 15.5-17.3) in core MD07-3098; and ~17.5 ka cal BP (95.4% CI 16.8-
18.2) in core MD07-3081 (Figue S5). A trend to lighter values is then observed until ~13.8 ka cal BP (95%
CI 13.3-14.3) in core MD07-3100; until ~13.8 ka cal BP (95.4% CI 13.2-14.6) in core MD07-3098; and
until ~14.8 ka cal BP (95% CI 13.8—15.7) in core MD07-3081. An ACR-like trend, with either constant or
heavier values, is observed until 12.2 ka cal BP (95.4% CI 11.4-13.2) in core MD07-3100; ~12.7 ka cal BP
(95.4% CI 12-13.1) in core MD07-3098; and ~13 ka cal BP (95.4% CI 12.4-13.5) in core MD(07-3081.
Subsequently, all cores display decreasing trends reaching their lighter values in G. bulloides and
Holocene-like values in benthic foraminifera at: ~11 ka cal BP (95.4% CI 10.3-12.1) in core MD07-3100;
~11 ka cal BP (95.4% CI 10.2-11) in core MD07-3098; and 11.1 ka cal BP (95% CI 10.3-11.6) in core
MDO07-3081. Taking into account all these variations, we define the late glacial/deglacial transition in

these cores at ~ 17 ka cal BP, the ACR between
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Figure 5.3 A14C in the SEP for cores in group a, as described in the text. Core GeoB 7163-7 and 22SL (De Pol-Holz et
al., 2010; Martinez Fontaine et al.,, 2019), MD07-3088 (Siani et al., 2013) and MD07-3081, here described. Cores
MDO07-3100 and GeoB 7162, also belonging to group a, are plotted separatedly in figure 5.4 and together tcores in group
in the plot to the bottom left. The darker dots indicate mean values, whereas values in the 95.4% CI are plotted as
lighter dots. Also indicated are the position of the cores in the water column, together with cores in group b as black
dots.

14 and 12.5 ka cal BP and the Holocene starting at ~11 ka cal BP. These are the intervals plotted in Figures
5.3, 5.4 and S5.6.

Regarding the ventilation of deep waters, during the late glacial core MD07-3100 (~41.6° S, ~1609 m),
displays more or less steady values. At ~18.8 ka cal BP (95.4% CI 19.3-18.1), mean values of ~90%o A4C
(95.4% CI -3-173) are observed, meanwhile ~100%o A4C (95.4% CI -52-197) at ~17.3 ka cal BP (95.4%
CI 18.1-16.8). From there, a decreasing trend is observed reaching a mean value of ~-210%o A14C (95.4%
CI-278--127) at ~14.3 ka cal BP (95.4% CL 15.1, 13.6), the minimum value of the whole studied interval.
Relatively low values of ~-189%o. A#C (95.4% CI -233-125) continue at ~13.7 ka cal BP (95.4% CI 13.3-
4.4). After this, A14C values increase abruptly, reaching ~-19%. A14C (95.4% CI -85-44) at ~13.1 ka cal BP
(95.4% CI 12.5-13.6). From there, a decreasing trend with more or less constant slope is observed until

~2.9 ka cal BP (95.4% CI 2.5-3.4), when mean values reach -220%. A*C (95.4% CI -258--175).

During the late glacial, core MD07-3098 (~41° S, 3055 m) displays more or less constant values around
40%o0 A4C, between ~19 and ~17 ka cal BP. During this period, values oscilate from maximum values
~77%o A1C (95.4% CI 80-144) at ~19 ka cal BP (95.4% CI 19.5-18.4) and minimum values ~2%o, A14C
(95.4% CI -64-71) at 18.7 ka cal BP (95.4% CI 18.6-17.2). After this, a decreasing trend is observed
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starting at ~17.6 ka cal BP (95.4% CI 18.4-16.6) with values f ~61%. A#C (95.4% CI -71-171), until 16.1
ka cal BP (95.4% 17.1-15.1) when values reach -111%o A14C (95.4% CI -221--6). A increase is observed
at ~15.5 ka cal BP (95.4% CI 16.9-14.2), with values of ~-52%o0 A4C (95.4% CI -190-115). An abrupt
decreasing trend is then observed, reaching values of ~-196%o A14C (95.4% CI -334--18) at15.1 ka cal BP
(95.4% CI 16.8-13.6). Low values maintain until ~13.6 ka cal BP (95.4% CI 14.9-12.6), when values are
~-218%o0 A1C. An abrupt increase to ~-108%. A14C (95.4% CI -223-47) occurres at ~13.4 ka cal BP
(95.4% CI 14-12.3). From then until ~9 ka cal BP (95.4% CI 9.9-8.3), when values are ~124%o. A4C
(95.4% CI -199--31), values are variable but more or less steady. From ~9 ka cal BP, a decreasing trend
reachng minimum values of ~-303%. A14C (95.4% CI -401--238) at ~7.4 ka cal BP (95.4% CI 8.2-6.2), is
observed. From then until the present, values continue to decrease with a slope similar to that of the
atmosphere. Minimum values of ~-396%. A14C (95.4% CI -436--308) are reached at ~1.6 ka cal BP
(95.4% CI 2.7-1.1).

From the cores here studied, core MD07-3081 (~49.5° S, 3273 m) reaches further back, until ~20.7 ka
cal BP (95.4% 21.3-20.1), where its values are the most depleted with respect to the contemporary
atmosphere, reaching ~130%o A4C (95.4% CI -196--64). After this, values increase fast to ~134%. A14C
(95.4% CI 50-217) at ~20.3 ka cal BP (95.4% CI 20.8-19.7). From then, a decreasing trend is observed
until ~18.3 ka cal BP (95.4% CI 18.8-17.7) when values are ~-39%. A4C (-117-33). After this, an
increasing trend is observed from ~18.3 ka cal BP until ~17 ka cal BP (95.4% CI 17.7-16.4), reaching
values of ~122%o A14C (95.4% CI 33-222). Again values decrease fast to ~10%o A14C (95.4% CI-111-104)
at ~16.8 ka cal BP (95.4% CI 17.5-15.7), and continue to slightly decrease to -29%. A14C (-112-92) until
~ 15.6 ka cal BP (95.4% CI 16.5-14.9). Values again increase to 33%o. A14C (95.4% CI -105-150) at ~14.7
ka cal BP (95.4% CI 15.6-13.5).From then, values decease with a moe or less steady slope until ~4.6 ka
cal BP (95.4% CI 6.1-3.5), when values aer ~-202%o A14C (95.4% CI -306--51). Slightly lower values of
~-62%0 A14C (95.4% CI -150-8) and ~-78%o A14C (95.4% CI -137-28) at ~12.8 ka cal BP (95.4% CI 13.5-
12.1) and ~11.8 ka cal BP (95.4% CI 12.7-11.3), respectively (Figure 5.4, S5.7). The latter is observed
with the exception of a decresing trend reaching exceptionally low values of -216%o0 A14C (95.4% CI -
273 - -148) at ~14.2 ka cal BP (95.4% CI 14.9-13.6) and -206%o0 A14C (95.4% CI -274- -152) at ~13.6
ka cal BP (95.4% CI 14.1-12.9). Uncertainties in calendar ages are minimum in the late Holocene with
~20 of 300 years, and maximum at the deglacial/Holocene transition, with ~2c of ~1000 years.
Uncertainties in A14C are minimum in the late Holocene, with estimated ~26 of ~40%0 A14C and ~80%o

A14C in the rest of the core.

171



Chapter 5 — Oceanic circulation of the Southeast Pacific during the last 20,000 years

OXYGEN [UMOL/KG] N Holocene [ Deglaciation [late glacial
ACR
500
1400
1300 .
200 O\S
£ (1)00 :%)
H <
2 ; i 200 -100
2 i — 100| ® GeoB 7162-6 (~36°S, 798 m) -200
= H X i
S Peru-Ch etrem!w‘ § S 0 300
60°S 40°S 20°S EQ :; -100
200 200 _
-300| « MD07-3100 (41.6°S, 1609 m) 100 =
: : 0 O
Holocene Deglaciation late glacial =
500 o e -100 <
400t 5 ! -200
o ‘ X o+ GeoB 71676 (~36°5,2062m)
_ 200} \ §-1oo
g 1OOW PD‘W é‘J-zoo
‘ < i
g o} ‘ -200 * MD07-3098 (41.9°5, 3055 m) |
< z
100+ 8 400 / -
1-100 &
-200+ ‘ -200 ©
-300+ ) IR o
late glacial » GeoB 7149-2 (~31°S, 3086 m) ol
400,54 6 & 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22%00
Calendar age (ka BP) Calendar age (ka BP)

Figure 5.4 A14C in the SEP for cores in group b, as described in the text: GeoB 7167-6, GeoB 7149-2 (Martinez
Fontaine et al.,, 2019) and MD07-3098 here described. Also plotted are cores GoeB 762-6 (Martinez Fontaine et al.,
2019) and MD07-3100, here described, for comparion of the timing of the important 14C drop described
in section 5.4.2.3. The darker dots indicate mean values, whereas values in the 95.4% Cl are plotted as lighter dots.
Also indicated are the position of the cores in the water column, together with cores in group a as black dots.

Core MD07-3098 (~41° S, 3055 m) displays values between -10 and 60%o0 A14C during the late glacial.
At around 17 ka cal BP, a fast drop to -71%o0 A14C (95.4% CI -132 -63) is observed, and values continue
to be as or more depleted in 14C with respect to the respective contemporary atmosphere througout the
deglaciation (Figure 5.4, S5.7). Minimum values during the deglaciation of -231%0 A14C (95.4% CI -324-
-136) are reached at ~14.7 ka cal BP (95.4% CI 15.7-13.7) and -217%o0 A14C (95.4% CI -277 - -94) at
~13.6 ka cal BP (95.4% CI 14.7-12.9). Better ventilated values are observed during the early Holocene
between -167%o A14C (95.4% CI -217--108) and -267%o0 A14C (95.4% CI -321- -140), at ~10.5 ka cal
BP (95.4% CI 11.5-9.4) and ~6.5 ka cal BP (95.4% CI 7.8-5.9), respectively. During the Holocene,
especially low values of -335%o0 A14C (95.4% CI -403- -254) are observed at ~7 ka cal BP (95.4% CI 8.1-
6.1); of -355%0 A14C (95.4% CI -389- -366) at ~1.2 ka cal BP (95.4% CI 1.7-0.7); and of -350%0 A14C
(95.4%CI-363 --336) at ~0.1 ka cal BP (95.4% CI1 0.2- 0.0). Mean uncertainties in calendar age estimates
are ~20 850 years, and ~150%p in A14C; minimum uncertainties correspond to the late Holocene, with
~20 between ~130 and 300 years in calendar ages and ~60%o in A14C, whereas maximum uncertainties
are reached between ~17.9 and 14.7 ka cal BP, with ~20 of ~1200 years, with corresponding ~20¢ in

A14C of 135%po.
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Core MDO07-3119 (~46° S, 2523 m) displays overall similar deviations from the contemporary
atmosphere of ~-200%o throughout the record (Figure 5.4, S5.7), with the exception of better ventilated
waters with A14C vlaues of 137%o0 (95.4% CI -3 - 200) at ~17.8 ka cal BP (95.4% CI 18.2- 16.7) and
relatively less ventilated waters between ~16.1 ka cal BP (95.4% CI 17.2-15.8) and ~15.1 ka cal BP
(95.4% CI 15.6-14.1), with values of -70%o0 A14C (95% CI -152- 52) and -83%o0 A14C (95% CI -189- -
15), respectively. Mean uncertainties in calendar age estimates of ~2¢ are ~530 years and ~60 %o in
A14C; minimum uncertanties are reached in the core top, where ~20 values are ~150 years and ~15%o
A14C; whereas maximum uncertainties are reached at ~ 7.2 ka cal BP, with ~2c of ~1650 years and

~140%o0 A14C.

Core MD07-3081 (~49.5°S, 3273 m) displays the most depleted values during the late glacial, between -
147%o0 A14C (95.4% CI -202- -88) at ~20.6 ka cal BP (95.4% CI 21 - 20) and -22%o A14C (95.4% CI -
141-115) at ~ 19.1 ka cal BP (95.4% CI 20.2-18.1), interrupted by a period of relativey better ventilated
values of 113%o0 A14C (95.4% CI 34-192) and 67%o0 A14C (95% CI 163--29) at 20.2 ka cal BP (95.4% CI
20.7-19.6) and 19.7 ka cal BP (95.4% CI 20.4-18.9), respectively. Relatively better ventilated values are
reached at around ~17.1 ka cal BP (95.4% CI 17.4-16.6). Again, relatively better ventilated values are
observed between ~14.5 ka cal BP (95.4% CI 15.2-13.4) and ~9.3 ka cal BP (95% CI 9.7-7.6), of 13%o0
A14C (95% CI -114- 105) and -88%o0 A14C (95% CI -259- -34), respectively. Mean uncertainties in
calendar ages are ~600 years and 80%o0 A14C (~20); minimum uncertainties in the late glacial ~250

years and ~40%o0 A14C and maximum in the late Holocene of ~1000 years and 70%o A14C.

5.4 Discussion

In order to characterize changes in the ventilation of intermediate and deep waters in the Southeast
Pacific during the last 20,000 years, we compare the new A4C records here described for cores MD07-
3100,MD07-3098 and MD07-3081, with previously published A4C records for cores MD07-3088 (46.07°
S,75.68°W, 1536 m; Sianietal.,, 2013), GeoB 7149-2 (31.48° S, 72.00° W, 3086 m), GeoB 7163-7 (36.43°S,
73.59° W, 537 m), GeoB 7162-6 (36.54° S, 73.67° W, 798 m), GeoB 7167-6 (36.45° S, 73.93° W, 2061 m;
Martinez Fontaine et al,, 2019) and SO161-22SL (36.22° S, 73.68° W, 1001 m; De Pol-Holz et al,, 2010;
Martinez-Fontaine et al., 2019). From these, cores GeoB 7163-7, Geob 7162-6 and 22SL were retrieved
in the upper, core and lower modern boundaries of the AAIW, respectively (Figures 5.3 and 5.4); cores
MDO07-3100 and MD07-3088 were retrieved in the boundary between AAIW and PDW; GeoB 7167-6 in
the core of PDW; GeoB 7149-2 and MD07-3098 in the lower boundary of PDW, nearby the influence of
CDW; and finally, MD07-3081 was retrieved in the boundary between PDW and LCDW. Together, these
records allow us to characterize variations on the ventilation of the main intermediate and deep water

masses in the Southeast Pacific.
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5.4.1 Late glacial

During the late glacial portion here presented, corresponding to ~22-17 ka cal BP, the available 14C
information in the SEP indicates that depths today bathed by AAIW (GeoB 7163-6, GeoB 7162-6 and 22L)
had higher A*C contents than deeper depths between AAIW and PDW (Figure 5.3; MD07-3100, MD07-
3088) and in the core (GeoB 7167-6) and bottom boundary of PDW (MD07-3098). Additionally, depths
between AAIW and PDW display A4C within error equal to PDW, and waters today in the boundary
between LCDW and PDW (MDO07-3081) were the least ventilated of the transect here presented. In
particular, during this time interval, estimated mean A14C values in the upper boundary of AAIW (GeoB
7163-7) go from ~280 to ~150%0 A!C; in the core of AAIW, at ~800 m, the only available value
corresponds to ~300%o0 A*C (GeoB 7162-6); in the lower boundary of AAIW values go from ~190 to
~160%o0 (22SL); in the boundary between AAIW and UCDW, at ~1500 m (MD07-3100 and MD07-3088),
mean values range between ~200-60%o0 A14C; at the core of PDW, at~2000 m depth (GeoB 7167-6)
between 80-50%0 A4C; and in the boundary between LCDW and PDW, at ~3300 m (MD07-3098) values

are more variable and go from ~-131%o to 134%o A 14C.

Particularly contrasting with the modern ocean, are the relatively low 14C values observed in core MD07-
3081, with respect to sites bathed by PDW, between ~22-18 ka cal BP. As mentioned before, this core
was retrieved in the boundary between PDW and LCDW (Figure 5.3, S5.4). In the modern scenario, the
lower 14C contents in the global ocean correspond to depths bathed by PDW, which in the study area has
values of ~-215%o A14C (Lauvset et al, in preparation). In contrast, in the SEP, LCDW has relatively more
ventilated values, around -130%o A4C (Figure 1.2). Thus, if a configuration similar to that of the present
day would have been in place during the late glacial, we would expect that the record of MD07-3081 had
14C contents higher than that of cores GeoB 7167-6 and MD07-3098, which is not the case. Today, LCDW
is thought to derive from the mixing of well-ventilated North Atlantic Deep Water (NADW) -entering the
ACC at the Atlantic sector of the Southern Ocean (as seen in its relative high salinity, Figure S5.4)- with
recently formed AABW, as it sinks to the abyssal ocean and is transported to lower latitudes (Carter et
al,, 2008; Talley et al., 2013). Evidence of NADW formation in the North Atlantic indicates that between
~20-18 the production of NADW was relatively high, and decreases importantly from ~18-15 ka cal BP
(McManus et al., 2004). From the latter, the observed ventilation changes in the SEP cannot be explained
by changes in NADW ventilatin depths bathed by LCDW. In this scenario, the variation in the ventilation
observed at the coree retrieving site of MD07-3081could be explained by changes in the formation of
AABW and other less dense deep waters in the Southern Ocean, which help ventilate these depths at
present. Today, southward flowing UCDW and LCDW upwell at the surface in the Southern Ocean. There,
a portion of the upwelled deep waters move south to form AABW and sink to the abyssal circumpolar
ocean. In this trajectory, UCDW and LCDW exchange gases with the atmosphere, which results in

relatively higher oxygen and 1*C contents of AABW with respect to its precursors UCDW and LCDW
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(Figure S5.4). Thus, during the late glacial the mechanism of formation of AABW should have changed to
explain the observed 14C values in the SEP. In particular, decreasing considerably the amount of sea-air
gas exchange between the atmosphere and deep waters flowing south, resulting in waters at ~3,000 m

depth being older than their precursor PDW or UCDW.

As already mentioned, the late glacial A14C values observed in core MD07-3081, are consistent with deep
water AC records from the South Atlantic (3770 m; Skinner et al., 2010) and South Indian Ocean (3615
m; Gottschalk et al., 2020), but also in the South West Pacific (2060 m, 4339 m; Ronge et al., 2016; 1600-
3500 m, Sikes et al., 2016) and Equatorial East Pacific (2730 m, Umling & Thunell, 2017; 2921 m; De la
Fuente et al, 2015). These relatively 1*C-depleted deep waters, together with records of lower
oxygenation in the South Indian, South Atlantic and Equatorial East Pacific (Gottschalk et al., 2016;
Umling & Thunell, 2018; Gottschalk et al., 2020; Anderson et al., 2019), lower 613C in deep waters in the
Atlantic and Pacific oceans (Curry et al.,, 1987; Rosenthal et al.1997; Matsumoto & Lynch-Stieglitz, 1999;
Duplessy et al., 2002; Sikes et al.,, 2017) and CO3? reconstructions in the SWP (Allen et al., 2015), have
been interpreted as a signal of a higher amount of respired CO; being stored in the deep glacial ocean with
respect to the Holocene. From what is observed in the SEP, it seems as at least the LCDW was more
isolated from the atmosphere than at present, thus probably accumulating more carbon. To explain this
increase in respired carbon in the glacial deep ocean, changes in ventilation of deep waters in the SO are
primarily invoked in the literature, in line with what is observed in the SEP. Among these, an increase in
sea ice extent (Gersonde et al. 2005) has been hypothesized to translate in: i) decreased gas exchange of
deep waters with the atmosphere because of a bigger portion of these upwelling under sea ice (e.g.
Stephens and Keeling, 2000; Ferrari et al. 2014); ii) changes in the formation mechanisms of AABW
(Rosenthal et al., 1997; Watson and Naveira Garabato, 2006) producing denser AABW, in turn increasing
stratification of deep waters in the SO and decreasing both diapycnal mixing with less ventilated deep
waters and isopycnal mixing with better ventilated NADW (Adkins, 2015). In this context, the deep SO
would slowly fill with denser, less ventilated waters. Additionally, the intensity and position of the SWW
has also been invoked to explain changes in deep water ventilation in the SO (e.g. Toggweiler et al., 2006;
Anderson et al., 2009; Denton et al., 2010), as today they are related with the amount of deep waters
effectively surfacing in the SO and thus exchanging gas with the atmosphere. During the late glacial,
reconstructions indicate a ~5° northern position of the SWW (Moreno et al., 1999; Gray et al. submitted),
which is thought to reduce the amount and depth of deep waters upwelling to the surface in the SO. Today,
a southern position of the SWW is associated with increased wind-driven Ekman divergence and thus
deep water upwelling. In contrast, when SWW are located further north, the Ekman divergence is

opposed by stronger eddies occurring at lower latitudes.

On the other hand, the relative higher 14C content at depths bathed by AAIW with respect to depths bathed
by UCDW or PDW, indicates that the process producing AAIW and ventilating intermediate depths at
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present, continuous to be in place during the late glacial. Although, this process might have been in part
modified, as seen from cores located at present in the boundary between AAIW/UCDW (MD07-3088 and
MDO07-3100), which display 14C contents closer to PDW than at present. The latter is consistent with
previous studies in the SEP (Haddam et al., 2020) indicating lower oxygenation of bottom waters in core
MDO07-3088 and MD07-3100 during the late glacial, with respect to the present, i.e. less AAIW influence
at those depths. Haddam et al (2020) have interpreted these and other records in the SEP (Martinez-
Méndez et al., 2013; Muratli et al.,, 2010) as a northern displacement of the formation zone of the AAIW
during the late glacial. Because the formation processes of AAIW at present are not clearly understood, it
is unclear what would produce this northward displacement of the AAIW formation zone. However, it is
known that AAIW derives from the upwelling of UCDW and LCDW in the Southern Ocean, from where a
portion is transported to the north, and circulates around Antarctica until for some unclear process, it
sinks to intermediate depths. Thus, the upwelling in the SO continues to occur, with a norther branch
effectively ventilating deep waters and forming AAIW, which ventilates intermediate depths as at
present; and a southern branch where waters for either of the hypothesis already described, become less
ventilated. From the results here presented, at least during the late last glacial, the SEP does not show
evidence for a extremely isolated deep glacial ocean. Instead, the evidence here presented argues in favor
of slight circulation changes in the Southern Ocean which result in aging and probably carbon
accumulation of deep waters there. Meanwhile PDW seem to be as or slightly less ventilated than at

present.

5.4.2 Deglaciation

Entering the deglaciation, the relative contents of 14C observed during the late glacial, changes. Broadly
two groups can be defined, which we will call groups a and b. Group a corresponds to cores that at the
beginning of the deglaciation all display similar and relatively higher 14C contents: core GeoB 7162-6,
GeoB 7163-7, 22SL, MD07-3100, MD07-3088 and MD07-3081. Whereas group b corresponds to cores
displaying overall less ventilated waters: GeoB 7167-6, MD07-3098 and GeoB 1749-2. In the following
we describe both groups separately. Additionally, cores belonging to both groups, display an important
drop in 14C between ~15 and 13.5 ka cal BP. This drop is identified in cores bathed by PDW (MD0-3098
and GeoB 7149-2), AAIW (GeoB 162-6), and in the boundary between AAIW and PDW (MD07-3100), but
not all cores expected to be bathed by the same water mass display this drop. Because of the latter, this
feature seems to be independent of water mass formation, and more so, it seems to be over imposed to

the overall behavior of cores in groups a and be. This is discussed separately at the end of this section.

5.4.2.1 Group a
In group a (Figure 5.3), at the beginning of the deglaciation, cores GeoB 1763-7 (537m, upper boundary
of the AAIW), GeoB 7162-6 (798 m, core of AAIW) and 22SL (1001 m, lower boundary of AAIW), become

less ventilated with respect to the late glacial, reaching values of ~130%o. A14C; whereas cores MD07-3088
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(1536 m, boundary AAIW/PDW), MD07-3100 (1609 m, boundary AAIW/PDW) continue to have similar
14C values to the late glacial, around 100%o A14C; and core MD07-3081 (3273 m, boundary between PDW
and LCDW), becomes better ventilated, reaching values of ~120%o0 A14C at ~17 ka cal BP. All these cores
reach similar values with the onset of the deglaciation and continue to have similar values throughout
the deglaciation and until ~8 ka cal BP. From then, data (especially at depths bathed by AAIW) becomes

sparse and the records cannot be further compared.

From the latter it is inferred that, whichever they are, the mechanisms responsible for the aging of deep
waters in the SO during the late glacial change, initiating their ventilation. As mentioned before, today the
waters bathing the retrieving site of core MD07-3081 is ventilated by the intrusion of NADW in the ACC,
together with the formation of deep and bottom waters in the Southern Ocean, south of the Polar Front
(Carter et al,, 2008; Talley et al., 2013). At the onset of the deglaciation, the production of NADW is still
suppressed (MacManus et al., 2004), and thus cannot be invoked to explain the increased ventilation
observed in core MD07-3081. Thus, a change in the formation of deep waters in the SO must be in place
to explain the observed values. As mentioned before, AAIW and AABW originate from the same process,
the upwelling of deep waters in the SO. When this occurs, some of the recently upwelled water is
transported north to form AAIW, whereas some of it is transported south to form AABW. In contrast to
what is observed during the late glacial, with the onset of the deglaciation it seems that the southern
upwelling branch began to effectively ventilate deep waters at this time. Because the increase in
ventilation in MD07-3081 is rather fast, we hypothesize that waters bathing these depths begin to
effectively exchange gas with the atmosphere before sinking to deeper depths, unlike during the late
glacial. A possible explanation for this is the upwelling of deep waters in ice-free conditions, as has been

proposed by Ferrari et al. (2014), among others.

Additional information to understand the mechanisms behind the change in circulation observed in the
SEP with the onset of the deglaciation, is given by cores retrieved at intermediate depths. As mentioned
before, cores bathed by AAIW and cores in the boundary between AAIW and PDW, go from a difference
of ~100%o A*C during the late glacial, to homogeneous values at ~17 ka cal BP (Figure 5.3). Additional
information to interpret these changes in the area, corresponds to bottom water oxygenation
reconstructions in cores MD07-3088, MD07-3100 and MD07-3082 (1792 m, ~49.2° S; Haddam et al,,
2020), and at depths bathed by AAIW (Muratli et al., 2020), including ODP site 1234, retrieved nearby
core 22SL. These records indicate a transition to more oxygenated values with the onset of the
deglaciation in cores MD07-3088, MD07-3100 and MD07-3082, and to lower oxygenation in cores
retrieved in the upper and lower boundaries of the AAIW at ~36°°S. This information has been
interpreted as a southward displacement of the formation area of AAIW at the beginning of the
deglaciation, together with a vertical expansion near its formation site (southernmost cores). The latter

is consistent with the 14C records here produced. We thus interpret the similar values at depths bathed
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by AAIW and cores MD07-3088 and MD07-3100 as a vertical expansion of the AAIW, reaching deeper
depths at least in cores south of ~40° S. Even though AAIW production in the modern ocean is not yet
well understood (Bostock et al., 2013; McCartney, 1977; Sloyan et al., 2010; Piola & Goron 1989), model
simulations indicate that an intensification of SWW during the last deglaciation would result in more
AAIW and AABW production (Menviel et al., 2018). The latter would result in steeper isopycnas in the
SO, upwelling deeper waters to the ocean surface, and resulting in a deeper convection of the AAIW.
Additionally, a southern position of the SWW, would additionally favor the upwelling of deeper waters,
as the wind-driven Ekman transport would be less opposed by eddy circulation. The timing of the
observed changes at the beginning of the deglaciation is consistent with reconstructions of the position
of the SWW, indicating the beginning of a southward shift which continues throughout the deglaciation,
reaching maximum values of ~5° a at ~11 ka cal BP (Gray et al., submitted). Thus, although more
information regarding the formation of AAIW could help clarify this issue, it is likely that the observed
changes in intermediate water ventilation in the SEP are regulated by changes in the position and/or
intensity of the SWW. In this scenario, it is plausible that a southward position of the SWW at the
beginning of the deglaciation, together with a hypothesized retreat of sea ice extent, would result in the
upwelling of more and deeper waters in to an ice-free surface. This water would then sink to deeper
depths, ventilating —-previously isolated- deep waters in the SO. A similar transition from less to better
ventilated values is observed in deep waters in the South Indian Ocean, today bathed by LCDW
(Gottschalk et al., 2020); the SWP (Ronge et al., 2016), at depths bathed by UCDW and AABW. These
records have been interpreted as ventilation of the deep SO by a combination of the effects of decreased
sea ice extent, increased vertical mixing, changes in the formation processes of AABW and/or SWW shifts

modulating Ekman pumping of deep waters.

After the important ventilation change observed in core MD07-3081 at ~17 ka cal BP, less ventilated
values are again observed between 16.7 and 15.6 ka cal BP, but which are within error equal to values
observed in cores MD07-3100, MD07-3088, GeoB 7162-6 and 22SL. At ~15 ka cal BP, core MD07-3081
becomes again more ventilated. This change is within error synchronous with changes to better
ventilated and oxygenated deep waters in the South Indian Ocean (3615 m; Gottschalk et al., 2020), the
South Atlantic (3770 m; Skinner et al., 2010; Gottschalk et al.,, 2016) and the EEP ( 2921 m; de la Fuente
et al, 2015; 2730 m ;Umling & Thunell, 2017; Umling & Thunell, 2018). This increased ventilation is
synchronous with the acceleration of the AMOC (McNannus et al,, 2004), and in the SA and South Indian
Ocean, it has been interpreted as the signal of NADW entering the ACC (Gottschalk etal., 2020). Since core
MDO07-3081 is today bathed by LCDW, partially sourced in the NADW, the better ventilated values at ~15
ka cal BP are consistent with this interpretation. Additionally, changes observed in the EEP might also be
associated with the reinvigoration of NADW, as below ~3,000-3,500 m, the Paicific Ocean is bathed by a
mix of Pacific Deep water transported south, with southern-sourced deep waters (AABW, NADW, LCDW)

178



Chapter 5 — Oceanic circulation of the Southeast Pacific during the last 20,000 years

transported north. Thus, it is not unlikely that during the late glacial, imore and more dense southern
sourced deep waters filled the deep Pacific Ocean. Thus, the fact that deep cores in the EEP display better

ventilated values ~15 ka cal BP might be reflecting the reinvigoration of NADW, ventilating these depths.

5.4.2.2 Group b

In contrast to cores in group a, another group of cores can be defined which, during the deglaciation,
follow a different trend (Figure 5.4). In this group are included cores which display overall less ventilated
values with respect to cores in group a during the deglaciation: cores GeoB 7167-6, MD07-3098 and core
GeoB 7149-2. The A4C content in core GeoB 7149-2, oscillates between values close to those observed in
cores in group a, and more 14C-depleted values, similar to cores in group b. As mentioned before, during
the late glacial, cores MD07-3098 and GeoB 767-6, display more or less constant values of ~50%. A14C
and are relatively better ventilated than the record from core MD07-3081. With the onset of the
deglaciation, a fast decrease in 14C is observed in core MD07-3098, reaching ~-60%o A4C (Figure 5.4) at
16.7 ka cal BP. From there and throughout the deglaciation (with the exception of the period between
~15-13.5 ka cal BP, discussed below), MD07-3098 continues to be depleted in ~50-100%. A 14C, with
respect to cores in group a. One exception is observed 15.5 ka cal BP, when 14C values in core MD07-3098
are similar to those observed in group a, around -50%o. A14C. Between ~14 and 9 ka cal BP, core GeoB
767-6 closely follows the values of MD07-3098. Meanwhile, during the deglaciation GeoB 7149-2 displays
intermediate values between those in cores GeoB 767-7 and MD(07-3098 and values in cores in group a.
As mentioned before, core GeoB 767-6 was retrieved at ~2,000 m depth and ~36° S, in the core of PDW.
On the other hand, cores MD07-3098 and GeoB 7149-2 were retrieved in deeper waters ~3,000 m depth,
near the influence of CDW as it is transported from the Southern Ocean to the North Pacific at depths
>3,000 m. From what is observed here, core MD07-3098 is bathed by PDW during the deglaciation and
late glacial, whereas GeoB 7149-2 seems to be more influenced by CDW, resulting in intermediate values

between cores in group a and b.

From the latter, PDW in the SEP does not display important changes in its 14C content during the late
glacial or deglaciation. Instead, important changes in the ventilation of water masses in the SEP are
dominated by changes occurring in the SO, i.e. variations in the formation of AAIW and SO deep waters

(i.e. AABW and other less dense deep water which mix with LCDW).

5.4.2.314C drop between ~15-13.5 ka cal BP

As mentioned before, some of the cores in groups a and b, display important drops in their 1*C content,
which are superimposed to the deglacial trends described in sections 4.2.1 and 4.2.2. All these cores
experiment drops in their A*C of between ~120-200%. and which occur between ~15-13.5 ka cal BP
(Figure 5.4). In particular, core GeoB 7162-6 reaches minimum values of ~-230%o A4C at ~14.8 ka cal

BP; MD07-3100 displays low values around -~200%0 A4C between ~13.7 and ~14.3 ka cal BP; core
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MD07-3098 displays values between ~-200 and ~-220%o A14C between ~13.5 and 15 ka cal BP; and core
GeoB 7149-2, a value of ~-235%0 A14C at ~14 ka cal BP. From these cores, and from what was previously
dicussed, during the deglaciation GeB 7162-7 and MD07-3100 are bathed by AAIW, cores MD07-3098 by
PDW and GeoB 7149-2 by a mixture of PDW and CDW.

One possibility to explain the relatively low 14C values observed in these cores, is that this signal
represents changes in PDW and that this water mass reaches MD07-3100 during that period but no
MDO07-3088 (which continuous to have relatively well ventilated values during that time). However, this
feature is not present at core sites today bathed by PDW in the EEP (~2900 m, de la Fuente et al., 2015;
~2,700 m, Umling & Thunell, 2017), the NP (~3,600 m, Galbraith et al., 2007; Rae et al., 2014), or the SWP
(2066 m, Ronge et al., 2016), which during that time are better ventilated and present values similar to
cores in group a. As previously described, for the EEP cores the latter might be due to a more important
presence of southern-sourced waters in those sites at that time, thus they might not represent PDW as
today. However, cores in the NP and SWP are thought to represent changes in PDW during that time.
Extremely 1#C-depleted values of ~-600%. have been identified in deep waters the East Pacific Rise (EPR,
3,600 m) at ~46°S and in the SWP (2,500 m; Ronge et al., 2016). However, these waters get ventilated at
around ~15 ka cal BP, before the observed drop in 14C in the SEP. Additionally, bottom water oxygenation
reconstructions and benthic foraminifera §13C values in core MD07-3100 (Haddam et al.,, 2020) at that
time are relatively high. These characteristics are consistent with well-ventilated deep waters, in this
case AAIW, and not with PDW, which is characterized by low oxygen levels and §13C values (Lauvset et
al,, in preparation ). Thus, it is unlikely that this signal represents changes in PDW ventilation. In addition,
because cores in group a are also relatively better ventilated during this time, southern-sourced deep

waters are not a plausible source for the 14C drop either.

Records of waters with a similar *C depletion during the deglaciation have been produced in
intermediate waters in Baja California (~700 m, Marchitto et al., 2007; Lindsay et al., 2016) and in the
EEP (~600 m, Bova et al.,, 2018; Stott et al., 2007). On the one hand, records in Baja California displaying
minimum A4C values of ~-180%o0 A*C during the HS1, and of ~-320%o A!*C during the YD, have been
interpreted as EqPIW laterally advecting a signal of deep 1*C-depleted water, likely sourced in the SO or
the Pacific Ocean (Marchitto et al., 2007; Lindsay et al., 2016). On the other hand, extremely 14C-depleted
records in EEP have been interpreted as either purely hydrothermally-sourced (Stott et al., 2007; Stott
and Timmerman, 2011); as a mixture of hydrothermally-sourced together with *C-depleted waters
from a deep carbon pool, likely in the NP (Bova et al., 2018); and/or as a result of hydrothermal fluids in
pore waters, but not representative of bottom waters conditions (Chen et al.2020). Even though some of
these authors indicate a deep ocean source for the 1*C-depleted values observed in Baja California and
the EEP, evidence of deep waters depleted enough to account for the values observed in these sites, has

not yet been identified. The latter, however, does not necessarily mean that this water did not exist, and
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for example, in the SEP remnants of the deep late glacial 1*C-depleted waters could be stored in the Peru-
Chile trench (~6-39° S, Figure 5.4) where bathymetry is much deeper, reaching depths ~8000 m. The
latter could be especially true if the late glacial waters are much denser and thus they do not mix with the
less dense SO abyssal waters hypothetically being produced at the beginning of the deglaciation. Thus, a
possible explanation for the relatively low #C values in the SEP between ~15-13 ka cal BP is that this
water was effectively ventilated during this period entering the PDW in the SEP. However, evidence for

this is yet to be found.

If we rule out that the low 14C signal represents the ventilation of —previously isolated- deep waters,
another likely explanation for it would be a hydrothermal source injecting 14C-dead CO; to deep and
intermediate waters, either locally or regionally. At present, hydrothermal activity in the ocean can be
tracked very clearly by the 63He content of water (Jenkins et al, 2019). From the latter, most
hydrothermal activity in the modern ocean is concentrated in the Pacific Ocean (Figure S5.6), where it is
possible to identify prominent hydrothermal plumes with maximum values between 30-40% &3He. Such
plumes are found in the EPR, both north and south of the equator (Lupton & Craig, 1981; Lupton, 1998;
Jenkins et al., 2017), in the French Polynesia (Jenkins et al., 2015), in the Juan de Fuca Ridge (Lupton,
1998) and in Tonga-Fiji region (Lupton et al., 2004). Most these plumes display maximum &3He values at
~2000-2500 m depth and extend for thousands of kilometers away from the main vents. For example, in
the SEP, a plume can be identified as a ~25 % &3He contour extending eastward between ~2000-3000
m depth from the main vent, located in the EPR at ~26°S, as seen from maximum values around 30%
&°He (Figure S5.7). Baja California and the EEP, on the other hand, are influenced by another prominent
plume sourced in the EPR at ~11° N, also between ~2000-3000 m. Thus, it is plausible that during the
deglaciation these sites are influenced by hydrothermal activity. However, for the 14C values observed to
have a hydrothermal source, the submarine volcanic activity should have been enhanced and/or different
in composition than today. In the modern Pacific Ocean, even though *C-dead CO; is a hydrothermal
product, the 1*C content of deep waters are mainly controlled by the remineralization of organic matter,
as seen in the coupling between the lowest 14C values in the ocean with low oxygen and high nutrient
contents in the NP (Lauvset et al,, in preparation). However, in some areas, as the Tonga-Fiji region, local
minimum 4C contents might be hydrothermally sourced. Thus, for the observed signal to be sourced in
hydrothermal vents, the eruption rate would have to be higher and/or the composition would have to

contain more 4C-dead CO2, than vents in the modern ocean.

Even though the timing and magnitude of the changes observed in Baja California, the EEP and the SEP
between ~15-13 ka cal BP are similar, it is difficult to reconcile a common source for all the observed
depths and latitudes, especially considering records of relatively well-ventilated deep and intermediate
waters in the EEP during the deglaciation (Chen et al., 2020; Bova et al,, 2018; Zhao and Keigwin, 2018;
Umling and Thunell, 2017; de la Fuente et al., 2015). However, it is still plausible that the observed drops
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in 14C are hydrothermal, but represent more local signals of intensified activity. For example the SEP
could be influenced, as today, by an eastward flowing plume coming from the EPR, or alternatively from
volcanic activity in the Chile rise or Sala y Gomez ridge. However, for the observe drop to reach depths of
~800 (core GeoB 7162-6) and ~1000 m (core MD07-3100) in the SEP, the hydrothermal activity would
have to correspond to one or several event plumes. These correspond to massive releases of
hydrothermal fluid into the water column which can reach ~1000 m above the venting depth (e.g. Baker
etal,, 1987). It is not unlikely that this is the case as there is evidence of enhanced hydrothermal activity
in the EPR during this time (Lund et al, 2016). More so, Lund et al. (2016) document peaks in
hydrothermal activity in the EPR last two deglaciations, and interpret it as a lagged response to minimum
sea levels during the LGM. Thus, in this scenario, it is plausible that the signals in Baja California, the EEP
and the SEP correspond to separate plumes given by enhanced volcanic activity due to sea level drop

during the LGM.

Regardless of whether or not the hypothesized intensified volcanic activity between 15-13 ka cal BP
carried a high CO; signal, it might still have had an influence in the CO; budget. In the modern ocean,
prominent hydrothermal plumes in the South Pacific, have an impact in oceanic circulation, accelerating
an anticyclonic circulation at mid depths (Lupton & Craig, 1981; Stommel, 1982; Hautala & Riser, 1983).
In fact, model simulations evaluating the effect of including 63He in large-scale deep ocean global
circulation, found that including it reduces the time of re-exposure of Pacific bottom water by ~50-150
years (DeVries & Holzer, 2019). Thus, an intensified hydrothermal activity in the deglacial would
potentially dynamize the circulation in the SEP, maybe even aiding the ventilation of extremely depleted
14C waters found in the EPR and SWP, estimated to have happened around ~15 ka cal BP. Around 14.8 ka
cal BP, an abrupt increase (10-15 ppm in 100-200 years) in atmospheric pCO; occurred in Antarctica
(Marcott et al,, 2014), within error synchronous with a drop in 30%. in 100 years atmospheric A4C
followed by a relatively slower drop of 30%. in 300 years (Reimet etal., 2021). Because at present oceanic
records do not have the resolution and accuracy of atmospheric records, it is difficult to identify the exact
source or mechanisms responsible for atmospheric changes in pCO,. In fact, as already mentioned,
around the same time records in the Atlantic Ocean register the reinvigoration of AMOC, which together
with increased ventilation in the deep SA and SI are interpreted as NADW entering the circumpolar
circulation, consistent with ventilation changes observed here in core MD07-3081. The latter has been
indicated as a likely source of the atmospheric changes in pCO; around 14.8 ka cal BP (Gottschalk et al,,
2020). Thus, the observed changes in atmospheric pCO; are difficult to attribute to a specific event.
However, the records here presented might indicate that is worthwhile testing the effects of including
variations in hydrothermal activity in climatic models, not only because of the CO; input but because of

its effect in deep ocean circulation.
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Another explanation that has been put forward to explain the extremely 14C-depleted values found in
EEP is that they would actually corresponds to the signal of the pore-water microhabitat in which the
infaunal foraminifera often picked for 14C dating live (e.g. U. peregrina). Chen et al. (2020) propose that
hydrothermal activity could explain the 14C values in the EEP but that it would not be injected in bottom
waters but stay restricted to pore waters. There is abundant evidence for gas-hydrate occurrences along
the Chilean margin (Bangs et al.,, 1993; Froelich et al., 1995; Morales, 2003; Grevemeyer et al., 2003;
Vargas-Cordero et al., 2010a, b; Vargas-Cordero et al.,, 2016; Villar-Mufioz et al.,, 2019), thus it is not
unlikely that this is the case for cores in the SEP. However, even if it is, there should still be increased

hydrothermal activity in the area between ~15-13 ka cal BP to explain the observed values.

5.4.3 Holocene

During the Holocene, cores in group a continue to be relatively well ventilated and their 14C content is
within error the same. With respect to cores in group b, at the beginning of the Holocene, all three cores
display relatively less ventilated waters with respect to cores in group a, and in particular core GeoB 749-
2 displays values that are closer to cores MD07-3098 and GeoB 767-7, which might represent more
presence of PDW at the core retrieving site (~3,300 m, 31° S). At ~9 ka cal BP, all three cores become
more ventilated, reaching values similar to cores in group a. After this, core GeoB 749-2 displays values
similar to cores in group a, with the exception of one value of -245 %o at ~6.9 ka cal BP, which might
indicate again more influence of PDW at that time. Between ~9 ka cal BP and the present, no Al4C
estimates for GeoB 7167-6 are available. Regarding core MD07-3098, after displaying values similar to
cores in group a at ~9 ka cal BP, it presents a decreasing trend, reaching a local minimum of ~-300%.
A14C at ~7.4 ka cal BP. At ~6.5 ka cal BP, it becomes better ventilated with values ~-260%. A14C, similar
to values observed in core GeoB 7149-2. After this, between ~3.4-0.1 ka cal BP, core MD07-3098 displays
relatively depleted 14C contents between ~-340 and -400%o A14C. With the information here provided, it
is unclear if this signal represent a PDW signal or a local signal, however the values presented in core
MDO07-3098 are lower than anywhere in the modern ocean, thus it is unlikely that they represent changes

in PDW formation.
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5.6 Supplementary material

5.6.1 Cryptotephra identification

In core MD07-3081, glass shard percentages were obtained following the methodology by Carel et al.
(2011), from which thirteen glass shard peaks were identified between 270 cm (early Holocene) and
1340 cm (late glacial). From these, individual glass shards were analyzed for major element geochemistry
in ten depths, using a CAMECA-SX 100 Electron Microprobe (EPMA-CAMPARIS) at the University Paris
VI (France). These depths correspond to: one cryptotephra occuring in the late Holocene (270 cm), one
in the Holocene/Younger Dryas transition (330 cm), three in the deglaciation (470 cm, 550 cm and 650
cm), two in the Heinrich Stadial 1/late glacial transition (700 cm and 750 cm) and four during the late
glacial (910 cm, 1040 cm, 1140 cm and 1220 cm). All ten cryptotephra present similar major element
chemistry consistent with products from volcanic sources Yate (~42.8° S), Michinmahuida (~43.8° S)
and Hudson (~45.9° S; Table S5.3; Figure S5.2). From these volcanic centers, Michinmahuida and Hudson
present activity during the Younger Dryas/Holocene transition, corresponding to Lepué (Amigo et al.,
2013; Alloway etal., 2017; Martinez Fontaine et al., 2021) and HW3 (Haberle & Lumley, 1998; Haberle &
Bennet, 2004) eruptions, respectively. When comparing the geochemistry of these eruptions with the
cryptotephra identified at 330 cm, its geochemical composition is consistent with both eruptions (Figure
S5.33, b). However, taking into account the available on land information, estimated Rs would be ~150 +
100 years if the cryptotephra corresponded to HW3, which is very unlikely. If the cryptotephra was
sourced in Lepué eruption, Rs would be 295 + 280 years, which is more plausible. However with the
available information it is not possible to distinguish between these eruptions and thus none of these Rs

is taking into consideration for the age model of core MD07-3081.

Regarding older cryptotephras, Hudson is the only volcanic center with similar geochemistry for which
deglacial and late glacial activity has been robustly described and dated on land (Haberle and Lumley,
1998; Weller et al,, 2014; Weller et al,, 2015): HW2, HW1 and Ho. HW2 has been dated in 11910 * 110
14C years BP; HW1 in 12435 + 110 14C years BP and occurs in the Heinrich Stadial 1/Antarctic Cold
Reversal transition according to pollen records (Haberle and Bennett, 2004). Cryptotephras at 470 cm
and 550 cm can be correlated with HW2 and HW1, resulting in Rs of 480 + 120 and 770 * 130 years,
respectively (Figure S5.3 c-f).

Ho has been identified in Lago General Carrera/Buenos Aires (FCMC17; Bendle et al., 2019) and a record
obtained from Lago Castor (Van Daele et al., 2016). From these two records Ho occurs in the Heinrich
Stadial 1/late glacial transition, as cryptotephras at 700 and 750 cm. Additionally, Ho has been dated by
radiocarbon above and below the tephra deposit in 14583 * 210 14C years BP (Table S5.5). From the
geochemical composition, either the cryptotephra at 700 cm or at 750 cm (Figure S3 g, h) could
correspond to Ho, even maybe both since Ho is thought to have been a massive eruption with an

estimated magnitude of 6 (Weller et al., 2014). Cryptotephras at 700 cm and 750 cm have similar ages of
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14850 = 60 and 14960 + 60 14C years BP, resulting in Rs of 270 + 220 years and 380 * 220 years,
respectively. Thus, since with the available information is not possible to further discriminate these two
cryptoteprhas, we tentatively correlate cryptotephra 750 cm to MD07-3081 as it result in more plausible

Rs, similar to modern (Merino-Campos et al., 2019).
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Figure S5.1. Stratigraphic position of cryptotephras in core MD07-3081. As described in the supplementary, all
cryptotephras have a Hudson-like geochemistry. Cryptotephras correlated with on land information are shown in
a more opaque purple and the name of the tephra correlative is indicated.

195



Chapter 5 — Oceanic circulation of the Southeast Pacific during the last 20,000 years

270 cm
330 cm
470 cm
550 cm
650 cm
700 cm
750 cm
910 cm
1040 cm
1140 cm
1220 cm

Michinmahuida
Hudson

Quetrupillan
Yate

Il Agod0<OoO<c0ODV

Si02 ' ' Tio2

Figure S5.2.- Geochemistry of the cryptotephras identified in core MD07-3081, compared with information on land
from volcanic centers in the Southern and Austral volcanic zones of the Andes from the Teprha Database (Chapter
3 of this thesis, Martinez Fontaine et al.,, in prep). a and b) comparison with all available information from the Tephra
Database, c and d) comparison only with volcanic centers displaying similar values, e and f comparison only with
Hudson volcano.
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Figure S5.3. Comparison of specific cryptotephras in core MD07-3081 with potential correlatives on land, as

described in the supplementary.

197



20°S

40°S

60°S

80°S
100°W 90°W 80°W 70°W

Ocean Data View

DEPTH [M]

g

DEPTH [M]
§

DEPTH [M]

DEPTH [M]

Chapter 5 — Oceanic circulation of the Southeast Pacific during the last 20,000 years

0

Ocean Data View/ OVA

60°s 40°s 20°s EQ 60°S

DEPTH [M]
g

)

DEPTH [M]

60°S 40°s 20°s EQ 60°S

SALNTY [PSS-78]

20°s

<
AN
SESEE

20°s

Ocean Data View/ DVA

EQ

SILCAT [UMOL/KG]

i
3
H
3
E
H
H

EQ
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6 Conclusion and perspectives

The main aim of this work was to help better constrain the circulation changes in intermediate and deep
waters in the Southeast Pacific Ocean during the last 20,000 years. In particular, to provide information that
will help better understand the role of the ocean during the last deglaciation. Here I provide new 14C records
in seven marine sediment cores in the Southeast Pacific Ocean. These new records, together with previous
14C records in two marine sediment cores in the area (de Pol-Holz et al., 2010; Siani et al., 2013), comprehend
a detailed transect constraining the ventilation of AAIW, PDW and LCDW in the Southeast Pacific during the
last 20,000 years. Constraining the ventilation of deep waters using *C requires accurate chronologies of
marine sediment cores. To this purpose I complemented planktonic foraminifera radiocarbon dating with

stable isotope stratigraphy and tephrochronology.

The tephrochronological work I developed in cores MD07-3098, MD07-3100 and MD07-3081 resulted in the
robust identification of between 1 and 3 tephras (eruptions) in each core. From this, I estimated six new Rs
in the Southeast Pacific Ocean since the late glacial, at ~40° S and ~49° S. These, together with the stable
isotope stratigraphy of each core, and previous Rs estimates in the area (Siani et al.,2013), revealed that
during the deglaciation, Rs between ~40-46° S, were consistently higher by ~500 years than Rs at ~49° S.
This result stresses the importance of having references on how the Rs of the surface waters at the core
retrieving sites may have varied when producing marine core chronologies by calibrating planktonic
foraminifera 14C ages. The new Rs I estimated provide reference values for future paleoceanographic
research in the area. Taking into account the spatial variability of Rs in the area, future works should use the
stable isotope stratigraphy of the marine sediment cores as a reference to evaluate if the same surface water

is present in the site of interest.

Regardless of the fact that the new Rs I estimated here aid the understanding of how Rs vary in the Southeast
Pacific Ocean, the errors associated with the Rs estimates, and consequently the chronologies of the marine
sediment cores, are still very big (from hundreds to a thousand years). As mentioned in the introduction,
chronologies with errors of this magnitude do not allow for a proper integration of the paleoceanographic
and paleoclimatic data produced in different parts of the ocean and on land, as their chronologies are not
comparable. In order to better constrain Rs variations in the Southeast Pacific Ocean using tephrochronology,
it is necessary that the age of on land tephras are better constrained. The Southern and Austral Volcanic
Zones of the Andes are two very active volcanic zones, where many active volcanic centers are located close
to each other. This results in a statigraphic record in which the remains of explosive eruptions of many

different volcanic centers are intertwined. In order to robustly identify tephras in this area, ideally
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geochemistry and robust stratigraphic constrains, such as palynological records together with radiocarbon
ages, need to be more routinely reported. This will in turn help to better constrain the ages of specific
eruptions (tephra). In this regard, the marine tephrochronological record I produced provides robust
geochemical and stratigraphically evidence of continuous activity of Michinmahuida volcano since the late
glacial. This volcano is located in a highly vegetated area of difficult access and an important portion of the
volcanic edifice is currently covered by ice. Because of the latter, and the presence of the Patagonian Ice Sheet
during the late glacial in this area, robust evidence for late glacial and deglacial activity of this volcano had
not been identified before this work. The tephrochronological work I developed in this thesis highlights the
value of marine tephrochronology for unveiling the eruptive history of the Southern and Austral Volcanic
Zones of the Andes. As more information to robustly constrain the tephrochronological record in the area
becomes available in the future, tephrochronology can help better constrain chronologies in the Southeast
Pacific. This new information could, for instance help identify the cryptotephras analyzed in the marine

sediment cores here studied for which the source and/or specific event cannot be determined at the moment.

Additionally, the database I assembled is a step forward in unveiling the tephrochronological record in the
Southern and Austral Volcanic Zones of the Andes, as it integrates tephrochronological and volcanological
data on 130 different eruptive events of 32 active volcanic centers, retrieved from 80 scientific publications.
Additionally, the explorer of the database provides tools to explore the database in its multidimensionality
(geochemical composition of the tephras, time of the eruptions, geographical distribution of the tephras),
which can help improve the efficiency of the tephrochronological work in the area. Because the database
provides a structure to standardize and integrate tephrochronological and volcanological information
produced by heterogeneous groups of researchers, it has the potential of growing in time, integrating new
information as it is published. Future efforts regarding this work correspond to finding the platforms which
allow for the growth of the database in time, i.e. a community and/or service which can integrate new data
according to community-based data quality criteria, maintain the online services in time, and ideally provide

a platform for the evolution of the exploration tools as new information is integrated.

After this work, and once the chronology of the cores was constrained, the *C information here provided
indicates that during the late glacial period, two main differences in the ventilation of the Southeast Pacific

Ocean are observed, with respect to the deglaciation:

e Depths bathed today by AAIW were relatively well ventilated, with a 14C depletion with respect
to their contemporary atmosphere that was similar to the present. The latter suggests that the

mechanisms leading to its formation at present, were also in place during the late glacial.
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e Waters at ~1,500 m between ~40-49° S, today located at the boundary of AAIW and PDW, had
14C contents within error homogeneous with PDW during this period. This information is in line
with previous paleoceanographic records in the area (Haddam et al, 2020), indicating a
shallower convection of the AAIW during this period, at least with respect to the deglaciation.

e Deep waters, at present located at the boundary between LCDW and PDW, were less ventilated
than depths bathed by PDW during the late glacial. As PDW feeds the formation of LCDW, the
latter is evidence for a change in the water mass formation in the Southern Ocean at this time, in

which the ventilation of deep waters formed in the there is importantly decreased.

During the deglaciation, important circulation changes are inferred from the 14C transect in the Southeast

Pacific with respect to the late glacial period:

e With the onset of the deglaciation and throughout it, A*C records in cores retrieved at sites
bathed at present by AAIW, in the boundary between PDW and AAIW, and in the boundary
between PDW and LCDW, all become homogeneous within error. The latter represents an
important change in water mass ventilation with respect to the late glacial period, which
importantly augments the ventilation of deep waters in the Southern Ocean.

e Waters bathed today by PDW continue to be as depleted from the contemporary atmosphere as
during the glacial, which indicate no important ventilation change of this water mass during this

period.

During the deglaciation, additionally:

e Waters bathed by different water masses in the Southeast Pacific present an important drop in
AMC contents between ~15 and 13.5 ka cal BP, which likely does not derive from water mass
formation processes. With the information here provided, however, it is not yet possible to

discriminate what is the origin of this signal and whether it is regional or local.

During the Holocene:

e The ventilation of waters in the upper boundary of PDW between 40-46° S, between LCDW and
PDW at ~49° S and of PDW and CDW at ~31° S continues to be homogeneous within error.

¢ No information of waters bathed by AAIW is available during this period.

e Itis unclear if core MD07-3098 represents changes in PDW during the deglaciation or rather a

local 1*C-depleted signal, for example from hydrothermal sources.

Overall, the information here provided indicates that no extremely 14C-depleted carbon reservoir existed in

the Southeast Pacific in waters above 3300 m depth during the last 20,000 years. However, it is still plausible
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that during the Last Glacial Maximum deep waters in the Southern Ocean where more isolated than in the

studied interval, as observed in the South West Pacific, South Indian and South Atlantic Oceans.

In order to better interpret what the water mass ventilation changes here presented represent in terms of
variations in oceanic circulation and the mechanisms responsible for these changes (e.g. variations in the
position or intensity of the SWW or in the extension of sea-ice around Antarctica), future work might
concentrate in better constraining the ventilation of AAIW during the Holocene. At present, the “natural” A14C
content of AAIW has been modified by the bomb effect and thus it is difficult to understand if the circulation
observed during the deglaciation is different from modern or not. This might help to better understand what

are the mechanisms controlling this water mass formation and how they have changed in the past.

Additionally, in order to understand the origin of the low 14C signal observed in four of the five marine
sediment cores [ studied, and whether or not it has an important effect in the carbon cycle, future work
should concentrate in finding proxies which allow to trace if this signal has an hydrothermal origin, and

whether is local or not.
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7 Résumé en francais

L'océan joue un role important dans les cycles glaciaires-interglaciaires, en régulant la quantité de CO2 dans
I'atmospheére. En particulier, pendant le dernier maximum glaciaire (~23 000-19 000 années civiles avant le
présent (années cal. BP)), on pense que l'océan profond a accumulé du CO2, le libérant dans I'atmosphere
pendant la derniere déglaciation (~18 000-11 000 années cal. BP). La quantité de CO2 stockée/libérée, les
zones de I'océan ou cela se produirait et les mécanismes menant a ce stockage/libération, sont actuellement
discutés et des informations sont produites dans le monde entier dans ce but. Dans cette these, je produis de
nouveaux enregistrements sur les changements de ventilation des eaux intermédiaires et profondes dans le
Pacifique Sud-Est (SEP) au cours des ~22 000 dernieres années. En utilisant les dges 14C de foraminiferes
benthiques et planctoniques appariés dans neuf carottes de sédiments marins dans un transect entre ~500-
3,300 m et ~31-49° S, j'interpréte les changements de la circulation océanique pendant la derniere

déglaciation.

Le chapitre 2 de cette thése correspond a un travail qui a commencé avant le début de cette these, mais qui
a été développé en grande partie, et publié, pendant les deux premieres années de ce doctorat. Il correspond
al'étude de cing carottes de sédiments prélevées dans la marge continentale chilienne par le navire allemand
R/V Sonne, dans lequel mon ancien superviseur : Ricardo de Pol-Holz, avait participé. Les carottes GeoB
7149-2, GeoB 7163-7, GeoB 7162-6, SO161-22SL et GeoB 7167-6 entre 13 et 6° S et ~500-3000 m de
profondeur. Les foraminiferes planctoniques et benthiques ont été prélevés et préparés pour la datation au
radiocarbone et l'analyse des isotopes stables, par Dharma Reyes-Macaya et Ricardo. Les datations au
radiocarbone ont été effectuées au Keck Carbon Cycle Accelerator Mass Spectrometer facility de 1'Université
de Californie, Irvine UCI-AMS. Comme ces informations étaient déja disponibles, mon étude de premier cycle
consistait a les utiliser pour mieux comprendre les changements de la circulation océanique dans les eaux
intermédiaires et profondes du Pacifique Sud-Est au cours des 20 000 dernieres années. Dans le cadre de ce
travail, un probléme tres important que j'ai rencontré était 1'obtention de chronologies robustes pour les
carottes de sédiments marins. En particulier parce qu'aucun travail antérieur sur les variations de Rs n'était
disponible pour les latitudes ou les carottes ont été récupérées. Dans cette zone, les variations de Rs peuvent
étre trés importantes, en raison de la remontée des eaux céotiéres qui dépend de la position latitudinale du
SWW, dont on pense qu'elle a changé dans le passé (détails dans le chapitre 2, section "4. Modeéles d'age").
Dans le deuxiéme chapitre de cette these, j'explore comment la stratigraphie des isotopes stables (613C),
ainsi que les ages 14C des foraminiferes planctoniques peuvent nous donner des informations sur la
variation passée de Rs dans des zones ou aucune estimation de Rs n'est disponible. Ensuite, de multiples

chronologies et les A14C correspondants sont produits pour chaque carotte, en prenant en considération la
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gamme de Rs possibles donnée par les informations disponibles dans la zone. Ce travail a mis en avant le fait
qu'idéalement une certaine référence des variations de Rs in situ doit étre disponible pour produire des
chronologies robustes. En particulier, comme dans le Pacifique Sud-Est, Rs varie latitudinalement en raison
des différents régimes de remontée d'eau a différentes latitudes qui amenent a la surface des eaux de
subsurface plus ou moins anciennes ; et parce que la distribution latitudinale de ces régimes de remontée

d'eau a probablement aussi varié dans le temps.

Comme mentionné précédemment, une conclusion importante du travail développé dans le chapitre deux
est que pour mieux contraindre les chronologies des carottes de sédiments marins dans le Pacifique Sud-Est,
il est important d'estimer les variations de Rs dans le passé. La téphrochronologie est un outil qui a déja été
utilisé par Siani et al. (2013) pour estimer les variations de Rs a 46° S. En raison de la présence des zones
volcaniques australe et méridionale des Andes, adjacentes a la marge continentale chilienne - qui sont deux
zones volcaniques tres actives actuellement - la téphrochronologie a un grand potentiel pour améliorer les
chronologies dans la zone d'étude. Comme je connaissais tres peu le volcanisme de la région et pratiquement
rien de la téphrochronologie, le premier travail que j'ai développé a été de rassembler des informations sur
la téphrochronologie dans la région. En particulier, quels volcans avaient eu des éruptions au cours des 20
000 dernieres années, combien d'éruptions avaient-ils eu, si ces éruptions étaient datées ou non, analysées
par géochimie ou non, etc. Tout cela dans le but d'identifier les volcans et les éruptions particuliéres
responsables des cendres volcaniques trouvées dans les carottes de sédiments marins. En développant cette
tache, j'ai rencontré divers obstacles, tels que des noms différents donnés a un méme événement éruptif, des
données non standardisées, l'impossibilité d'accéder aux données brutes, des informations manquantes, par
exemple la position des échantillons, etc. Avec l'aide de Chiara Marmo, ingénieure de recherche au
laboratoire GEOPS, j'ai compris qu'il s'agissait d'un probléme largement répandu dans la science, et j'ai pu
lui donner un nom : les données téphrochronologiques n'étaient pas FAIR (Findable, Accesible,

Interoperable, Reusable ; Wilkinson et al,, 2016).

Le chapitre 3 correspond a la description du jeu de données que j'ai compilé afin de pouvoir identifier la
source des restes volcaniques trouvés dans les carottes de sédiments marins. Il comprend des informations
téphrochronologiques et volcanologiques sur 32 centres volcaniques actifs des zones volcaniques australe
et méridionale des Andes, entre les volcans Llaima (~38,7° S) et Mount Burney (~52,3° S), recueillies a partir
de soixante-treize publications scientifiques publiées dans des revues a comité de lecture, six publications
de SERNAGEOMIN et deux théses de doctorat. Au total, elle contient des informations sur ~16 500 analyses
d'échantillons, ce qui correspond a ~130 événements éruptifs différents identifiés et a de nombreux autres
encore non corrélés avec d'autres gisements. Mais il ne s'agit pas seulement d'un ensemble de données. Le

probleme de la loyauté des données m'a vraiment intéressé, et j'ai pris a coeur d'essayer d'aider a progresser
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dans ce domaine. Ainsi, pour ce faire, en collaboration avec Chiara Marmo et Vanessa Araya, ancienne post-
doc et actuelle professeure a I'INRIA, nous avons commencé a développer une application web dans le but
de créer des visualisations qui aideront les futurs utilisateurs du jeu de données a lui donner un sens,
favorisant ainsi la découverte d'informations ; et qui aideront au téléchargement personnalisé du jeu de
données. Ce travail est en cours et vous pouvez accéder a l'explorateur a l'adresse suivante

http://varaya.cl:3001/. Vous y apprendrez, nous l'espérons, quelque chose sur la téphrochronologie et le
volcanisme dans la zone d'étude. Ce travail a été réalisé en collaboration avec I'agence chilienne de géologie
et des mines : SERNAGEOMIN par le biais du département du Réseau national de vigilance volcanique. L'idée
est qu'a l'avenir, le jeu de données et 1'explorateur soient gérés par SERNAGEOMIN, et que de nouvelles

informations puissent y étre ajoutées, afin de rendre ces données plus équitables.

Parallelement au jeu de données, j'ai réalisé le travail décrit au chapitre quatre, qui correspond ala procédure
et aux résultats des enregistrements téphrochronologiques dans les carottes de sédiments marins MD07-
3098 et MD07-3100. Une procédure analogue a été suivie pour la carotte MD07-3081, qui est décrite dans le
chapitre 5. Ce travail constitue la base a partir de laquelle les R sont estimés ultérieurement dans le chapitre
5 et utilisés pour établir les chronologies des carottes. Grace a ce travail, des restes d'activité éruptive ont été
trouvés dans tout l'intervalle étudié des carottes de sédiments marins, soulignant le potentiel de I'utilisation
de la téphrochronologie pour améliorer les chronologies des carottes dans la marge chilienne. Parmi ceux-
ci, 1 téphra sur 8 a pu étre identifié de maniére robuste dans la carotte MD07-3098 et 2 sur 17 dans la carotte
MDO07-1300. De plus, huit cryptotéphras apparaissanta ~3,6, 6,2, 7,0, 8,5, 9,6, 14,2, 15,9 et 18,2 cal ka BP ont
été identifiés de maniére robuste comme provenant du volcan Michinmahuida, mais n'ont pas été corrélés
par ailleurs, fournissant une nouvelle preuve de I'activité pré-holocene de ce centre volcanique. Les téphras
qui n'ont pas pu étre identifiés de maniere robuste pourront I'étre a 1'avenir si les éléments traces sont
analysés a la fois dans les carottes de sédiments marins et sur terre, mais aussi lorsque davantage de
contraintes chronologiques seront disponibles sur terre. Ainsi, les chronologies de ces carottes peuvent

continuer a étre améliorées au moyen de la téphrochronologie.

L'ensemble de données et I'explorateur décrits au chapitre 3 étaient essentiels pour identifier de maniére
robuste la source des téphras marins, étant donné que la plupart d'entre eux correspondent a des
cryptotephras (couches tres fines de matériel pyroclastique). Ceci est pertinent parce que les cryptotephras
peuvent étre transportés de loin et donc les sources volcaniques potentielles dans la région étaient environ
30, dont beaucoup ont eu une activité explosive récurrente au cours des 20.000 dernieres années. Dans le
méme temps, le développement des enregistrements téphrochronologiques marins a contribué a améliorer

I'ensemble des données. Ce faisant, les informations nécessaires pour corréler de maniére robuste les
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téphras marins ont été ajoutées a I'ensemble de données, et en méme temps, la visualisation nécessaire pour

donner un sens a la masse de données a été développée.

Enfin, dans le chapitre cing, I'objectif principal de ce travail est abordé et les travaux précédents sont intégrés.
Tout d'abord, les travaux de téphrochronologie développés dans les carottes MD07-3098, MD07-3100 et
MDO07-3081 sont utilisés pour estimer les variations de Rs a 41° et 49° S au cours des 20 000 dernieres
années. Ceci s'avere étre un probleme en soi, comme par exemple, méme lors de l'identification robuste d'une
éruption volcanique, comme c'est le cas de l'identification du téphra de Lepué dans les carottes MD07-3098
et MD07-3100. Dans ce cas, les dates de radiocarbone sur les terrains associés de maniere robuste au téphra
de Lépué (par exemple par l'analyse géochimique du téphra), sont tres rares et dispersées. Ainsi, I'erreur
pour le Rs estimé est relativement importante (~350 ans). De plus, étant donné que chaque profondeur ou
les ages radiocarbone des foraminiféres planctoniques ont été analysés n'a pas une estimation Rs
correspondante, des hypotheéses concernant les variations doivent étre faites afin de les calibrer. Ici, j'intégre
les nouveaux ages Rs avec les précédents Rs obtenus dans la marge continentale chilienne a ~46°S (Siani et
al., 2013), et les stratigraphies d'isotopes stables des carottes MD07-3098, MD07-3100, MD07-3119 et
MDO07-3081, pour estimer les variations de Rs aux différents sites de carottes. Cette procédure comporte
encore d'importantes incertitudes, dont une partie est quantifiée et communiquée dans les graphiques. Il en
ressort que Rs au cours de la derniere déglaciation semble avoir été plus vieux d'environ 400 ans a ~41° et
46° S qu'a ~49° S. Ce dernier phénomeéne est probablement associé a un mélange accru de SAAW avec des
ESSW relativement anciennes, en raison d'un apport accru d'eau de fonte provenant de la fonte de la calotte

glaciaire de Patagonie (chapitre 5).

L'interprétation des variations de la circulation des eaux intermédiaires et profondes dans le SEP est ensuite
faite en intégrant les nouveaux enregistrements A14C décrits dans le chapitre 5, avec les enregistrements
A14C décrits dans le chapitre 2. Considérant le fait qu'il y a encore un niveau important d'incertitude dans
les chronologies des carottes de sédiments marins, les interprétations des changements de circulation sont
faites en prenant en compte uniquement les variations de A14C en dehors de l'intervalle de 26. Néanmoins,
d'importantes variations de circulation sont observées pendant la déglaciation, dont certaines sont
déroutantes et nécessitent des recherches plus approfondies afin de comprendre les mécanismes qui les

sous-tendent et s'ils ont un rdle dans la déglaciation ou non. Les informations fournies ici indiquent que :

e Aucours de la derniére période glaciaire tardive, les masses d'eau baignant 1'océan Pacifique Sud-Est
(AAIW, PDW et CDW) avaient des valeurs de 14C plus hétérogenes qu'actuellement. L'AAIW était

relativement mieux ventilé par rapporta l'UCDW/PDW qu'aujourd'hui, alors que 'LCDW était moins
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ventilé par rapport au PDW qu'actuellement. Ce dernier résultat est cohérent avec un océan glaciaire

plus stratifié, les eaux profondes de I'océan Austral étant plus isolées de I'atmosphére qu'aujourd'hui.

Pendant la déglaciation, d'importants changements de circulation sont observés, les masses d'eau suivant

I'un ou I'autre de deux comportements principaux :

e Le premier comportement est observé dans les sites baignés actuellement par des eaux de source
méridionale : AAIW (GeoB 7163-6, 22SL), UCDW (MD07-3088 ; Siani et al., 2013) et LCDW (MDO07-
3081). Dans ces sites, AAIW et UCDW deviennent moins ventilés, tandis que LCDW devient plus
ventilé, tous les derniers atteignant des valeurs similaires (dans l'erreur) a environ 17 ka cal BP. Ce
dernier phénomeéne est interprété comme une rupture de la stratification dans 1'océan Austral, qui
entrainerait la ventilation du LCDW précédemment isolé, et en méme temps une convection plus
profonde du AAIW. Ces observations sont cohérentes avec les enregistrements de 14C dans
I'Atlantique Sud (Skinner et al.,, 2010), I'océan Indien Sud (Gottschalk et al., 2020), le Pacifique Sud-
Ouest (Ronge et al,, 2016 ; Sikes et al., 2016) et le Pacifique Est équatorial (Umling & Thunell, 2017 ;
De la Fuente et al., 2015) et I'augmentation de 1'upwelling (Anderson et al., 2009 ; Siani et al., 2013)
etdelapCO2 dansl'océan Austral (Martinez-Botietal.,, 2015). Bien que le mécanisme exactal'origine
de cette rupture de stratification reste a déterminer, nos observations sont cohérentes avec un
déplacement vers le sud du SWW, ce qui pourrait expliquer la remontée d'eaux profondes -
auparavant isolées - et a été associé a une convection plus profonde du AAIW (Haddam et al., 2020 ;
Ronge et al,, 2015).

e Le second comportement observé ici correspond a des carottes extraites dans des sites aujourd'hui
baignés principalement par des PDW (GeoB 7149-2, GeoB 7167-6, MD07-3098, MD07-3100 et
MDO07-3119), et a la carotte GeoB 7162-6, baignée par des AAIW. Pendant la déglaciation, toutes ces
carottes présentent des valeurs anormalement appauvries en 14C, similaires a ce qui est observé
dans les eaux intermédiaires et profondes du Pacifique Est équatorial (Bova et al., 2018 ; Stott et al.,
2007) et de la Basse Californie (Lindsay et al., 2016 ; Marchitto et al., 2007). ]'émets 1'hypothése que
ce signal pourrait étre hydrothermal, car il n'est pas partagé par les enregistrements de PDW dans le
Pacifique Nord, le Pacifique Est équatorial ou le Pacifique Sud-Ouest ; et parce que la zone d'étude est
influencée aujourd'hui par un panache hydrothermal provenant de I'EPR (par exemple Jenkins et al.,
2019 ; Lupton, 1998), et par une activité hydrothermale locale (par exemple Bangs et al.,, 1993 ;
Froelich et al., 1995ref). Avec les informations fournies ici, il n'est cependant pas encore possible de

discriminer si le signal observé dans le SEP est régional ou local.
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Des travaux futurs pourraient se concentrer sur la production d'enregistrements dans les carottes
présentant le faible signal 14C, ce qui pourrait aider a discriminer : i) si le signal est hydrothermal ou non ;
ii) si ce signal estlocal ou régional. A partir de 13, il faut également déterminer si cette activité hydrothermale
hypothétique a un effet sur I'augmentation du CO2 de 1'atmosphere et/ou sur la relance de la circulation

océanique profonde, aidant a ventiler I'océan profond.

211



212



8 Annexes

8.1 Supplementary Tables Chapter 2

8. Annexes — Chapter 2

Table S1 Planktonic and benthonic radiocarbon dates for all cores, calendar and A14C obtained according to the text.

Calendar

Core Depth IGSN Lab Code Species 14C age Error Age ol A14C
(cm) (vears BP) (years BP) (%o0)
GeoB 7149-2 3 IECMF0001 UCIAMS-123855 N. dutertrei 1,880 20 1032 122
GeoB 7149-2 8 IECMF0002 UCIAMS-114575 N. pachyderma 1570 70 1151 134
GeoB 7149-2 8 IECMF0003 UCIAMS-114574 Uvigerina 2945 35 1151 134 -203
GeoB 7149-2 13 IECMF0004 UCIAMS-123857 N. pachyderma 1980 20 1353 150
GeoB 7149-2 13 IECMF0005 UCIAMS-123856 Uvigerina 3530 80 1353 150 -241
GeoB 7149-2 28 IECMF0006 UCIAMS-123858 N. pachyderma 2730 25 2146 142
GeoB 7149-2 28 IECMF0007 UCIAMS-123859 N. dutertrei 2670 55 2146 142
GeoB 7149-2 43 IECMF0008 UCIAMS-123860 N. dutertrei 3510 20 3132 152
GeoB 7149-2 43 [ECMF0009 UCIAMS-123861 N. pachyderma 3585 25 3132 152
GeoB 7149-2 43 IECMF000A UCIAMS-123862 Uvigerina 4750 60 3132 152 -191
GeoB 7149-2 53 IECMF000B UCIAMS-114577 N. pachyderma 4100 30 3686 136
GeoB 7149-2 53 IECMF000C UCIAMS-114576 Uvigerina 5435 30 3686 136 -206
GeoB 7149-2 58 IECMF000D UCIAMS-123865 N. dutertrei 4085 20 3866 117
GeoB 7149-2 58 IECMFO00E UCIAMS-123864 G. bulloides 4115 25 3866 117
GeoB 7149-2 58 [ECMFOOOF UCIAMS-123866 N. pachyderma 4120 70 3866 117
GeoB 7149-2 58 IECMF000G UCIAMS-123863 Mixed Benthic Foraminifera 5180 90 3866 117 -162
GeoB 7149-2 78 [ECMFO0O0H UCIAMS-123867 N. dutertrei 5000 30 4995 188
GeoB 7149-2 78 IECMF000I UCIAMS-123869 N. pachyderma (dextral) 4960 240 4995 188
GeoB 7149-2 78 IECMF000] UCIAMS-123868 Uvigerina 6330 190 4995 188 -168
GeoB 7149-2 98 [ECMFO00K UCIAMS-114578 Uvigerina 7810 70 5917 267 -226
GeoB 7149-2 98 [ECMF000L UCIAMS-114579 Infaunal 7190 25 5917 267 -164
GeoB 7149-2 108 [ECMFOOOM UCIAMS-123871 N. pachyderma (dextral) 6040 80 6370 223
GeoB 7149-2 108 [ECMFOOON UCIAMS-123870 Uvigerina 8590 100 6370 223 -258
GeoB 7149-2 133 IECMF0000 UCIAMS-114581 Mixed Planktonic 7945 50 8025 203
Foraminifera
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165
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G. bulloides
G. inflata
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160
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8. Annexes — Chapter 2

Table S2 §13C measurements presented in Figure S2. Ages marked with an * correspond to the original 14C ages,
whereas the rest are the extrapolated ages.

Depth . 513C Extfflpolated
Core Species Cage
(cm) (%o0) (years BP)

GeoB 7149-2 13 N. dutertrei 2.02 1980*
GeoB 7149-2 18 N. dutertrei 2.13 2220
GeoB 7149-2 23 N. dutertrei -0.60 2460
GeoB 7149-2 28 N. dutertrei 1.85 2700*
GeoB 7149-2 33 N. dutertrei 1.78 2983
GeoB 7149-2 38 N. dutertrei 1.85 3265
GeoB 7149-2 43 N. dutertrei 1.98 3548*
GeoB 7149-2 48 N. dutertrei 2.01 3824
GeoB 7149-2 53 N. dutertrei 2.05 4100*
GeoB 7149-2 58 N. dutertrei 1.95 4107*
GeoB 7149-2 63 N. dutertrei 2.13 4337
GeoB 7149-2 68 N. dutertrei 1.88 4555
GeoB 7149-2 73 N. dutertrei 2.13 4774
GeoB 7149-2 78 N. dutertrei 191 4992%*
GeoB 7149-2 83 N. dutertrei 1.60 5157
GeoB 7149-2 98 N. dutertrei 1.69 5687
GeoB 7149-2 108 N. dutertrei 1.62 6040*
GeoB 7149-2 113 N. dutertrei 1.74 6421
GeoB 7149-2 123 N. dutertrei 1.77 7183
GeoB 7149-2 126 N. dutertrei 1.62 7564
GeoB 7149-2 133 N. dutertrei 1.35 7945*
GeoB 7149-2 138 N. dutertrei 1.72 8040
GeoB 7149-2 143 N. dutertrei 1.60 8134
GeoB 7149-2 173 N. dutertrei 1.09 9182*
GeoB 7149-2 178 N. dutertrei 1.18 10092*
GeoB 7149-2 183 N. dutertrei 1.13 10103
GeoB 7149-2 188 N. dutertrei 1.72 10114
GeoB 7149-2 193 N. dutertrei 1.63 10126
GeoB 7149-2 198 N. dutertrei 1.22 10137
GeoB 7149-2 203 N. dutertrei 1.49 10148
GeoB 7149-2 208 N. dutertrei 1.43 10159
GeoB 7149-2 213 N. dutertrei 1.33 10170
GeoB 7149-2 218 N. dutertrei 1.76 10181*
GeoB 7149-2 223 N. dutertrei 1.14 10279
GeoB 7149-2 228 N. dutertrei 1.55 10377
GeoB 7149-2 233 N. dutertrei 1.38 10475
GeoB 7149-2 243 N. dutertrei 1.60 10670
GeoB 7149-2 248 N. dutertrei 1.48 10768
GeoB 7149-2 253 N. dutertrei 1.03 10865*
GeoB 7149-2 258 N. dutertrei 0.93 11063
GeoB 7149-2 263 N. dutertrei 1.25 1121
GeoB 7149-2 278 N. dutertrei 1.47 11854*
GeoB 7149-2 283 N. dutertrei 0.92 11975
GeoB 7149-2 288 N. dutertrei 1.45 12095
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

168
176
178
196
206
208
210
254
260
264
268
270
272
274
276
278
280
282
284
286
288
290
292
294
296
298
300
302
304
306
308
310
312
314
316
318
320
324
328
332
334
338
340
342
344
346
348
350
352
366

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
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-1.15
-0.37
-0.62
-1.50
-0.29
-0.96
-0.54
-0.23
-0.73
-0.49
-0.42
-0.36
-0.63
-0.84
-0.35
-0.80
-0.67
-1.14
-0.96
-0.62
-1.03
-0.94
-1.36
-0.98
-1.52
-0.90
-0.99
-0.81
-1.20
-0.72
-1.51
-0.79
-0.88
-1.27
-0.99
-1.21
-0.87
-1.95
-1.52
-1.46
-1.92
-1.50
-1.70
-1.53
-1.24
-1.27
-1.64
-1.08
-1.41
-1.06

4570
5002
5110
6082
6622
6730
6838
9214
9538
9754
9970
10078
10186
10294
10402
10510*
10535
10560
10585
10610
10636
10660
10686
10711
10736
10761
10786
10811
10837
10862
10887
10912
10937
10962
10987
11012
11037
11131
11240
11348
11402
11510
11565
11619
11673
11717
11751
11784
11818
12054
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

372
374
376
380
384
386
394
396
398
400
402
404
406
410
412
414
416
418
422
424
426
428
432
434
436
438
440
4472
444
446
448
450
452
454
456
458
460
462
464
466
468
470
472
474
476
478
480
482
484
486

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
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-1.25
-1.09
-1.23
-0.92
-0.49
-0.85
-0.80
-0.74
-0.99
-0.77
-1.23
-1.03
-1.18
-1.24
-1.14
-0.67
-0.77
-0.62
-0.48
-1.17
-0.86
-0.60
-1.17
-0.70
-0.59
-0.91
-1.06
-1.31
-1.47
-1.71
-1.00
-1.58
-1.10
-0.92
-1.35
-1.13
-1.54
-1.03
-1.29
-1.40
-1.22
-1.15
-1.07
-1.35
-1.28
-1.41
-1.71
-1.55
-1.57
-0.99

12156
12189
12223
12291
12358
12392
12527
12560
12594
12628
12662
12696
12729
12797
12831
12864
12898
12932
12999
13033
13056
13068
13092
13105
13117
13129
13141
13153
13165
13177
13189
13202
13214
13226
13238
13250
13262
13274
13286
13298
13311
13323
13335
13347
13359
13371
13383
13395
13408
13420
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

488
490
492
494
496
498
500
502
504
506
508
510
512
514
516
518
520
522
524
526
528
530
532
534
536
538
540
542
544
546
548
550
552
554
556
558
560
562
564
566
568
570
572
574
576
580
582
584
586
588

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
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-1.83
-1.73
-1.37
-1.34
-1.14
-1.49
-1.35
-1.40
-1.12
-1.36
-1.40
-1.37
-1.38
-1.02
-1.53
-1.10
-0.70
-1.12
-1.40
-1.53
-1.23
-0.87
-1.07
-1.02
-1.44
-1.34
-1.13
-1.09
-1.05
-1.14
-1.27
-1.47
-0.86
-1.40
-1.48
-1.34
-1.31
-1.23
-1.25
-1.46
-1.12
-1.35
-1.02
-1.21
-1.16
-0.75
-1.09
-1.48
-1.01
-1.15

13432
13444
13462
13487
13511
13536
13560
13585
13609
13634
13658
13683
13707
13732
13756
13781
13805
13830
13854
13879
13903
13928
13952
13977
14001
14026
14050*
14062
14074
14086
14098
14110
14122
14134
14146
14158
14170
14182
14194
14220
14259
14298
14337
14376
14415
14493
14533
14572
14611
14650*
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

590
592
594
596
598
600
602
604
606
608
610
612
614
616
618
620
622
624
626
628
630
632
634
636
638
640
642
644
646
648
650
652
654
656
658
660
662
664
666
668
670
672
674
676
678
680
682
684
686
688

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
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-0.93
-0.98
-0.85
-0.72
-0.92
-1.02
-0.77
-0.81
-1.41
-1.00
-0.91
-1.00
-1.09
-0.62
-0.74
-0.66
-1.04
-1.15
-1.15
-1.13
-0.75
-0.92
-0.59
-0.65
-0.89
-0.78
-0.85
-0.50
-0.30
-0.46
-0.62
-0.24
-0.68
-0.66
-0.43
-0.75
-0.20
-0.21
-0.29
0.45

-0.55
-0.09
0.11

0.14

-0.29
-0.12
0.12

-0.46
0.04

0.28

14660
14669
14679
14689
14698
14708
14718
14727
14737
14747
14756
14766
14776
14785
14795
14807
14820
14833
14846
14859
14872
14885
14898
14911
14924
14937
14950
14963
14976
14989
15002
15015
15028
15041
15054
15067
15080
15093
15113
15138
15163
15188
15213
15238
15263
15288
15313
15338
15359
15376
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

690
692
694
696
698
700
702
704
706
708
710
712
714
716
718
720
722
724
726
728
730
732
734
736
738
740
742
744
746
748
750
752
754
756
758
760
762
764
766
770
772
774
776
778
780
782
784
786
788
790

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
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-0.26
0.20
-0.19
0.18
0.24
-0.24
0.27
-0.29
-0.08
-0.12
-0.13
-0.10
-0.11
-0.23
-0.06
0.33
-0.25
-0.09
-0.15
0.17
0.01
-0.56
0.13
0.20
-0.21
0.14
-0.09
0.01
-0.11
0.44
0.37
0.35
0.06
0.19
0.11
0.07
-0.23
-0.04
0.25
0.10
-0.43
0.13
0.20
-0.43
0.35
0.27
0.24
0.34
0.37
0.55

15394
15411
15429
15446
15464
15481
15499
15516
15534
15551
15569
15586
15604
15621
15639
15656
15674
15691
15709
15726
15743
15760
15777
15794
15811
15829
15846
15863
15880
15897
15914
15931
15949
15966
15983
16000*
16022
16044
16066
16110
16132
16154
16176
16198
16220
16242
16264
16289
16317
16346
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22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL
22SL

792
794
796
800
802
804
806
808
810
812
814
816
818
820
822
824
826
828
830
832
834
836
838
840
842
844
846
848
850
852
854
856
858
860
862
864
866
868
870
872
874
876
878
880
882
884
886
888
890

G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides
G. bulloides

8. Annexes — Chapter 2

0.16
0.24
0.22
0.34
0.52
0.21
0.15
-0.14
-0.87
0.25
0.11
-0.04
0.44
-0.28
0.24
0.46
0.46
0.12
0.34
0.03
-0.05
0.13
0.18
-0.12
0.26
0.11
-0.01
0.28
0.15
0.24
0.27
-0.16
-0.18
-0.50
-0.20
-0.01
-0.30
-0.20
-0.41
-0.20
0.02
-0.21
-0.33
-0.50
-0.12
-0.14
-0.10
0.20
0.32

16374
16403
16430
16487
16515
16543
16572
16600*
16650
16700
16750
16800
16850*
16854
16858
16862
16866
16870
16874
16878
16882
16886
16890
16894
16898
16920
16960
17000
17040
17080
17120
17160
17200
17240
17280
17320
17360
17400*
17440
17480
17520
17560
17600
17640
17680
17720
17760
17800
17840
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*Indicates the original radiocarbon dates
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Table S3 Cores location

8. Annexes — Chapter 2

Core Latitude Longitude  Depth (m)
GeoB 7149-2  31°29.14'S  72°00.00'W 3086
GeoB 7163-7  36°25.54'S  73°35.73'W 537
GeoB 7167-6  36°27.19'S  73°55.50'W 2062
GeoB 7162-6  36°32.52'S  73°40.02'W 798

22SL 36°13.26'S  73°40.50'W 1001

Table S4 Reservoir ages used in different age models described in the text.

Age model

>13 ka 14C

13-11 ka 14C

<11 ka 14C

a
b
c

d (core GeoB 7149-2)
Age model

Rs from MD07-3088
Rs from MD07-3088
Rs modern

Rs from TR163-23
>13 ka 14C

Rs from MD07-3088
Rs from TR163-23
Rs modern

Rs from TR163-23
13-11 ka 14C

Rs from MD07-3088
Rs from MD07-3088
Rs modern

Rs from ~32°S

<11 ka 14C

a
b
c

d (core GeoB 7149-2)

Rs from MD07-3088
Rs from MD07-3088
Rs modern

Rs from TR163-23

Rs from MD07-3088
Rs from TR163-23
Rs modern

Rs from TR163-23

Rs from MD07-3088
Rs from MD07-3088
Rs modern

Rs from ~32°S
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8.2 Supplementary Tables Chapter 3

Table S2. Sample of the TephraDatabaSet. Because of its size, only a sample is shown below. The full dataset can be accessed at

https://github.com/consuelola/TephraDataBase/

Volcano Event Vei Magnitude SampleID SampleObservationID Location Latitude Longitude Authors TypeOfRegister = TypeOfAnalysis AnalyticalTechnique AnalyzedMaterial

Aguilera Al CH1 380 cm CH1 380 cm Chl:;lgdoler -52.7833  -72.9333 Kiliggoe; al, Organic matter Micro Analytical Acscpiczg?s?nrell/lre}l,ss mgcrrg(?fr(l)iscsil
Aguilera Al Pi?);ASVOZ?’l- PROX%‘Q%;)AL%_ Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pig);ASVOZgl- PROX%\;%EAL%- Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pig);ASVOZgl- PROX%\;%;AL%- Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pig);ASVOZgl- PROX%\;%;}AL%- Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pig);ASVOZgl- PROX%\;%;AL%- Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al PX?);ABVOZ;- PROX%\;ﬁéAl-%- Lago Roca -50.3667 -72.75 Smiztgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pi?);ABVOZ;_ PROX/E‘Q%};AL%- Lago Roca -50.3667 -72.75 Smiztlgle; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera A1l PIF:?);A3V0231 i PROX%VB%};;AL%_ LagoRoca -50.3667 -72.75 Smiztg 1e ; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera A1l PIF:?);A3V0231 i PROX%VB%}:)AL%_ LagoRoca -50.3667 -72.75 Smiztg 1e ; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al PIP:?);A3V0231 " PROXAVZ1-A1-93-03_2 LagoRoca -50.3667 -72.75 Smiztg 1e ; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera A1l PIF:?);A3V0231 i PROX%VB%;AL%_ LagoRoca -50.3667 -72.75 Smiztg 1e ; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera A1l PIF:?);A3V0231 i PROX%VB%;ZAL%_ LagoRoca -50.3667 -72.75 Smiztg 1e ; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al PIF:?);A3VOZ?)1- PROX/?)\Q%%;AL%- Lago Roca -50.3667 -72.75 Smiztgle(;c al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pi?);AgVOZgl- PROXAO\Q%;}AL%- Lago Roca -50.3667 -72.75 Smiztgle(; al, Pyroclastic material Micro Analytical EMP Glass shards
Aguilera Al Pi?);AgVOZgl- PROXAO\Q%;;AL%- Lago Roca -50.3667 -72.75 Smiztgle(; al, Pyroclastic material Micro Analytical EMP Glass shards
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Table S3. Sample of the MeasurementRuns file. Because of its size, only a sample is shown below. The full dataset can be accessed at
https://github.com/consuelola/TephraDataBase/
‘ MeasurementRun ‘ StandardID ‘ n ‘ Si02 SD_Si02 | RSD_SiO2 TiO2 SD_TiO2 |RSD_TiO2 Al203 SD_AI203 |RSD_AI203
Rawson2016 AGV-2 Not reported 60.09 1.05 17.22
100415 ATHO-G 18 74.91 0.43 0.57 0.26 0.02 9.09 12.20 0.12 0.94
220115 ATHO-G 10 74.76 0.30 0.40 0.24 0.03 10.82 12.18 0.08 0.64
230115 ATHO-G 18 74.98 0.29 0.39 0.25 0.02 8.77 12.25 0.07 0.61
mr060912 ATHO-G 5 74.93156000 1.09501804 1.46 0.24300000 0.03460455 14.24 12.10698000 0.15265539 1.26
mr070912 ATHO-G 8 75.24642500 0.29533485 0.39 0.24396250 0.02601527 10.66 12.24655000 0.12302982 1.00
100912 ATHO-G 5 75.33524000 0.21156783 0.28 0.24066000 0.03956018 16.44 12.27026000 0.11874196 0.97
11112 ATHO-G 4 75.75340000 0.42429769 0.56 0.24807500 0.03633349 14.65 12.17170000 0.01331090 0.11
021112 ATHO-G 13 75.52461538 0.66728873 0.88 0.23826923 0.02167469 9.10 12.22366923 0.15541588 1.27
61112 ATHO-G 3 74.39310000 0.13248592 0.18 0.23963333 0.01866181 7.79 12.21066667 0.05688737 0.47
081112 ATHO-G 4 74.21940000 0.17714602 0.24 0.27410000 0.03268771 11.93 12.20840000 0.10204022 0.84
40413 ATHO-G 7 74.90948750 0.21453349 0.29 0.24588750 0.02910141 11.84 12.29621250 0.11144529 0.91
050413 ATHO-G 5 74.73658000 0.24933248 0.33 0.25424000 0.03168474 12.46 12.26250000 0.09604830 0.78
080713 ATHO-G 4 75.43860000 0.38049166 0.50 0.23635000 0.01753558 7.42 12.34242500 0.12633821 1.02
100713 ATHO-G 6 75.48293333 0.18470976 0.24 0.25023333 0.01218042 4.87 12.40908333 0.11891872 0.96
120713 ATHO-G 7 75.31630000 0.20007101 0.27 0.25217143 0.02571262 10.20 12.37018571 0.11457257 0.93
211013 ATHO-G 5 75.04326000 0.19305565 0.26 0.24156000 0.02156057 8.93 12.50240000 0.10798419 0.86
221013 ATHO-G 4 74.53330000 0.84505291 1.13 0.22640000 0.01421290 6.28 12.20265000 0.10012780 0.82
131213 ATHO-G 20 74.70665500 0.93061307 1.25 0.24835500 0.03592943 14.47 12.09372500 0.19329040 1.60
210114 ATHO-G 3 75.07866667 0.30050268 0.40 0.23543333 0.02285636 9.71 12.59426667 0.09137102 0.73
220114 ATHO-G 3 75.58473333 0.18786432 0.25 0.26936667 0.01446732 5.37 12.57163333 0.13527458 1.08
140214 ATHO-G 6 75.37331667 0.41669608 0.55 0.25465000 0.02557035 10.04 12.36903333 0.10362067 0.84
190314 ATHO-G 14 75.23771429 0.54851764 0.73 0.24114286 0.04712970 19.54 12.13885714 0.13518811 1.11
200314 ATHO-G 14 76.05907143 0.70295710 0.92 0.22457143 0.03690677 16.43 12.22864286 0.15813899 1.29
210314 ATHO-G 29 75.38658621 0.97448113 1.29 0.24103448 0.04599261 19.08 12.12586207 0.23940428 1.97
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Table S4. Sample of the Reference file. Because of its size, only a sample is shown below. The full dataset can be accessed at
https://github.com/consuelola/TephraDataBase/

Standard Color Comentarios Authors error §i02 G‘ZIO RSDZ‘SIO T;O 6‘?0 RSDZ‘TIO
OREAS184 y https://www.oreas.com/crm/oreas-184/ SD 42.19 081 1.91 0.06  0.00 6.90
GOR132-G xked:vibrant Jochum et al., 2006 95%CL 455  0.40 088 031 0.01

purple 4.25
GOR128-G deepskyblue Jochum et al,, 2006 95%CL 46.1 0.10 0.22 0.29 0.01 417
OREAS700 gold https://www.oreas.com/crm/oreas-700/ SD 47.3 0.51 1.08 032 0.01 3.13
BIR-1 darkviolet Jochum et al,, 2016 95%CL  47.79  0.16 0.33 096 0.01 0.69
BHVO-2G violet SD 49.3 0.10 0.20 2.79 0.02 0.72
BHVO-2 rebeccapurple Jochum et al,, 2016 95%CL 49.6 0.14 0.28 2.73  0.08 2.97
BHVO-1 red Jochum et al,, 2016 95%CL  49.79  0.12 0.24 2.74  0.01 0.44
SY-4 saddlebrown hut S:AAWWLLIcan.gc.ca our—natura'l—r'esource.s nuncrals: 95%CL 49.9 0.10 0.29 0.00
mining/mining-resources/sy-4-diorite-gneiss /8025
KL2-G xkced:saffron Jochum et al.,, 2006 95%CL 50.3 0.30 0.60 2.56  0.09 3.52
ML3B-G teal Jochum et al.,, 2006 95%CL 51.4 0.60 1.17 2.13  0.09 4.23
Ww-2 darkgreen Jochum et al,, 2016 95%CL  52.57 0.32 0.61 1.06 0.01 0.94
BCR-2 khaki Jochum et al,, 2016 95%CL 54 0.20 0.37 2.27  0.02 1.06
BCR-2G palegreen SD 54.4 0.40 0.74 2.27  0.04 1.76
JA-2 deeppink Jochum et al,, 2016 95%CL 5639 0.23 0.41 0.67 0.01 1.05
T1-G turquoise Jochum et al.,, 2006 95%CL 58.6 0.40 0.68 0.76  0.02 2.25
AGV-2 lightcoral Jochum et al,, 2016 95%CL  59.14 0.58 0.98 1.05 0.02 2.19
. Not in GeoRem but
CFA-47 xkecd:red pink published by the authors 61.63 0.42
StHs6/80-G Paleturquoise Jochum et al.,, 2006 95%CL 63.7 0.50 0.78 0.70  0.02 2.99
JA-1 darkblue Jochum et al,, 2016 95%CL 6443 031 0.48 0.85 0.02 2.12
NIST2711 xkcd:seafoam Compiled values 65.11 0.51
NIST610 xkcd:shamrock 95%CL 69.7 0.50 0.72
NACIS
NCS DC70009 . .
(GBW07241) hotpink (http.//www.ncsstandard.comf/)upload/flle/Z01606088392.pd 71.27 0.04
GBW 07113 teal Compiled values GeoRem 72.78 0.30
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8.3 Supplementary Tables Chapter 4

Table S1.- Globigerina bulloides §180 and the resulting age model for core MD07-3098 with its respective 1o
and 20 envelopes.

Moving
Depth three point Calendar
MDO07-3098 818(2)6' average agemean 1lorange (years) 2o range (years)
(cm) bull (%) 51806 (ka BP)
bull.

0 1.85 1.92 24 139--136 255--288
10 1.88 1.84 88 219--72 333--182
20 2.02 1.81 153 289--3 462--78
30 1.60 1.71 219 380-59 606-5
40 1.71 1.70 365 519-193 879-108
50 1.35 1.67 491 690-296 1036-187
60 1.84 1.54 603 839-386 1138-258
70 1.86 1.38 705 952-472 1226-323
80 0.93 1.40 798 1040-555 1333-389
90 091 1.39 885 1116-637 1487-463
100 1.45 1.37 970 1185-718 1654-541
110 1.79 1.42 1056 1254-805 1828-621
120 1.77 1.65 1143 1326-898 2004-697
129 1.19 1.63 1226 1403-985 2163-776
139 2.04 1.59 1324 1500-1077 2331-892
150 1.36 1.44 1443 1660-1182 2506-1021
160 1.60 1.55 1662 1870-1405 2646-1240
170 1.01 1.53 1885 2158-1603 2778-1403
180 1.74 1.50 2106 2445-1785 2918-1546
190 1.96 1.45 2316 2684-1958 3061-1677
190 1.19 1.43 2316 2684-1958 3061-1677
200 1.36 1.23 2516 2878-2138 3200-1806
210 0.92 1.16 2727 3063-2356 3346-1938
220 0.71 1.18 2950 3257-2624 3504-2067
230 1.63 1.34 3176 3470-2904 3680-2186
240 1.27 1.48 3403 3714-3149 3908-2302
250 2.16 1.68 3545 3852-3302 4047-2416
260 1.61 1.66 3682 3990-3437 4209-2529
270 1.75 1.85 3818 4131-3565 4399-2641
280 1.50 1.77 3953 4277-3687 4597-2757
295 2.23 1.87 4154 4506-3857 4899-2932
310 1.76 1.96 4352 4737-4019 5183-3116
320 2.12 2.13 4481 4887-4123 5348-3252
330 2.18 212 4608 5029-4229 5497-3396
340 2.38 2.08 4731 5159-4336 5637-3559
350 2.18 2.09 4852 5274-4446 5783-3744
360 1.52 2.03 4973 5382-4563 5928-3936
370 2.20 1.99 5096 5485-4692 6063-4124
380 1.85 1.95 5223 5588-4836 6186-4307
390 2.17 2.06 5352 5690-4991 6301-4493
400 2.01 2.04 5485 5791-5153 6414-4687
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410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
710
720
730
750
760
800
805
810
820
830
840
850
860
870
880
890
900
910
920
930
940

2.10
1.73
1.49
1.78
1.72
2.14
1.65
1.54
2.00
1.99
1.89
1.92
1.94
1.58
1.86
1.84
1.87
1.89
1.43
1.00
1.50
1.27
1.33
1.12
1.19
0.94
0.46
0.86
1.16
1.01
1.34
0.51
0.84
0.52
091
1.39
0.71
0.76
0.50
1.16
1.89
1.12
0.88
1.34
1.23
1.96
1.67
1.84
1.40
1.80

1.83
1.77
1.76
1.77
1.76
1.77
1.81
1.86
1.81
1.87
1.95
1.86
1.84
1.83
1.82
1.81
1.78
1.60
1.54
1.42
1.30
1.27
1.23
1.14
1.01
0.91
0.92
0.89
0.97
0.98
0.97
0.84
0.80
0.72
1.01
0.99
0.84
0.78
1.00
1.09
1.11
1.28
1.29
1.31
1.41
1.61
1.62
1.73
1.76
1.75
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5618
5754
5890
6027
6164
6302
6518
6732
6946
7099
7255
7417
7581
7680
7775
7851
7928
8053
8178
8293
8413
8537
8656
8770
8889
9075
9263
9448
9623
9810
9989
10176
10251
10437
10493
10597
10703
10915
11127
11334
11529
11723
11927
12139
12353
12568
12686
12798
12902
13013

5894-5317
6000-5480
6109-5640
6222-5792
6344-5932
6481-6064
6753-6284
7040-6463
7237-6622
7371-6777
7504-6951
7655-7123
7814-7256
7897-7384
7997-7513
8069-7639
8138-7738
8226-7887
8345-8013
8462-8124
8592-8238
8740-8343
8847-8465
8962-8567
9106-8658
9281-8855
9477-9038
9684-9206
9869-9365
10048-9551
10206-9752
10370-9962
10438-10042
10621-10226
10682-10276
10786-10387
10901-10492
11157-10683
11412-10860
11652-11036
11854-11212
12029-11409
12200-11649
12374-11920
12557-12185
12765-12411
12863-12540
12966-12666
13056-12785
13157-12902

6527-4892
6640-5105
6754-5323
6871-5544
6991-5759
7121-5931
7272-6107
7528-6251
7888-6384
7931-6512
7953-6644
7974-6778
7998-6934
8068-7123
8243-7316
8310-7496
8380-7639
8460-7785
8555-7893
8667-7989
8801-8092
8975-8190
9113-8320
9276-8429
9455-8510
9639-8706
9823-8866
10012-9008
10207-9140
10453-9298
10693-9487
10922-9722
11009-9809
11197-9991
11248-10035
11331-10112
11412-10193
11583-10366
11782-10542
11974-10709
12127-10867
12261-11018
12396-11178
12537-11336
12702-11491
12918-11666
12988-11867
13076-12075
13166-12279
13263-12446
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950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1270
1280
1310
1330

2.09
1.63
1.71
1.85
1.54
1.64
1.67
1.38
1.36
1.44
2.06
1.56
2.20
1.92
2.15
1.91
2.55
2.67
2.90
3.53
3.11
3.01
3.19
3.19
2.98
2.82
3.11
3.36
3.16
3.11
3.17
2.92
3.15

1.72
1.81
1.76
1.67
1.69
1.67
1.51
1.46
1.58
1.56
1.72
1.84
1.94
1.96
2.13
2.32
2.44
2.71
2.95
3.04
3.15
3.21
3.10
3.09
3.04
3.07
3.11
3.11
3.18
3.14
3.09
3.09
3.03
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13125
13189
13250
13310
13371
13426
13479
13531
13585
13641
13707
13965
14231
14493
14972
15215
15472
15734
16000
16140
16270
16399
16532
16675
16813
16949
17093
17157
17215
17368
17402
17509
17547

13276-13002
13328-13078
13384-13141
13444-13196
13522-13240
13594-13271
13681-13299
13773-13330
13886-13361
13998-13393
14193-13423
14387-13681
14613-13916
14889-14136
15364-14572
15568-14842
15778-15163
16005-15473
16270-15705
16372-15899
16480-16074
16595-16223
16742-16343
16864-16502
17001-16629
17149-16745
17333-16834
17381-16914
17427-16988
17573-17149
17595-17199
17682-17333
17715-17376

13393-12608
13436-12746
13499-12846
13590-12912
13701-12967
13821-13033
13994-13101
14168-13167
14354-13227
14559-13274
14735-13309
14919-13546
15128-13737
15340-13905
15678-14224
15830-14402
15991-14596
16183-14809
16445-15061
16529-15355
16636-15659
16758-15952
16902-16188
17011-16317
17154-16407
17292-16482
17478-16549
17517-16613
17563-16675
17768-16896
17780-16982
17832-17179
17864-17223
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Table S2. Inividual glass shard analyses in core MD07-3100. Major elements analyzed by EPMA.

Cryptotephra Core IGSN Si02 TiO2 Al1203 FeO MnO MgO Ca0 Na20 K20 Cl P205 Total
Depth (wt.%) (wt%) (wt%) (wt.%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt.%) (wt.%)
T1/100 150 cm  IECMF0068 55.06 1.6 16.4 8.07 0.17 3.94 7.47 4.23 1.4 0.09 98.44
T1/100 150 cm  IECMF0069 53.44 1.41 15.99 7.72 0.18 3.59 7.14 4.12 1.42 0.14 95.14
T1/100 150 cm IECMFO006A 53.74 1.29 15.79 7.16 0.19 3.97 7.29 4.4 1.54 0.11 95.47
T1/100 150 cm IECMF006B 53.98 1.5 15.97 7.43 0.1 3.65 6.84 4.18 1.54 0.08 95.28
T1/100 150 cm  IECMF006C 5491 1.53 15.83 7.81 0.08 3.19 6.03 4.67 1.73 0.09 95.86
T1/100 150 cm  IECMF006D 58.12 1.25 15.91 6.55 0.18 2.63 5.6 5.42 1.76 0.13 97.55
T1/100 150 cm  IECMFOO06E 63.03 1.16 14.04 7.34 0.21 1.03 3.36 4.17 2.83 0.23 97.4
T1/100 150 cm  IECMFO006F 63.99 0.82 15.61 3.96 0.18 1 2.39 5.12 3.08 0.17 96.31
T1/100 150 cm  IECMF006G 65.09 0.76 15.9 3.53 0.16 0.82 2.46 5.53 3.21 0.16 97.63
T1/100 150 cm  IECMF006H 65.02 0.81 15.1 3.51 0.23 0.99 2.34 5.59 2.67 0.15 96.42
T1/100 150 cm  IECMF006I 64.88 0.64 15.36 3.43 0.19 0.69 1.97 4.82 3.24 0.17 95.39
T1/100 150 cm  IECMF006] 65.98 0.76 15.75 3.36 0.16 0.78 1.92 4.69 3.27 0.21 96.89
T1/100 150 cm  IECMF006K 65.64 0.69 15.54 3.45 0.12 0.67 1.76 4.88 3.36 0.15 96.27
T1/100 150 cm  IECMF006L 65.27 0.78 15.86 3.35 0.13 0.72 1.77 4.5 3.01 0.19 95.58
T1/100 150 cm IECMF006M 66.79 0.69 15.59 3.53 0.11 0.67 2.03 4.46 3.36 0.19 97.43
T1/100 150 cm IECMFO006N 65.81 0.75 15.59 3.11 0.07 0.68 1.92 3.51 3.28 0.18 94.92
T1/100 150 cm  IECMF0060 67.88 0.34 13.73 3.23 0.17 0.21 1.88 5.75 3.42 0.17 96.77
T1/100 150 cm  IECMF006P 69.08 0.29 14.46 3.6 0.04 0.21 1.39 3.93 3.45 0.19 96.62
T1/100 150 cm  IECMF006Q 69.34 0.49 13.88 3.35 0.04 0.31 1.85 3.94 3.5 0.21 96.9
T1/100 150 cm  IECMF006S 57.43 1.21 15.83 7.13 0.19 2.49 4.93 4.46 2.02 0.24 95.92
T1/100 150 cm  IECMFO006T 68.62 0.76 15.96 3.42 0.14 0.86 2.05 6.14 3.36 0.22 101.53
T1/100 150 cm  IECMF006U 58.11 1.48 16.95 8.02 0.17 3.17 6.51 4.85 1.85 0.14 101.26
T1/100 150 cm IECMF006W  68.62 0.71 16.02 3.63 0.11 0.7 1.83 6.17 3.24 0.17 101.2
T1/100 150 cm  IECMF006X 67.12 0.74 15.87 3.27 0.25 0.65 1.96 5.19 3.42 0.19 98.67
T1/100 150 cm  IECMF006Y 67.42 0.82 16.27 3.74 0.13 1.07 291 5.45 2.96 0.15 10091
T2/100 330cm  IECMF006Z 52.99 1.58 15.53 9.98 0.2 4.98 8.28 3.56 0.68 0.05 97.82
T2/100 330cm  IECMF0070 52.52 1.37 15.31 9.83 0.16 4.96 8.03 3.37 0.75 0.06 96.34
T2/100 330 cm  IECMF0071 61.43 1.36 14.69 6.97 0.32 1.34 4.13 4.62 2.67 0.21 97.74
T2/100 330cm  IECMF0072 62.51 0.98 15.6 6.09 0.16 1.26 3.57 4.65 2.76 0.16 97.73
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T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T2/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100

330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
330 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm

IECMF0073
IECMF0074
IECMFO0075
IECMF0076
IECMF0077
IECMF0078
IECMF0079
IECMF007A
IECMF007C
IECMFO07E
IECMFO007F
IECMF007G
IECMF007H
IECMF0071
IECMF007]
IECMF007K
IECMFO007L
IECMF007M
IECMFO007N
IECMF0070
IECMF007Q
IECMFO007R
IECMF007S
IECMFO007T
IECMF007U
IECMF007V
IECMFO07W
IECMF007X
IECMF007Y
IECMF007Z
IECMF0080
IECMF0081

62.17
63.47
62.76
62.57
63.06
62.12
64.1
63.39
65.4
68.47
70.1
66.76
68.7
67.93
60.95
63.47
63.66
65.93
68.72
55.68
53.13
54.53
53.54
54.03
53.97
56.05
55.77
53.73
53.86
55.94
55.34
60.23

0.47
1.02
0.93
0.97
0.99
1.05
0.99
0.64
0.51
0.17
0.52
0.55
0.25
0.89
1.02

0.73
0.3
2.49
2.78
2.7
2.32
2.68
2.32
2.89
2.86
2.67
2.65
2.26
1.98
1.25

15.27
17.65
15.44
15.39
15.48
14.95
15.39
15.15
15.19
15.34
13.47
15.61
15.57
17.72
19.17
15.03
15.05
15.18
15.4
13.72
13.96
13.05
14.27
13.65
1291
13.12
13.84
114
13.83
13.26
17.62
15.05
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6.62
3.87
5.65
5.82
5.99
5.59
6.01
6
4.68
3.48
3.18
4.73
3.6
2.18
4.67
5.46
5.95
4.59
3.03
10.82
12.5
14.29
11.16
11.19
12.13
12.75
10.42
12.06
11.59
11.76
8.19
7.7

0.12
0.17
0.21
0.15
0.25
0.18
0.11
0.15
0.21
0.07
0.13
0
0.14
0.21
-0.03
-0.03
0.14
0.05
0.17
0.2
0.32
0.1
0.31
0.26
0.27
0.23
0.29
0.24
0.16
0.29
0.17
0.28

1.15
0.61
1.19
1.15
1.25
1.24
1.18
1.25
0.88
0.54
0.15
0.78
0.6
0.16
1.16
1.08
1.32
0.92
0.22
3.53
2.08
2.92
3.09
3.24
3.26
2.82
3.37
3.54
2.9
3.5
1.44
1.56

3.62
4.7
3.6
3.6

3.63

3.74

3.59

3.67

3.06

1.12
3.39
2.27
2.89
6.28
3.45
3.7
2.64
2.04
6.72
6.32
5.2
6.48
6.98
6.64
6.37
7.3
6.82
6.5
5.9
6.63
4.42

4.28
5.01
4.31
3.94
3.6
3.98
4.19
3.53
4.52
4.18
4.98
5.53
4.66
6.06
4.69
4.79
4.14
5.3
5.22
3.75
3.84
4.52
3.39
2.88
3.19
3.58
3.24
2.67
3.34
3.83
4.22
4.16

2.56
2.19
2.69
2.55
2.65
2.48
2.56
2.59
2.24
3.04
3.81
2.99
3.11
241
1.48
2.5
2.56
2.55
3.65
1.4
2.03
1.7
1.5
1.86
1.88
1.76
2.07
2.03
1.66
1.97
1.36
2.67

0.14
0.12
0.18
0.15
0.1
0.17
0.1
0.15
0.18
0.14
0.25
0.27
0.19
0.21
0.17
0.12
0.24
0.25
0.3
0.1
0.15
0.17
0.11
0.12
0.07
0.11
0.11
0.18
0.09
0.1
0.11
0.17

0.94

0.75
0.88
0.75
091
0.83
1.02

0.9
0.8

96.93
98.26
97.06
96.26
96.98
95.45
98.27
96.86
97

97.77
97.37
100.57
99.38
100.02
99.46
96.92
97.77
98.14
99.06
98.41
98.07
100.17
96.91
97.76
97.38
100.6
100.09
96.36
96.59
99.71
97.87
97.47
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T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T3/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T4/100

380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
380 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
450 cm

IECMF0082
IECMF0083
IECMF0085
IECMF0086
IECMF0087
IECMF0088
IECMF008A
IECMF008B
IECMF008C
IECMF008D
IECMFO08E
IECMFO008F
IECMF008G
IECMF008H
IECMF008I
IECMF008]
IECMF008K
IECMF008L
IECMF008M
IECMFO008N
IECMF0080
IECMF008Q
IECMFO08R
IECMF008S
IECMF008T
IECMF008U
IECMFO008V
IECMF008W
IECMF008X
IECMF008Y
IECMF008Z
IECMF0090

59.83
61.05
61.57
64.53
64.73
66.02
66.46
66.01
66.86
67.3
68.53
70.05
52.23
52.78
53.76
54.45
56.59
55.67
55.48
57.63
58.64
61
64.48
65.59
65.04
66.18
67.14
67.54
68.41
69.61
69.26
67.72

1.55
1.77
0.86
0.81
0.73
0.76
0.57
0.7
0.32
0.49
0.26
0.3
1.72
1.65
1.72
1.97
1.52
1.16
1.92
1.55
0.87
1.03
0.72
0.12
0.72
0.68
0.6
0.31
0.37
0.33
0.22
0.33

14.43
12.85
15.3
14.98
14.81
15.06
15.72
15.23
15.7
15.69
13.77
13.74
15.57
15.79
15.44
15.46
14.68
14.28
14.93
14.18
15.26
16.4
16.83
19.64
14.54
14.38
15.63
15.24
14.12
14.07
13.61
14.85

8. Annexes — Chapter 4

7.24
8.99
5.6
5.96
4.96
5.07
3.71
4.16
3.87
4.05
3.67
3.77
9.33
9.36
9.86
10.02
10.08
9.62
9.57
11.53
7.69
6.73
5.21
2.09
5.17
5.13
3.51
3.39
3.39
3.44
3.31
3.42

0.29
0.24
0.19
0.26
0.09
0.09
0.07
0.14
0.19
0.03
0.12
0.17
0.2
0.22
0.26
0.15
0.22
0.29
0.19
0.17
0.2
0.13
0.15
0.04
0.24
0.18
0.22
0.1
0.03
0.18
0.11
0.05

1.79
2.01
1.67
1.1
0.97
0.67
0.69
0.65
0.65
0.61
0.21
0.27
3.87
3.61
3.2
3.21
4.25
4.24
3.09
3.03
1.92
1.4
1.1
0.13
0.79
1.25
0.77
0.2
0.2
0.19
0.23
0.22

4.46
4.23
4.07
3.23
3.14
2.48
2.36
2.29
2.24
2.38
1.4
1.74
7.3
7.21
6.6
6.98
7.89
7.99
6.1
431
4.81
4.88
4.49
3.79
2.62
2.05
2.49
2.05
1.54
1.43
1.58
1.55

3.62
3.65
3.99
4.4
3.96
3.99
4.76
4.24
4.68
4.02
4.03
2.87
3.83
3.61
3.71
3.61
3.4
3.3
3.64
3.93
4.22
4.15
3.81
5.88
4.12
4.25
3.22
4.88
3.55
3.8

5.23

2.43
2.04
2.07
2.65
2.95
3.38
2.89
3.1
3.14

3.61
3.56
1.31
1.3
1.68
1.7
0.82
0.75
1.86
1.36
2.3
2.48
2.27
1.98
3.26
3.2
3.12
3.35
3.55
3.53
3.46
3.19

0.16
0.15
0.14
0.19
0.21
0.23
0.21
0.17
0.17
0.14
0.2
0.19
0.1
0.09
0.17
0.08
0.07
0.09
0.12
0.09
0.17
0.13
0.09
0.1
0.16
0.14
0.18
0.18
0.2
0.22
0.24
0.16

0.19

0.14

95.79
96.99
95.47
98.31
96.54
97.75
97.45
96.68
97.82
97.71
95.79
96.79
95.46
95.61
96.39
97.63
99.51
97.39
96.9
97.78
96.08
98.33
99.15
99.34
96.66
97.44
96.88
97.25
95.35
96.81
96.03
96.73
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T4/100
T4/100
T4/100
T4/100
T4/100
T4/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T5/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100

450 cm
450 cm
450 cm
450 cm
450 cm
450 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
490 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm

IECMF0091
IECMF0092
IECMF0093
IECMF0094
IECMF0095
IECMF0096
IECMF0097
IECMF0098
IECMF009A
IECMF009B
IECMF009C
IECMF009D
IECMFO09E
IECMFO009F
IECMF009G
IECMFO009H
IECMF009I
IECMF009]
IECMF009K
IECMFO009L
IECMF009M
IECMFO09N
IECMF0090
IECMF009P
IECMF009Q
IECMFO09R
IECMFO009T
IECMF009U
IECMF009V
IECMFO009W
IECMF009X
IECMF009Y

51.7
67.13
56.74
70.98
59.48
55.14
51.91
52.04
53.38

55.8
59.52

61.1
65.25
66.07
66.63
66.21
66.66
66.91
68.48
73.08
69.22
72.12
67.01
59.06
54.62
55.61

52.3
53.46
54.23
54.29
54.95
56.38

1.88
0.57
1.96
0.44
1.09
1.5
2.31
2.24
2.47
1.88
1.18
1.08
0.64
0.54
0.4
0.67
0.71
0.48
0.2
0.21
0.59
0.2
0.65
0.85
2.42
2.22
2.38
2.16
2.07
2.09
2.52
1.49

12.37
14.73
15.27
14.25
17.49
15.5
14.8
13.21
14.24
14.99
14.72
14.97
15.55
15.76
15.39
15.58
14.44
15.37
13.93
12.62
16.52
15.7
15.53
17.49
16.54
14.53
13.96
12.87
16.57
14.94
13.88
15.54

8. Annexes — Chapter 4

10.85
4.67
9.78
3.51
6.96
8.91
11.01
12.49
12.44
8.6
8.15
6.89
4.21
4.07
3.6
3.45
3.77
3.7
3.88
1.35
3.89
3.04
3.87
5.69
11.6
10.62
12.98
13.66
8.6
10.09
11.21
8.52

0.31
0.17
0.19
0.09
0.34
0.12
0.17
0.24
0.14
0.24
0.08
0.06
0.11
0.08
0.15
0.13
0.15
0.07
0.13
0
0.13
0.13
0.13
0
0.11
0.33
0.35
0.21
0.2
0.24
0.21
0.2

6.19
0.53
3.16
0.24
1.68
3.09
3.33
4.15
3
2.53
2.19
1.95
0.67
0.6
0.73
0.67
0.57
0.69
0.33
0.21
0.65
0.22
0.65
2.03
3.11
3.68
3.82
4.34
2.83
2.7
2.68
3.1

10.97
2.17
6.24
1.45
6.62
6.11
7.48
6.07
6.28
5.04
4.63
4.47
2.39
2.27
2.44
2.37
2.07
2.16
1.84
1.3
2.22
1.87
2.28
6.66
6.94
8.12
7.13
6.4
7.67
7.45
6.43
6.02

2.8
5.65
3.73
4.96
4.25
4.36
3.54

3.3

3.2
3.88
3.95
4.01
4.14
3.94
4.52
4.09
4.86
4.27
4.08

3.4
5.21
5.33
5.27
4.44
4.47
3.95
3.23
3.14

3.7
3.34
3.63
3.89

1.16
2.86
1.9
3.23
1.42
1.57
1.38
1.52
1.25
2.18
2.22
2.43
2.88
3.15
3.1
3.12
3.29

3.54
3.67
3.13
3.25
2.77
1.7
1.3
1.46
1.29
1.5
1.37
1.46
2.05
1.71

0.13
0.17
0.12
0.21
0.12
0.11
0.1
0.15
0.08
0.13
0.11
0.09
0.15
0.16
0.25
0.17
0.2
0.18
0.19
0.21
0.19
0.19
0.33
0.17
0.08
0.12
0.13
0.12
0.04
0.15
0.06
0.13

98.35
98.66
99.1
99.34
99.44
96.41
96.03
95.41
96.49
95.28
96.74
97.06
95.99
96.63
97.21
96.46
96.73
96.82
96.6
96.05
101.75
102.06
98.48
98.1
101.18
100.63
97.57
97.88
97.29
96.75
97.61
96.99
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T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)

T6/100
(base)

550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm
550 cm

580 cm

580 cm

580 cm

580 cm

580 cm

580 cm

580 cm

580 cm

IECMF009Z
IECMFO00AO
IECMF00A1
IECMF00A2
IECMF00A3
IECMF00A4
IECMFO00A5
IECMF00A6
IECMF00A7
IECMFO00A9
IECMFO0AA
IECMFO0AB
IECMFO00AC
IECMFO0AD
IECMFO0AE
IECMFOO0AF
IECMFO00AG
IECMFO00AH
IECMFO00AI

IECMFO00A]

IECMFO0AK

IECMFOOAL

IECMFO00AM

IECMFOOAN

IECMF00AO

IECMFO0AP

IECMF00AQ

58.43
60.91
63.68
63.22
66.13
67.66
67.22
68.12
68.72
68.7
67.18
52.65
67.15
67.15
67.9
54.18
60.79
52.33
64.48

53.88

53.59

54.48

54.47

55.21

55.38

54.56

55.42

1.2
0.86
0.86
0.81
0.63
0.28
0.3
0.39
0.25
0.28
0.34
0.63
0.26
0.26
0.43
1.78
1.02
1.63
0.66

2.42

2.01

1.87

2.51

2.81

1.78

1.61

16.67
11.97
14.52
14.56
14.17
14.38
14.14
13.75
14.1
13.48
14.35
19.15
14.21
14.21
14.15
15.9
19.33
15.3
15

14.68

14.29

15.98

15.01

12.81

12.6

15.71

15.79

8. Annexes — Chapter 4

8.12
7.84
5.95
5.29
4.96
3.79
3.7
3.81
3.31
3.36
3.14
5
3.76
3.76
3.61
8.97
4.92
10.73
47

13.27

11.19

9.47

10.77

10.72

12.72

8.82

8.77

0.21
0.25
0.13
0.16
0.26
0.1
0.14
0.16
0
0.16
0.07
0.01
0.07
0.07
0.08
0.18
0.18
0.26
0.11

0.16

0.19

0.25

0.25

0.27

0.32

0.17

0.17

2.66
2.88
1.05
1.03
0.86
0.26
0.2
0.27
0.25
0.22
0.28
3.94
0.21
0.21
0.18
3.44
0.87
3.61
0.79

2.82

3.63

3.27

3.21

4.06

2.99

3.2

3.01

6.08
492
3.22
2.96
2.26
1.64
1.53
1.37
1.56
1.22
1.6
10.17
1.45
1.45
1.44
6.98
5.55
8.33
2.67

6.06

7.76

8.72

6.17

6.82

5.52

6.61

6.45

4.31
3.74
4.33
3.85
3.81
4.35
4.35
4.31
4.16

5.1
3.78
4.64
4.64
4.93
4.31
5.26
3.68
4.55

3.79

3.79

3.58

3.54

3.28

3.17

3.64

4.27

0.98
2.45
2.98
3.03
3.16
3.25
3.39
3.49
3.37
3.59
2.87
0.44
3.07
3.07
3.21
1.43
1.77
1.12
2.73

1.62

1.4

1.1

1.62

1.97

1.83

1.59

1.68

0.18
0.15
0.19
0.18
0.21
0.23
0.21
0.19
0.21
0.23
0.22
0.02
0.18
0.18
0.16
0.12
0.1
0.09
0.2

0.11

0.12

0.07

0.15

0.11

0.21

0.15

0.11

0.85

0.88

0.74

0.57

0.74

0.85

0.61

0.55

98.83
95.99
96.92
95.1
96.46
95.95
95.19
95.87
95.93
95.23
95.16
95.81
95.01
95.01
96.09
97.28
99.78
97.07
95.88

100.23

99.28

99.68

97.64

98.51

98.41

96.84

97.83
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T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)
T6/100
(base)
T7/100

T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100
T7/100

580 cm

580 cm

580 cm

580 cm

580 cm

610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm
610 cm

IECMFO0AR

IECMF00AS

IECMFOOAT

IECMFO0AU

IECMFO00AV

IECMFO00AX
IECMFO0AY
IECMF00AZ
IECMF00BO
IECMF00B1
IECMF00B2
IECMF00B3
IECMF00B4
IECMF00B5
IECMF00B6
IECMF00B7
IECMF00B9
IECMFO0OBA
IECMFO0BB
IECMF00BC
IECMFO0BD
IECMFOOBE
IECMFOOBF
IECMFO00BG
IECMFOOBH
IECMFO00B]
IECMFO00BK
IECMFOO0BL
IECMF00BM

58.03

65.31

66.5

69.16

69.29

53.11
53.38
53.8
55.4
57.88
59.58
59.88
60.8
62.11
64.07
62.83
66.22
67.51
67.82
67.59
67.97
69.09
68.81
68.7
69.59
70.96
69.54
66.77
55.87

1.49

0.52

0.92

0.5

0.66

2.08
2.38
1.55
3.03
1.25
1.29
1.08
1.11
0.75
0.6
0.86
0.41
0.2
0.25
0.23
0.39
0.35
0.24
0.31
0.5
0.27
0.52
0.84
1.69

14.85

14.36

14.28

14.53

13.84

13.23
13.13
15.45
14.48
14.76
15.03
14.32
13.51
14.62
16.48
14.8
15.71
15.22
14.1
13.64
13.95
13.94
13.98
13.96
13.81
14.37
15.02
14.87
15.85

8. Annexes — Chapter 4

9.21

5.15

5.08

3.97

4.26

12.35

10.74
9.16

12.07
8.48
7.31
6.49
6.78
6.71
4.18
5.24
4.05
3.01
3.78
3.92
3.45
3.87
3.77
2.97
3.58
3.78
4.18
5.42
8.19

0.26

0.17

0.18

0.16

0.16

0.24
0.16
0.13
0.28
0.36
0.18
0.13
0.17
0.13
0.18
0.18
0.16
0.18
0.09
0.14
0.2
0.11
0.18
0.11
0.12
0.3
0.06
0.13
0.22

2.39

1.01

0.78

0.51

0.67

3.09
4.42
3.34
0.99
2.36
2.07
1.33
2.49
1.52
0.81
1.1
0.47
0.12
0.15
0.24
0.27
0.19
0.26
0.23
0.21
0.24
0.5
1.15
2.99

5.37

2.98

2.89

1.98

2.17

6.42
7.24
6.48
4.82
4.98
4.57
5.77
3.88
3.72
3.61
2.96
2.67
2.21
1.4
1.39
1.58
1.41
1.3
1.5
1.32
1.34
2.13
3.07
6.56

3.34

3.44

291

291

2.66

3.43
3.51
3.72
4.18
4.11
3.89
3.83
3.79
4.61
4.41
4.15
4.09
5.06
4.52
4.44
4.24
3.98
3.91
4.23
4.11
5.24
5.05
4.77
4.15

2.2

2.84

3.17

3.46

3.3

1.81
1.26
1.53
2.26

2.21
297
2.63
2.68
2.47
2.74
297
2.58
3.67
3.53
3.56
3.48
3.56
3.45
3.4
3.53
3.6
2.64
1.89

0.2

0.2

0.18

0.15

0.16

0.12
0.13
0.11
0.15
0.14
0.14
0.17
0.14
0.12
0.18
0.16
0.19
0.17
0.2
0.22
0.19
0.19
0.2
0.18
0.2
0.2
0.25
0.23
0.13

0.52

0.4

0.45

0.11

0.09

97.88

96.38

97.35

97.45

97.26

95.88
96.34
95.25
97.67
96.32
96.27
95.97
95.3
96.97
96.98
95.02
96.94
96.24
95.97
95.33
95.81
96.6
96.2
95.64
96.84
100.23
100.84
99.88
97.54
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T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100

T8/100

700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
700 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm

(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)

IECMFOOBN

IECMF00BO

IECMFO0BP

IECMF00BQ

IECMFOOBR

IECMF00BS

IECMFOOBT

IECMFO0BU

IECMFOOBV

IECMFOOBW

IECMFO0BY

IECMFO0BZ

IECMF00CO

IECMF00C2

IECMFO00C3

IECMFO00C5

IECMFO00C6

IECMF00C7

IECMF00C8

IECMF00C9

52.12

53.55

54.83

58.71

61.47

67.03

67.96

68.15

68.92

52.67

55.25

52.41

53.37

54.68

53.82

53.88

54.49

55.2

54.76

54.95

2.23

2.47

2.5

1.29

1.01

0.34

0.25

0.3

0.45

2.21

1.87

2.54

2.2

2.4

2.52

2.22

2.09

2.31

1.98

2.08

11.67

14.24

14.25

15.88

14.5

14.62

13.76

14.18

14.12

15.75

17.24

12.55

15.17

14.13

13.53

15.83

16.17

15.73

15.55

15.62

8. Annexes — Chapter 4

12.08

11.1

111

7.38

6.21

4.07

3.85
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3.57

10.07

9.22

10.98

10.09

9.57

11.42

9.09

8.46

9.23

9.25

9.06

0.38

0.26

0.27

0.2

0.33

0.16

0.14

0.18

0.09

0.24

0.14

0.22

0.19

0.24

0.22

0.23

0.14

0.21

0.29

0.24

5.98

3.15

2.21

2.35

1.43

0.57

0.33

0.15

0.28

3.59

3.19

3.64

3.73

4.66

3.24

2.83

3.17

3.25

3

3.08

9.18

6.91

6.4

5.66

3.59

2.39

1.6

1.69

1.62

6.99

7.6

7.21

6.9

7.3

6.95

6.18

6.56

6.36

6.14

6.2

2.86

3.82

3.52

4.52

3.76

3.94

5.48

4.03

3.42

4.46

3.34

3.08

3.47

2.81

3.63

3.6

3.57

3.72

3.77

1.03

1.48

1.52

1.76

2.64

2.98

3.42

3.35

3.5

1.53

1.34

1.57

1.63

1.52

1.76

1.78

1.8

1.71

1.84

1.73

0.04

0.11

0.08

0.13

0.17

0.18

0.2

0.18

0.16

0.09

0.16

0.11

0.11

0.08

0.11

0.13

0.11

0.1

0.11

0.12

0.71

0.74

0.74

0.4

0.4

0.05

0.12

0.12

0.13

0.67

98.28

97.83

97.41

98.28

95.5

96.32

96.64

96.72

96.88

96.56

100.48

95.24

96.47

98.05

96.4

95.79

96.6

97.67

96.62

96.85
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T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100
T8/100

T8/100

740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm

(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)
740 cm
(top)

IECMFO0CA
IECMF00CB
IECMF00CC
IECMF00CD
IECMFOOCE
IECMF00CG
IECMFOOCH
IECMF00CI
IECMF00C]
IECMF00CK
IECMFOOCM
IECMF00CO
IECMFOOCP
IECMFOOCR
IECMF00CS
IECMFOOCT
IECMF00CU
IECMFO0CV
IECMFOOCW

IECMF00CX

55.73

54.27

54.67

56.03

58.13

65.94

66.53

65.51

65.14

66.47

66.69

68.65

68.18

69.19

69.44

69.55

54.33

56.42

61.41

68.21

1.69

1.79

1.51

1.34

2.05

0.72

0.66

0.61

0.6

0.56

0.63

0.13

0.38

0.21

0.33

0.13

2.16

2.35

1.67

0.33

15.96

13.34

12.29

16.57

14.58

14.49

14.96

14.38

14.49

14.43

14.4

14.83

13.59

13.84

14.05

13.92

15.05

16.12

14.98

15.02
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9.4

8.33

11.15

6.76

8.37

4.8

4.83

4.4

4.43

4.25

3.9

3.62

3.51

3.68

3.21

3.04

10.2

10.37

8.19

3.73

0.23

0.09

0.35

0.15

0.18

0.12

0.15

0.15

0.21

0.05

0.15

0.18

0.18

0.14

0.11

0.09

0.03

0.3

0.22

0.14

3.13

3.84

4.49

2.9

1.88

0.84

0.69

0.73

0.71

0.66

0.42

0.19

0.21

0.22

0.2

0.17

2.92

2.49

2.19

0.34

6.3

7.62

6.02

6.44

4.7

2.77

2.61

2.62

2.54

1.89

1.8

1.54

1.28

1.42

1.4

1.35

6.64

6.72

4.66

1.96

3.99

3.93

3.29

3.59

3.96

4.36

4.06

4.18

4.02

4.15

4.25

4.04

3.95

3.78

3.54

3.77

3.44

4.43

4.42

5.58

1.58

1.76

1.79

1.3

2.66

3.06

2.89

3.22
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3.23

3.5

3.06

3.56

3.58

3.49

3.5

1.5

1.57

2.84

0.19

0.12

0.15

0.11

0.15

0.17

0.18

0.19

0.2

0.13

0.22

0.16

0.28

0.25

0.27

0.23

0.25

0.11

0.2

0.18

0.21

98.21

95.08

95.72

95.2

96.67

97.27

97.55

96

95.24

96.04

95.97

96.41

95.13

96.3

96.04

95.75

96.53

100.86

100.78

98.49
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T8/100
T8/100
T8/100
T8/100
T8/100
T8/100

T8/100

T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100

740 cm

(top)
740 cm

(top)
740 cm

(top)
740 cm

(top)
740 cm

(top)
740 cm

(top)
740 cm

(top)
830 cm

830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm

IECMF00CY

IECMFO00CZ

IECMFO0DO

IECMF00D1

IECMF00D3

IECMF00D5

IECMF00D6

IECMF00D7
IECMF00D8
IECMF00D9
IECMFOODA
IECMFO0DB
IECMF00DC
IECMFO00DD
IECMFOODE
IECMFOODF
IECMF00DG
IECMFOODH
IECMFO00DI
IECMF00D]
IECMFO0DK
IECMFOODL
IECMFO0DM
IECMFOODN
IECMF00DO
IECMFO0ODP
IECMF00DQ
IECMF00DS

66.88

67.05

66.79

69.58

53.65

54.72

51.71
52.44
55.29
57.16
56.08
56.9
56.67
57.1
59.03
57.59
58.9
60.4
62.3
63.84
62.46
65.66
64.86
64.03
66.97
66.55
68.9

0.23

0.39

0.28

0.39

1.89

1.77

1.78
1.34
1.77
1.43
1.3
1.6
1.73
1.4
1.6
1.28
1.26
1.34
0.99
1.35
1.31
0.72
0.92
1.21
0.9
0.65
0.74

15.99

14.59

14.25

14.67

15.93

15.73

13.69
14.1
15.61
15.7
15.14
15.21
15.13
15.39
14.67
14.69
14.86
15.12
15.6
14.33
14.44
16.23
15.2
15.1
15.17
14.8
14.37
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2.98

3.63

3.72

3.5

10.44

8.97

9.92
10.01
8.25
9.67
9.03
8.86
8.43
8.02
8.72
8.39
8.21
7.3
6.11
7.91
5.98
3.96
4.71
4.39
47
42
4.89

0.15

0.12

0.11

0.16

0.05

0.39

0.16
0.2
0.36
0.14
-0.04
0.16
0.22
0.09
0.21
0.19
0.14
0.27
0.04
0.23
0.13
0.11
0.13
0.22
0.08
0.11
0.22

0.17

0.26

0.23

0.26

4.8

4.21

4.59
4.71
3.2
3.21
3.37
3.19
2.89
3.09
2.75
2.56
2.63
2.25
1.68
1.79
1.72
0.83
1.28
1.27

0.71
0.66

2.15

1.57

1.53

1.47

8.13

8.19

8.32
8.3
6.56
6.58

6.55
6.14
6.43
6.02
5.93
5.88
5.01
4.48
4.71
4.08
2.83
3.23
3.16
2.76
2.48
2.65

5.03

5.51

5.08

4.69

3.55

3.98

3.1
3.22
4.08
3.77
3.89
3.47
3.55
3.48
3.92
3.88
4.24
3.49
4.09
3.59
3.27

5.7
3.58
2.31
3.51
4.76
4.29

2.72

3.13

3.04

3.33

1.23

1.38

1.53
0.91
1.6
1.47
0.9
1.5
1.82
1.53
1.56
1.54
1.55
212
2.23
2.16
2.83
2.7
3.1
3.05
2.68
2.61
2.4

0.25

0.2

0.21

0.27

0.05

0.19

0.15

0.11
0.05
0.1
0.12
0.11
0.12
0.12
0.05
0.13
0.14
0.1
0.11
0.11
0.13
0.14
0.17
0.15
0.16
0.16

96.55

96.46

95.24

98.33

99.73

99.53

94.96
95.24
96.83
99.18
96.77
97.56
96.7
96.64
98.61
96.09
97.8
97.45
97.62
100.03
96.33
98.86
97.13
94.92
97.9
97.04
99.28
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T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100
T9/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T10/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

T11/100

830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
830 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
900 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm
990 cm

IECMFOODT
IECMFO00DU
IECMF00DX
IECMFO0DY
IECMF00DZ
IECMFO0EO
IECMFO0E1
IECMFO0E2
IECMFO0E3
IECMF00E4
IECMFOO0E5
IECMFO0E6
IECMFO0E7
IECMFO0ES8
IECMFO0E9
IECMFOOEA
IECMFO0EC
IECMFOOED
IECMFOOEE
IECMFOOEF
IECMFO0EG
IECMFOOEH
IECMFOOEI
IECMFOOE]
IECMFOOEK
IECMFOOEL
IECMFOOEM
IECMFOOEN
IECMFO0OEO
IECMFOOEP
IECMFO0EQ
IECMFOOER

67.97
69.59
53.91
64.4
67.98
66.49
54.55
57.13
54
57.48
60.05
60.9
62.81
63.97
65.07
63.73
64.63
65.83
67.27
71.59
71.94
53.44
53.26
55.38
56.01
56.52
58.15
57.95
59.38
58.08
59.24
59.32

0.7
0.35
2.09

1.1
0.81
0.96
1.73
1.57
0.75
1.03
1.57

1.5
1.04
1.35
1.42
0.86
1.07
0.84
0.86
0.53
0.25
1.72

1.8
1.77
1.68
1.43
1.67
1.31
0.91
0.74
1.31
1.44

15.38
13.79
13.55
15
14.4
15.39
15.93
15.61
17.78
18.1
14.99
14.5
15.05
14.71
14.18
14.63
14.97
15.7
14.71
14.57
14.25
14.98
14.58
14.54
14.83
14.55
15.03
14.46
17.89
17.45
15.76
15.36

8. Annexes — Chapter 4

3.78
2.2
11.34
3.48
5.18
4.66
9.16
8.84
7.16
5.86
8.35
7.24
5.38
7.02
7.21
5.32
3.73
3.66
3.18
2.42
2.21
9.39
9.32
9.48
9.05
9.03
9.94
8.57
6.04
6.05
7.54
7.82

0.1
0.07
0.24
0.11
0.14
0.16
0.18
0.22

0.1
0.11
0.13
0.24
0.13
0.21
0.11

0.1
0.17
0.24
0.06

0.1

0.1
0.12
0.16
0.23
0.34
0.23
0.08
0.13

0.1
0.19

0.1
0.07

0.76
0.3
2.59
0.93
0.72
0.97
3.23
3.08
5.7
1.32
2.87
1.66
1.56
1.42
1.14
1.23
0.85
0.86
0.7
0.43
0.37
4.12
4.13
4.03
3.98
391
2.3
2.55
2.61
2.21
241
2.59

2.23
1.1
6.38
2.4
2.42
2.64
6.83
6.34
10.04
6.76
6.55
432
3.73
411
3.82
3.39
2.69
2.18
2.13
1.18
1.16
7.65
7.7
7.17
7.1
6.99
6.01
5.83
6.01
6.11
5.83
5.79

3.52
3.74
3.59
511
4.34
5.18

3.96
3.63
4.3
3.63
3.72
4.81
2.94
3.7
4.36
5.26
541
5.02
5.01
541
3.66
3.53
3.3
3.55
3.97
3.83
4.02
4.83
4.63
4.46
3.98

3.17
2.96
1.88
2.4
2.3
2.69
1.47
1.48
0.39
1.01
1.66
2.22
2.64
2.43
2.24
2.76
3.04

3.38
3.15
3.22
1.46
1.4
1.53
1.48
1.59
1.67
1.56
1.04
1.17
1.02
1.42

0.16
0.2
0.16
0.17
0.16
0.11
0.12
0.16
0.03
0.07
0.09
0.2
0.11
0.11
0.12
0.11
0.19
0.19
0.16
0.22
0.18
0.06
0.14
0.07
0.08
0.05
0.06
0.13
0.05
0.02
0.16
0.1

97.79
94.3
95.73
95.1
98.43
99.24
97.2
98.38
99.58
96.04
99.9
96.5
97.25
98.27
99.02
96.5
96.59
97.9
97.47
99.2
99.11
96.59
96
97.48
98.09
98.28
98.73
96.52
98.86
96.65
97.84
97.88
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T11/100
T11/100
T11/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T12/100
T13/100
T13/100
T13/100
T13/100
T13/100
T13/100
T13/100
T13/100
T13/100

990 cm
990 cm
990 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1030 cm
1130 cm
1130 cm
1130 cm
1130 cm
1130 cm
1130 cm
1130 cm
1130 cm
1130 cm

IECMFOOES
IECMFOOET
IECMFOOEU
IECMFOOEV
IECMFOOEW
IECMFOOEX
IECMFOOEY
IECMFO0EZ
IECMFO0F1
IECMFOO0F2
IECMFOOF3
IECMFO00F4
IECMFOOF5
IECMFO00F6
IECMFOO0F7
IECMFOO0F8
IECMFO0F9
IECMFOOFA
IECMFOOFB
IECMFOOFD
IECMFOOFE
IECMFOOFF
IECMFOO0FG
IECMFOOFI
IECMFOOF]
IECMFOOFK
IECMFOOFL
IECMFOOFM
IECMFOOFN
IECMFO0FO
IECMFOOFP
IECMFO0FQ

65.4
66.57
68.65
52.72
53.18
53.29
53.64
53.63
53.35
54.16
55.12
60.93
62.47
63.97
68.68
53.05
67.21
64.83
54.73
56.66
53.34
66.74
54.96
51.28
54.47
55.04
55.21
56.75
58.23
60.33
60.93
64.09

0.96
0.94
0.4
1.85
2.35
2.28
2.62
2.52
2.58
2.45
2.18
1.06
0.9
0.84
0.29
2.15
0.3
0.74
1.9
1.81
0.86
0.31
2.72
2.36
1.53
1.72
2.17
1.16
1.54
1.19
0.83
1.07

14.75
14.46
13.26
11.29
13.13
12.57
13.29
13.21
13.27
14.03
11.82
15.16
14.67
14.63
14.17
14.59
15.01
15.56
14.41
18.29
18.57
14.23
14.32
13.92
15.09
14.59
13.25
16.95
15.1
16.04
15.58
13.23
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3.99
4.18
3.48
11.73
12.18
11.36
11.65
11.9
11.96
9.83
12.42
6
5.68
5.58
3.49
11.5
4.37
5.36
11.07
7.62
5.99
3.69
11.79
11.27
9.44
9.43
10.5
791
8.55
7.22
6.3
4.92

0.09
0.1
0.06
0.32
0.32
0.25
0.26
0.19
0.26
0.29
0.37
0.22
0.28
0.14
0.2
0.26
0.12
0.1
0.27
-0.03
0.19
0.05
0.2
0.1
0.3
0.17
0.16
0.19
0.11
0.12
0.01
0.28

0.9

0.5
0.37
6.99
3.16

3.9
3.45
3.12
2.49
2.77
3.76
1.05
1.21
1.28
0.37
3.01
0.61
1.14
5.69
2.23
4.84
0.59
2.25
3.69
3.87
3.54
3.32
2.97
2.53
1.36
2.02
1.87

2.37
2.92
1.64
8.44
6.96
8.09
7.14
6.74
6.58
6.92
6.29
3.64
3.09
3.86
2.11
7.38
2.13
3.53
6.53
8.02
11.19
2.19
5.78
7.87
8.11
6.77
6.5
7.83
5.8
5.51
4.82
2.67

5.01
4.18
4.68
3.01
3.58
3.35
3.26
2.75
2.8
3.87
3.21
4.77
4.4
3.89
3.47
3.35
4.79
4.86
3.72
4.17
3.7
5.19
3.44
3.63
3.42
3.46
3.48
3.68
3.98
5.01
4.23
41

2.81
2.72
3.05
1.2
1.82
1.42
1.64
1.86
1.53
1.75
2.05
2.8
2.9
2.61
3.18
1.2
2.86
2.65
1.37
1.37
0.71
2.88
1.51
1.18
0.98
1.69
1.44
1.09
1.48
1.12
2.06
2.66

0.16
0.14
0.19
0.02
0.08
0.14
0.11
0.12
0.1
0.12
0.11
0.28
0.15
0.13
0.16
0.09
0.2
0.26
0.09
0.19
0.2
0.14
0.16
0.05
0.07
0.07
0.1
0.07
0.12
0.18
0.14
0.1

0.68
0.84
0.74
0.81
0.99
0.96
0.77
0.36
0.65
0.35
0.2
0.11

96.45
96.71
95.77
98.26
97.6
97.39
97.86
97.03
95.88
96.96
97.68
96.56
96.09
97.15
96.22
96.57
97.6
99.02
99.77
100.36
99.59
96
97.14
95.34
97.29
96.47
96.12
98.6
97.45
98.08
96.93
94.98
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T13/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T14/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15,/100
T15,/100
T15/100
T15/100
T15/100

1130 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1180 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm

IECMFOOFR
IECMFOOFS
IECMFOOFT
IECMFO0FU
IECMFOOFV
IECMFOOFW
IECMFOOFX
IECMFOOFY
IECMFO0FZ
IECMF00G1
IECMF00G2
IECMF00G4
IECMF00G5
IECMF00G6
IECMF00G7
IECMF00G8
IECMF00G9
IECMFO0GA
IECMFO0GB
IECMF00GC
IECMFO0GD
IECMFOOGE
IECMFOOGF
IECMFO00GG
IECMFOOGH
IECMFO00GI
IECMFO00G]
IECMFO0GK
IECMFOOGL
IECMFOOGM
IECMFOOGN
IECMF00GO

65.26
52.96
54.72
55.63
55.34
59.32
61.6
60.22
62.72
69.31
69.01
52.86
54.47
52.92
55.64
52.76
57.43
51.24
52.42
53.38
54.57
53.73
54.14
54.16
54.63
54.5
53.75
54.45
55.89
57.11
57.81
63.57

0.71
2.58
1.72
1.69
1.51
1.54
1.16
1.36
0.88
0.41
0.26
1.65
2.03
1.75
1.95
2.28
1.36
1.86
2.47
2.19
2.5
1.66
1.65
1.53
2.4
1.99
2.36
1.38
1.41
1.44
1.72
0.82

14.77
13.25
15.19
15.68
15.81
15.01
14.1
14.86
15.34
14.27
13.97
14.25
17.72
16.69
16.47
14.75
14.87
14.36
14.01
14.74
14.18
16.13
16.67
13.19
14.17
14.91
15.55
13.64
14.73
14.65
14.67
14.4
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3.61
12.22
10.28
8.51
7.39
8.97
7.77
7.24
4.48
3.73
3.37
10.14
8.67
9.47
8.39
10.5
7.28
11.91
11.03
10.24
11.72
8.68
9.36
10.91
10.9
9.51
9.51
10.06
9.31
9.6
9.03
7.52

0.13
0.25
0.2
0.28
0.03
0.15
0.32
0.27
0.12
0.08
0.2
0.26
0.17
0.12
0.06
0.09
0.16
0.16
0.16
0.14
0.17
0.1
0.22
0.25
0.23
0.27
0.16
0.22
0.22
0.32
0.15
0.21

0.77
3.36
3.97
3.11
247
2.32
3.48
1.82
1.19
0.35
0.21
4.14
2.52
3.43
2.92
3.23
2.66
4.86
3.54
4.36
3.5
4
2.6
4.77
3.16
3.87
2.64
4.64
3.54
3.09
2.74
2

2.35
7.08
7.44
6.47
6.5
4.73
5.21
4.51
291
2.13
1.5
7.39
7.9
7.68
6.68
8.13
5.79
8.45
7.22
7.44
7.52
7.5
7.72
8.4
6.76
6.96
6.82
8.25
6.49
6.04
5.81
432

4.82
3.04
4.04
41
3.95
4.31
3.97
4.44
5.27
4.46
4.55
4.15
4.12
3.83
4.85
4.02
491
3.66
3.97
3.77
3.76
4.6
4.19
3.61
3.7
4.35
3.99
3.55
4.02
4.28
3.92
4.43

3.03
1.71
1.08
1.61
1.67
2.32
2.2
2.19
2.6
3.57
3.23
1.2
1.24
0.91
1.5
1.47
1.85
0.89
1.42
1.39
1.54
1.53
1.26
0.85
2.13
1.42
1.6
0.74
1.52
1.85
2.13
2.42

0.13
0.12
0.11
0.1
0.13
0.13
0.08
0.18
0.11
0.19
0.21
0.15
0.11
0.07
0.14
0.17
0.18
0.09
0.12
0.09
0.11
0.07
0.11
0.13
0.13
0.13
0.12
0.08
0.14
0.06
0.16
0.12

95.59
96.57
98.74
97.17
94.81
98.8
99.88
97.08
95.63
98.51
96.51
96.19
98.95
96.86
98.6
97.4
96.49
97.48
96.37
97.74
99.58
97.99
97.91
97.78
98.19
97.92
96.49
97.01
97.27
98.44
98.15
99.82
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T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T15/100
T16/100
T16/100
T16/100
T16/100
T16/100
T16/100
T16/100
T16,/100
T16,/100
T16/100
T16/100
T16/100
T16/100
T16/100
T16/100
T16,/100
T16,/100
T16,/100
T16,/100
T17/100
T17/100

1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1340 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1390 cm
1470 cm
1470 cm

IECMFO00GP
IECMF00GQ
IECMFOOGR
IECMFO00GS
IECMFOOGT
IECMFO0GU
IECMFO0OGV
IECMFOOGW
IECMF00GX
IECMFO00GY
IECMFO00GZ
IECMFOOHO
IECMFOOH1
IECMFO00H2
IECMFO0H3
IECMFO0H4
IECMFOOH5
IECMFOOH6
IECMFOO0H7
IECMFOOHS8
IECMFO0H9
IECMFOOHA
IECMFOOHB
IECMFOOHC
IECMFOOHD
IECMFOOHE
IECMFOOHF
IECMFOOHG
IECMFOOHI
IECMFO0H]
IECMFOOHK
IECMFOOHL

69.53
54.83
54.26
59.79
54.92
52.33
53.09
57.68
62.57
57.86
60.46
52.86
53.09
53.16
54.96
55.18
56.06
56.02
56.92
58.26
59.29
59.84
60.19
60.91
61.04
63.02
62.53
63.19
68.84
71.46
51.88
51.8

0.5
2.15
1.48
1.66
2.09

2.4
1.48
1.49
0.89
2.33
1.36
1.33
1.72
1.82
1.16

1.6

1.6
1.29
1.19
1.81
1.12
1.35
1.53
1.16
1.21
1.31
1.04
0.98
0.51
0.27
1.66
1.29

13.73
14.35
18.59
15.94
15.37
15.92
16.36
14.94
15.17
14.06
15.57
15.22
15.08
13.61
13.25
12.85
15.04
15.16
14.95
14.12
14.79
15.14
14.15
14.56
14.76
14.92
14.67
14.65
13.65
13.24
17.47
14.89
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1.74
12.62
8.28
9.38
10.69
10.97
9.87
8.58
4
11.74
8.12
9.53
10.27
10.05
10.13
10.23
9.24
8.94
9.38
8.07
7.25
5.65
7.19
6.3
5.87
5
4.8
4.61
3.12
0.68
9
9.95

0.13
0.16
0.2
0.13
0.11
0.16
0.16
0.17
0.3
0.14
0
0.22
0.19
0.28
0.14
0.24
0.21
0.19
0.17
0.31
0.22
0.14
0.21
0.12
0.14
0.08
0.05
0.18
0.23
0.1
0.24
0.18

0.24
6.12
3.59
2.52
4.28
3.18
5.53
3.18
1.12
3.6
2.76
4.8
3.53
4.55
571
4.56
2.97
3.11
2.89
2.15
2.02
1.77
1.85
1.77
1.71
1.57
1.15
1.19
0.43
0.08
3.71
5.88

0.95
6.44
7.69
5.37
7.81
7.42
7.21
5.75
2.85
6.9
5.38
8.44
7.21
7.09
6.77
6.66
6.47
6.54
6.29
5.12
4.84
4.14
476

4.57
3.7
2.95
3.08
1.66
1.1
8.71
8.8

5.36
3.14
3.92
4.25
3.4
3.86
3.36
3.72
5.16
3.05
4.39
3.53
3.97
3.57
3.24
3.47
4.26
4.07
4.27
4.09
4.12
49
3.65
4.35
4.26
4.57
4.84
5.24
4.56
4.6
4.24
3.63

3.44
1.17
1.25
2.5
1.35
1.26
1.06
1.6
2.57
1.56
2.28
0.96
1.07
1.42
1.09
1.35
1.56
1.35
1.44
1.93
1.9
2.15
1.97
2.84
2.04
2.47
2.81
2.62
291
4.02
0.84
0.73

0.14
0.08
0.15
0.15
0.12
0.15
0.08
0.12
0.18
0.16
0.13
0.09
0.09
0.05
0.08
0.08
0.12
0.09
0.07
0.08
0.15
0.1
0.12
0.16
0.13
0.15
0.15
0.19
0.26
0.09
0.04
0.07

95.77
101.06
99.42
101.68
100.13
97.64
98.18
97.24
94.82
101.4
100.46
96.98
96.22
95.59
96.53
96.21
97.53
96.76
97.57
95.93
95.71
95.19
95.62
96.18
95.74
96.78
94.98
95.94
96.17
95.65
97.79
97.22
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T17/100 1470 cm IECMFOOHM 52.76 2.45 13.72 12.37 0.22 3.05 6.11 3.27 1.89 0.11 95.94
T17/100 1470 cm IECMFOOHN 53.54 1.71 14.55 10.35 0.25 3.57 7.14 3.99 1.09 0.09 96.28
T17/100 1470 cm IECMFOOHO 56.46 1.4 14.6 8.86 0.15 3.07 6.3 4.34 1.32 0.09 96.57
T17/100 1470 cm IECMFOOHP 59.23 1.85 14.18 8.16 0.21 1.54 4.16 4.36 2.49 0.21 96.41
T17/100 1470 cm IECMFOOHQ 59.54 1.41 15.69 6.26 0.23 2.21 4.31 441 2.61 0.16 96.84
T17/100 1470 cm IECMFOOHR 62.76 1.02 15.3 4.78 0.32 1.52 3.6 4.56 2.39 0.13 96.36
T17/100 1470 cm IECMFOOHS 67.49 0.24 13.85 3.98 0.16 0.31 1.75 5.13 3.47 0.17 96.54
T17/100 1470 cm IECMFOOHT 67.49 0.4 13.59 3.67 0.12 0.27 1.58 4.75 3.29 0.14 95.29

Table S2. Inividual glass shard analyses in core MD07-3100. Ttrace elements analyzed by LA-ICP-MS.

Crvptotephra Core IGSN Zr Nb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U
yprotep Depth (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
T1/100 fr? IECMF006S 294.23 13.79 56815 33.14 8377 971 3438 735 158 652 09 523 116 385 052 309 061 706 087 1296 6.7  1.07
T1/100 fr? IECMFO06T 543.21 23.14 1011.62 55.86 119.4 1292 5624 10.16 211 932 131 1044 182 641 095 7.08 135 1376 172 2504 1139 253
T1/100 1;? IECMF006U 238.04 1091 45496 32.63 6558 844 3838 74 144 54 082 602 119 35 051 375 05 454 062 99 403 105
T1/100 1;1? IECMFO06W 500.38 21.5 97856 53.37 113.59 13.32 5473 9.53 2 724 154 931 187 548 091 53 111 1264 142 2349 10.67 281
T1/100 1;? IECMF006X 46191 18.17 807.19 4352 109.86 1125 4671 715 194 7 1.3 796 166 515 0.68 489 097 1016 #N/A 3638 991 263
T1/100 1;? IECMF006Y 290.8 14.49 52662 322 6798 83 3025 809 092 389 075 556 12 327 047 262 044 554 151 119 564 131
T2/100 3;? IECMFO07H 35231 13.79 6335 3142 6795 854 3553 753 152 648 098 722 158 495 079 572 086 889 136 3021 917 3.04
T2/100 3;? IECMF0071 370.64 1812 839.42 363 8552 1059 4258 842 315 852 134 891 2 498 107 642 086 95 115 2528 885 282
T2/100 ii? IECMF007] 44131 17.83 59138 43.13 918 1172 5392 1031 27 1153 203 1335 263 719 108 686 122 10.68 #N/A 30.04 10.06 2.87
T2/100 ii? IECMFO07K 32195 13.85 576.04 32.86 6759 853 40.07 949 183 805 126 798 175 451 088 492 078 786 073 1981 929 285
T2/100 3;1? IECMFO0O7L 348.55 14.89 62196 34.87 7721 976 4327 926 197 794 123 948 166 506 091 617 105 815 099 2056 939 256
T2/100 3;? IECMFOO7M 227.93 9.67 49131 24.68 53.82 7 29 549 118 632 079 748 133 371 057 416 069 54 075 1693 678 196
T2/100 3;? IECMFOO7N 361.77 15.62 609.05 32.06 727 869 3385 592 192 599 109 688 179 477 085 49 08 768 087 1885 7.89 213
T2/100 3;? IECMF0070 122.69 7.04 238.16 1689 3836 498 224 518 148 482 075 575 124 274 052 334 #N/A 279 #N/A 1151 285 1.09
T4/100 ti? IECMF0093 389.47 1523 464.48 3435 893 1165 5373 1444 3.13 1343 238 1757 344 759 12 682 152 1026 #N/A 2323 776 216
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T4/100 ‘g’r? I[ECMF0094 553.27 2291 7359 4434 10673 1351 465 1156 175 1165 167 1074 265 759 128 7.15 133 1224 194 2538 13.13 3.63
T4/100 ‘ii? IECMF0095 23126 9.77 42679 2481 7941 63 2743 748 144 935 126 684 186 405 095 498 061 553 092 1491 43 1.24
T4/100 ‘ii? IECMF0096 218.06 1243 38547 2588 5824 791 3242 932 194 688 107 712 143 367 067 415 069 5.1 126 1374 465 155
T5/100 tz? IECMFOO9M 400.8 1435 687.51 34.88 7956 9.8 3874 841 199 688 119 713 175 638 073 548 091 956 #N/A 2661 978 3.16
T5/100 ‘f}? IECMFOO9N 756.39 31.63 993.71 61.77 139.01 17.13 72.03 1389 178 1292 225 1637 327 1101 146 1207 195 1782 217 4056 157 528
T5/100 ‘f]? [ECMF0090 335.15 14.35 64856 3275 7423 844 376 765 175 689 115 679 185 457 069 501 0.69 9 135 2432 949 279
T5/100 ‘fr? IECMFO09P 204.47 9.74 363.61 2212 5402 7.02 3546 63 1.88 832 129 797 142 499 1 489 087 542 062 1665 474 15
T5/100 ‘fr? [ECMF009Q 162.13 899 307.22 18.19 4997 676 27.16 828 17 656 113 66 134 395 043 408 054 429 056 1413 339 135
T5/100 ‘fr? IECMFO0O9R 195.53 9.85 359.48 22.88 5656 7.04 31.67 766 211 78 122 752 166 41 059 461 059 443 074 1241 384 098
T6/100 ii? IECMFO0OAC 322.48 14.18 62738 2889 67.15 847 3364 716 174 702 101 682 155 454 072 525 083 738 159 1729 683 1.79
T6/100 ii? IECMFOOAD 304.82 14.59 574.07 307 70.67 831 3553 753 207 564 094 673 142 554 078 437 095 805 #N/A 19.07 7.4 185
T6/100 ii? IECMFOOAE 40538 17.43 67824 3635 87.13 1013 43.11 922 183 822 129 907 205 472 083 672 106 876 124 2268 898 251
T6/100 ifr? IECMFOOAF 218.14 1092 37537 2501 5686 7.54 3415 792 234 768 12 832 167 436 072 463 068 582 066 1292 462 1.2
T6/100 5;? IECMFO0OAG 214.77 9.65 36342 221 507 634 2547 723 159 677 09 671 132 372 053 36 063 553 071 13.02 454 145
T6/100 5;? [ECMFOOAH 24875 12.59 450.63 2932 69.61 9.82 4461 917 3.08 1039 145 1019 208 506 072 61 087 553 123 1435 483 138
T6/100 5;1? I[ECMFO0AI 291.12 1359 423.13 2737 6208 749 3149 694 108 693 089 706 158 438 066 44 069 652 107 17.66 6 1.58
T7/100 (:::1? IECMFO0B] 327.82 1437 44623 29.16 6695 809 3157 6.32 1 644 104 676 169 406 074 493 072 7.68 083 2852 7.64 225
T7/100 (:::1? IECMFOOBK 883.27 37.52 1144.82 74.07 169.62 22.09 89.66 1934 255 16.61 3.09 1894 462 1159 214 1398 185 2178 3.11 46.05 20.07 6.08
T7/100 6;? IECMFOOBL 267.59 139 563.7 29.01 6826 918 3438 745 203 77 123 741 176 492 076 458 068 637 07 2363 654 21
T7/100 6;? I[ECMFOOBM 95.07 513 17346 1122 2903 386 1618 436 113 379 052 352 069 234 031 193 034 229 033 681 205 071

740
T8/100 cm  IECMFOOCU 15097 7.96 287.22 1825 44.88 567 2549 619 177 603 097 572 139 368 058 323 053 414 058 1069 322 1.02

(top)

740
T8/100 cm  IECMFOOCV 14595 7.09 29732 17.13 39.27 547 2467 505 17 532 112 611 141 3.04 047 281 064 336 055 922 299 104

(top)

740
T8/100 cm  IECMFOOCW 12831 6.69 22936 1538 3621 469 23.16 511 142 518 075 509 099 342 05 295 045 361 044 7.08 289 091

(top)
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T8/100

T8/100

T8/100

T8/100

T8/100

T8/100

T8/100

T8/100

740
cm
(top)
740
cm
(top)
740
cm
(top)
740
cm
(top)
740
cm
(top)
740
cm
(top)
740
cm
(top)
740
cm

(top)

IECMF00CX

IECMF00CY

IECMFO00CZ

IECMF00DO

IECMF00D1

IECMF00D3

IECMF00D5

IECMFO00D6

684.54

688.88

733.91

625.1

681.14

193.44

196.88

143.77

28.89

25.28

30.82

28.48

30.96

11.32

9.58

6.88

917.35

804.1

905.39

823.44

931.34

326.19

388.41

251.28

60.01

53.44

58.31

51.41

53.81

23.44

22.65

126.69

115.43

127.38

11891

135.36

55.49

52.24

40.2

14.94

14.74

17.62

14.72

15.89

7.08

7.09

5.31
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72.45

59.5

63.56

56.24

64.43

35.8

36.27

26.29

10.86

14.03

19.32

15.28

13.19

9.68

8.1

6.67

3.05

1.63

2.42

1.87

1.81

2.42

2.07

1.67

11.08

12.77

9.54

11.31

11.77

7.71

7.13

6.85

2.69

1.97

2.07

1.85

2.16

0.98

15.7

14.37

15.31

16.07

17.82

8.96

7.08

6.49

3.45

2.78

2.95

2.92

3.02

1.88

1.47

1.41

8.05

9.35

9.12

9.36

10.25

4.56

391

3.23

1.42

1.39

1.35

1.53

0.67

0.71

0.5

12.82

9.92

10.5

9.08

5.37

4.26

3.19

1.93

1.61

1.4

1.62

1.6

0.76

0.47

0.58

15.2

15.4

15.72

15.27

14.45

5.53

4.82

3.61

2.18

#N/A

2.04

1.68

2.36

0.68

0.65

0.46

40.11

32.12

39.16

34.13

38.69

13.11

11.08

9.24

13.06

14.22

14.88

14.1

15.19

4.41

4.18

3.36

5.17

3.54

4.52

3.54

5.1

1.05

1.06

0.92

T9/100
T9/100
T9/100
T9/100
T9/100

T9/100

830
cm
830
cm
830
cm
830
cm
830
cm
830
cm

IECMFO00DX

IECMFO00DY

IECMF00DZ

IECMFO0EO

IECMFO0E1

IECMFO0E2

103.59

260.88

272.84

292.84

396.41

193.96

5.56

11.5

9.05

10.64

14.18

8.03

238.11

684.44

611.39

680.83

852.64

365.55

11.43

31.64

27.58

30.81

47.99

22.19

26.79

65.04

61.58

63.22

103.64

47.96

3.79

7.71

7.28

14.53

6.45

14.42

34.15

30.85

33.77

65.14

27.41

4.36

7.63

7.25

6.44

15.46

6.35

1.07

1.76

1.4

3.95

2.15

1.63

6.03

6.71

6.39

15.39

5.07

0.57

0.94

0.87
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254



8. Annexes — Chapter 4

T14/100 13:10 IECMF00G5 109.74 6.22 250.02 14.44 33.31 4,08 18.78 4.36 1.52 4.84 0.74 4.36 0.91 2.28 0.37 2.36 0.39 2.52 0.41 8.17 2.06 0.71
T14/100 13:10 IECMF00G6 259.08 13.6 430.16 30.57 73.8 103 4594 11.37 2.51 11.07 1.79 10.41 2.06 5.98 0.83 5.78 0.87 6.06 0.99 15.36 5.49 1.52
T14/100 13:10 IECMF00G7 233.6 11.61 425.02 28.17 69.66 7.94 3571 8.13 2.29 8.22 1.23 9.35 1.83 4.36 0.73 447 0.71 5.78 0.78 15.82 5.64 1.79
T14/100 13:10 IECMF00G8 198.27 10.48 368.75 23.35 58.31 7.51 34.05 8.45 2.16 79 1.25 8.87 1.57 496 0.57 4.07 0.63 5.25 0.64 11.81 3.8 1.51
T14/100 12:10 IECMF00G9 408.09 2096 631.17 4256 97.86 12.02 53.85 11.15 2.5 12.17 2.01 10.57 2.2 7.28 1.1 6.85 1.02 9.41 1.31 29.03 9.66 2.69
T15/100 13:10 [ECMF00GQ 170.67 10.08 304.21 20.41 51.61 6.9 29.4 6.48 2.16 6.6 0.88 5.14 1.23 3.8 0.5 3.7 0.48 4.62 1.27 13.87 3.58 1.48
T15/100 13:10 IECMFOOGR 191.89 10.85 340.82 22.7 54.52 7.03 31.74 7.02 2.17 7.05 1.11 7.13 1.48 4.08 0.58 3.96 0.6 4.45 1.23 11.62 4.29 1.04
T15/100 13:10 IECMF00GS 402.59 19.18 630.33 36.75 84.8 10.42 43.03 9.09 1.96 9.46 1.4 10.02 1.89 5.86 0.85 6.41 0.94 9.32 1.07 20.12 8.96 2.74
T15/100 13:10 IECMFOOGT 202.25 9.67 306.24 21.69 49.94 6.58 2854 7.03 1.65 7.23 0.95 7.29 1.38 3.87 0.6 4.1 0.66 495 0.61 11.8 4.47 1.21
T15/100 13:10 IECMFOOGU 169.73 8.34 316.57 20.4 45.54 6.08 2846 6.51 1.72 6.18 1.02 7.55 1.37 4.1 0.58 4.16 0.57 453 0.78 13.52 3.64 1.05
T15/100 13:10 IECMFOOGV 179.17 9.26 332.96 21.13 48.07 6.22 30.09 7.1 2.02 6.07 1.16 6.91 1.36 3.52 0.49 3.79 0.5 4,53 #N/A 11.82 4.02 1.13
T15/100 13:10 IECMFOOGW 128.09 4.19 310.87 14.84 33.04 4.47 19.93 4.22 1.2 5.57 0.85 4.81 0.99 2.95 0.38 3.15 0.36 3.17 0.34 12.44 3.48 1.13
T15/100 13:10 IECMFO00GX 213.44 8.79 636.49 27.68 54.66 6.25 25.82 5.98 1.9 3.9 0.99 5.91 1.33 3.04 0.45 4.08 0.49 6.51 1.03 18.95 7.55 2.03
T15/100 1C3:10 IECMFO0GY 179.65 9.88 339.34 22.07 51.09 6.63 2898 6.35 1.83 6.77 0.95 7.09 1.39 4.5 0.63 4.71 0.8 4.23 1.45 14.74 3.91 1.01
T15/100 1C3:10 IECMFO0GZ 153.59 7.23 229.53 15.69 36.28 481 2213 5.93 1.33 5.65 0.83 5.81 1.2 3.76 0.48 3.62 0.49 3.71 0.57 8.1 3.43 0.89
Si02 TiO2 Al203 FeO MnO MgO Cao Na20 K20 Cl Total
Cryptotephra CoreDepth  IGSN 0y (ron) (wioh) (wi%) (wt%) (wto%) (wt%) (wt%) (wt%) (wtt%) (wt%)
T1/98 30 cm IECMFOOIL 55.69 1.42 15.43 8.41 0.21 3.88 7.15 3.6 1.31 0.11 97.21
T1/98 30 cm IECMFO00IM 55.24 1.11 16.13 8.1 0.08 3.37 7.48 3.78 1.15 0.1 96.54
T1/98 30 cm IECMFOOIN 55.6 1.08 13.74 10.15 0.24 6.26 7.63 3.17 1.11 0.07 99.05
T1/98 30 cm IECMFO00IO 67.72 0.65 16.65 3.33 0.06 0.65 1.76 6.02 2.92 0.17 99.93
T1/98 30 cm IECMFOOIP 64.9 0.52 16.3 3.92 0.19 0.73 1.93 5.67 2.72 0.24 97.11
T1/98 30 cm [ECMF00IQ 55.72 1.47 15.49 8.32 0.16 3.95 7.61 4.03 1.27 0.12 98.15
T2/98 450 cm IECMFOOIR 71.89 0.26 15.36 1.2 0.06 0.17 0.66 2.56 3.21 0.19 95.56
T2/98 450 cm IECMFOOIT 59.55 1.38 15.66 7.42 0.28 1.93 4.73 4.09 2.28 0.1 97.41
T2/98 450 cm IECMFO0OO0IU 61.96 1.19 15.88 6.9 0.2 1.83 4.65 4.36 242 0.14 99.54
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T2/98 450 cm IECMFOO0IV 60.96 1.1 14.84 8.04 0.26 2.08 4.84 3.87 2.16 0.12 98.28
T2/98 450 cm IECMFOOIW  65.35 0.59 15.27 4.29 0.13 0.73 2.48 4.48 2.94 0.2 96.46
T2/98 450 cm IECMFO00IX 62.03 1.2 15.2 6.26 0.09 1.83 3.45 5.18 1.89 0.13 97.27
T2/98 450 cm IECMFO0O0IY 69.71 0.37 14.22 3.92 0.19 0.24 1.32 4.33 3.36 0.24 97.89
T2/98 450 cm IECMFO00IZ 69.33 0.31 13.88 3.25 0.09 0.27 1.13 4.66 3.38 0.19 96.49
T2/98 450 cm IECMFO00]0 69.52 0.79 14.76 3.1 0.1 0.72 1.83 4.88 3.02 0.17 98.9

T2/98 450 cm IECMFO00]1 58.85 0.86 17.6 4.69 0 1.48 571 5.79 1.42 0.1 96.5

T3/98 530 cm IECMF00]2 66.3 0.8 14.26 6.13 0.1 1.7 3.98 4.43 2.55 0.17 100.4
T3/98 530 cm IECMFO00]3 66.17 0.9 14.5 6.93 0.02 1.75 3.96 3.59 2.65 0.17 100.66
T3/98 530 cm IECMFO00]4 70.78 0.35 14.07 3.48 0.21 0.24 1.6 3.73 3.16 0.18 97.81
T3/98 530 cm IECMFO00]5 68.13 0.39 16.22 2.98 -0.03 0.31 2.62 5.49 2.82 0.14 99.1

T3/98 530 cm IECMFO00]6 57.7 1.39 15.96 9.06 0.13 1.34 4.68 4.63 2.34 0.13 97.37
T3/98 530 cm IECMFO00]7 64.61 0.4 10.96 7.43 0.38 1.63 4.76 3.45 2.49 0.15 96.28
T3/98 530 cm IECMFO00]8 70.57 0.4 14.09 4.06 0.23 0.81 2.39 4.69 2.87 0.17 100.29
T3/98 530 cm IECMFO00]9 55.79 1.7 15.19 8.33 0.17 2.97 6.36 4.36 1.68 0.07 96.62
T3/98 530 cm IECMFOO0JA 61.96 0.96 14.07 6.91 0.19 1.19 3.82 3.22 2.64 0.2 95.16
T3/98 530 cm IECMFO00]B 63.69 0.84 13.78 6.26 0.02 1.22 3.86 4.01 2.55 0.2 96.44
T3/98 530 cm IECMFO00]C 54.94 1.76 15.72 9.07 0.11 3.27 6.97 4.07 1.62 0.15 97.68
T3/98 530 cm IECMFO00]D 64.97 0.84 14.47 543 0.11 1.28 3.69 4.51 2.66 0.15 98.11
T4/98 550 cm IECMFOOJE 71.23 0.2 13.8 3.42 0.14 0.25 1.39 3.04 3.31 0.17 96.96
T4/98 550 cm IECMFOOJF 67.57 0.18 18.55 1.88 0.03 0.09 3.55 5.69 1.9 0.09 99.52
T4/98 550 cm IECMFO00]G 68.88 0.38 15.4 341 0.15 0.7 2.23 2.5 2.76 0.16 96.57
T4/98 550 cm IECMFOOJH 68.66 0.38 15.78 3.47 0.09 0.67 2.45 2.76 2.59 0.2 97.04
T4/98 550 cm IECMFO0O0]I 68.64 0.46 14.4 3.7 0.14 0.42 1.73 2.58 3.33 0.2 95.61
T4/98 550 cm IECMFO00]] 68.85 0.27 14.12 3.54 0.16 0.24 1.63 2.94 2.98 0.22 94.95
T4/98 550 cm IECMFO0JK 58.93 1.6 14.41 9.17 0.31 3.11 6.38 3.04 1.94 0.14 99.04
T4/98 550 cm IECMFOOJL 69.63 0.32 14.3 3.55 0.06 0.21 1.42 2.93 3.24 0.25 95.9

T4/98 550 cm IECMF00]M 70 0.15 15.16 3.12 0.2 0.17 1.83 3.63 2.8 0.18 97.24
T4/98 550 cm IECMFOOJN 63.59 1.44 14.9 6.5 0.28 1.17 3.66 3.4 2.6 0.11 97.66
T4/98 550 cm IECMF00]O 57.58 1.4 14.85 7.6 0.08 3.64 6.36 3.25 1.4 0.17 96.35
T4/98 550 cm IECMFOO0]P 63.75 0.81 14.7 5.37 0.11 1.03 3.32 3.6 2.78 0.19 95.65
T4/98 550 cm IECMFO00]Q 62.74 1.07 15.06 6.2 0.13 1.74 4.13 3.22 1.74 0.1 96.12
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T4/98 550 cm IECMFOOJR 61.86 1.38 15.49 6.56 0.24 1.62 4.81 4.37 1.96 0.13 98.41
T5/98 670 cm IECMFO00]S 66.58 0.75 14.82 5.63 0.18 0.93 2.8 4.52 2.6 0.14 98.95
T5/98 670 cm IECMFO00JU 57.8 1.47 16.31 7.68 0.16 3.53 6.97 3.7 1.4 0.17 99.18
T5/98 670 cm IECMFOO0]JV 53.56 1.85 15.93 10.79 0.27 3.77 7.17 3.86 1.2 0.04 98.45
T5/98 670 cm IECMFOOJW  66.57 0.75 15.54 3.37 0.13 0.83 2.14 3.81 3.24 0.18 96.56
T5/98 670 cm IECMFO00JX 67.96 0.87 15.14 5.4 0.14 1.13 3.1 2.33 2.65 0.18 98.9

T5/98 670 cm IECMFO0JY 57.69 1.65 14.44 8.01 0.15 2.67 55 2.73 1.45 0.11 94.39
T5/98 670 cm IECMFO00]Z 71.7 0.36 14.55 3.74 0.21 0.61 2.28 2.92 3.08 0.18 99.63
T5/98 670 cm IECMF00KO 56.21 1.68 16.2 8.2 0.11 2.67 6.06 3.82 1.74 0.13 96.82
T6/98 800 cm IECMF00K1 52.99 1.87 15.91 9.8 0.23 3.68 6.94 3.97 1.07 0.1 96.55
T6/98 800 cm IECMF00K2 54.77 1.7 15.55 9.61 0.27 2.89 6.06 4.01 1.67 0.13 96.64
T6/98 800 cm IECMF00K3 56.36 1.72 16.2 9.09 0.25 3.17 6.13 4.12 1.71 0.11 98.85
T6/98 800 cm IECMFO0K4  52.78 1.82 15.85 10.29 0.15 3.44 7.01 4.33 1.32 0.09 97.07
T6/98 800 cm IECMFO00K5 68.75 0.27 14.49 3.79 0.15 0.17 141 5.26 3.19 0.23 97.69
T6/98 800 cm IECMF0O0K6 53.32 2.03 16.12 9.59 0.23 3.53 7.26 4.1 1.21 0.15 97.54
T6/98 800 cm IECMFO0K7  67.98 0.32 14.56 3.65 0.13 0.38 1.67 5.17 3.28 0.21 97.35
T6/98 800 cm IECMF0O0KS8 57.24 1.19 15.14 7.9 0.25 2.67 5.36 4.7 1.88 0.1 96.44
T6/98 800 cm IECMFOOK9  68.36 0.48 14.75 3.54 0.15 0.24 1.5 5.64 3.3 0.25 98.2

T6/98 800 cm IECMFOOKA  58.44 1.28 15.42 6.22 0.15 2.21 5.78 4.67 1.86 0.19 96.23
T6/98 800 cm IECMFOOKB  61.52 0.93 15 6.39 0.15 1.19 3.86 4.19 2.7 0.13 96.07
T6/98 800 cm IECMFOOKC  65.81 0.74 15.31 5.23 0.16 0.94 3.23 4.84 2.59 0.21 99.07
T6/98 800 cm IECMFOOKD  69.49 0.48 15.2 3.8 0.19 0.22 1.59 5.82 3.33 0.17 100.31
T6/98 800 cm IECMFOOKE  70.01 0.26 13.96 3 0.09 0.21 1.19 4.93 3.34 0.18 97.18
T7/98 1050 cm IECMFOOKF 68.7 0.4 14.79 3.88 0.17 0.33 141 2.02 3.11 0.19 95.01
T7/98 1050 cm IECMFOOKG  54.44 1.77 16.1 9.91 0.13 3.71 7.32 3.4 1.2 0.12 98.1

T7/98 1050 cm IECMFOOKH  69.77 0.46 14.33 3.62 0.18 0.37 1.67 2.72 3.15 0.24 96.52
T7/98 1050 cm IECMFOOKI 56.01 2.13 14.66 9.08 0.18 3.3 6.31 3.11 1.46 0.1 96.34
T7/98 1050 cm IECMFOO0K] 56.18 1.81 14.51 10.01 0.24 2.9 6.22 3.39 1.88 0.09 97.22
T7/98 1050 cm IECMFOOKK  70.34 0.58 14.36 2.56 0.1 0.41 0.81 247 3.03 0.21 94.87
T7/98 1050 cm IECMFOOKL  58.07 1.62 14.98 9.38 0.18 3.4 6.9 3.18 1.44 0.07 99.23
T7/98 1050 cm IECMFOOKM  70.02 0.22 14.4 2.78 0.15 0.17 1.18 3.27 3.37 0.33 95.89
T7/98 1050 cm IECMFOOKN  71.14 0.33 13.58 3.5 0.11 0.16 1.29 2.58 3.19 0.24 96.12
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T7/98 1050 cm IECMFOOKO  71.15 0.32 14.2 3.67 0.19 0.19 1.49 2.72 3.27 0.25 97.44
T7/98 1050 cm IECMFOOKP  56.31 1.22 14.66 9.66 0.2 3.78 6.35 3.14 1.32 0.15 96.78
T8/98 1110 cm IECMFO0OKQ  68.19 0.93 14.9 5.68 0.13 1.5 4.17 1.78 1.24 0.16 98.68
T8/98 1110 cm IECMFOOKR  53.84 1.7 14.98 8.93 0.28 491 7.64 2.47 1.28 0.07 96.11
T8/98 1110 cm IECMFOOKS 71.23 0.32 14.55 1.57 0.05 0.28 0.83 2.47 4 0.27 95.56
T8/98 1110 cm IECMFOOKT  56.03 1.6 15.97 8.67 0.29 3.38 6.68 3.15 1.03 0.1 96.89
T8/98 1110 cm IECMFOOKU  60.24 1.56 16.16 741 0.13 2.57 5.74 3.81 1.32 0.1 99.03
T8/98 1110 cm IECMFOOKV  62.88 141 15.35 7.84 0.21 2.49 5.58 3.08 0.97 0.14 99.95
T8/98 1110 cm IECMFOOKW  56.37 1.58 14.88 8.86 0.22 4.06 7.54 3.76 0.92 0.06 98.25
T8/98 1110 cm IECMFOOKX  65.12 1.01 15.03 5.57 0.12 1.77 4.78 3.36 1.13 0.17 98.04
T8/98 1110 cm IECMFOOKY  54.88 1.38 9.28 13.52 0.33 9.59 6.54 2.2 0.66 0.06 98.43
T8/98 1110 cm IECMFOOKZ  65.75 0.94 15.86 5.76 0.08 1.49 4.83 3.9 1.08 0.2 99.88
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Table S4. Internal standards used to control the measurements, analyzed as unknowns. Major elements measured by EPMA and trace elements by LA-ICP-MS

Standard

EMP) Si02 TiO2 AI203 FeO MnO MgO CaO Na20 K20 Cl Total
Lipari This study ?fﬁ%r; 7417 011 1313 1.74 0.09 004 069 4.17 4.86 034 99.34
1SD 111 0.09 048 055 0.05 0.02 013 019 034 0.06
GEOREM Mean .4 o3 010 13.00 1.52 008 004 076 406 511 038 9958
compilation (n=36)
1SD 056 014 044 010 007 001 004 017 010 0.01
Standard
(LA- Rb Sr Y Zr Nb Ba Lla Ce Pr - Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U
ICPMS)
KL2-G This study (ll\fffg) 95 350 243 138 14 122 132 339 45 218 552 1.88 593 085 522 0980 255 0.336 22 029 3.82 093 211 1.00 0.52
1SD 04 17 11 5 03 5 03 16 02 13 054 013 033 005 032 0.073 011 0032 0.1 0.02 020 0.05 0.17 0.07 0.02
GEOREM
Recommended 87 356 254 152 15 123 131 324 46 216 554 192 592 0.89 522 0961 254 0331 2.1 029 393 096 2.07 1.02 0.55
values
1SD 04 8 11 5 1 5 02 07 01 04 009 004 020 003 012 0.022 0.07 0.009 0.05 0.01 0.14 0.02 0.10 0.03 0.02
Measured
vjoRer 109 098 096 091 096 099 101 105 098 101 100 098 100 095 100 102 100 102 102 100 097 0.96 102 098 0.94
ATHO-G  This study AE’I‘::F;%‘* 653 94.0 943 482 561 540 565 123 145 614 142 259 145 239 169 351 103 154 108 1.61 134 38 559 7.4 235
1SD 24 40 36 16 14 21 21 5 07 26 06 022 07 010 08 016 0.6 009 03 011 07 02 025 02 011
GEOREM
Recommended 653 941 945 512 624 547 556 121 146 609 142 276 153 251 162 343 103 152 105 154 137 39 567 7.4 237
values
1SD 30 27 35 20 26 16 15 4 04 2 04 01 07 008 07 011 05 007 04 005 05 02 062 027 0.12
Measured
vjsRer 100 100 100 094 090 099 102 102 099 101 100 094 095 095 104 102 100 102 103 105 098 0.97 099 100 099

Table S5.- Planktonic foraminifera radiocarbon ages from core MD07-3098 and the respective marine surface reservoir age correction applied (Rs) in the calibration.
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Depth 14
MD(()Z;:)OQS Labfgszow Species (ye:rzgl;P) (yel:rs) (y(:zlsrs) (yel:rs)

0 ECHo 3294  Mixed planktonic foraminifera 520 50 790 160
30 SacA54466  Mixed planktonic foraminifera 875 30 790 160
90 SacA57395  Mixed planktonic foraminifera 1830 30 790 160
150 ECHo 3295 Mixed planktonic foraminifera 2260 50 805 140
240 ECHo 3296 G. bulloides 4150 80 805 140
460 SacA54471  Mixed planktonic foraminifera 6310 30 805 140
490 SacA54473 G. bulloides 7980 35 805 140
530 SacA54475 G. bulloides 7725 30 805 140
550 SacA54477 G. bulloides 8095 30 805 140
570 SacA57397 G. bulloides 7875 40 805 140
620 SacA57398 G. bulloides 8620 150 805 140
650 SacA57399 G. bulloides 8810 40 805 140
805 SacA54480 Mixed planktonic foraminifera 10205 40 805 140
900 SacA57401  Mixed planktonic foraminifera 11790 50 920 135
950 SacA57402 G. bulloides 12350 60 975 120
990 SacA57403 G. bulloides 12670 50 975 120
1040 SacA57404 G. bulloides 13210 60 975 120
1050 SacA54485 G. bulloides 12710 50 975 120
1140 SacA57406 G. bulloides 14800 70 1320 95
1180 SacA57407 G. bulloides 15050 70 1320 95
1220 SacA57408 G. bulloides 15550 70 1320 95
1270 SacA57409 G. bulloides 15780 70 1320 95
1310 SacA57410  Mixed planktonic foraminifera 15720 70 1320 95
1430 SacA57411  Mixed planktonic foraminifera 16570 80 1320 95
1680 SacA57412 G. bulloides 16360 80 1320 95
2070 SacA57413 G. bulloides 16360 80 1320 95
2070 SacA57414 G. inflata 16550 80 1320 95

Table S6. Radiocarbon ages obtained for deposits of the volcanic centers discussed in the text and plotted in Figures 6, 8 and 9. Because the 14C calibration curves have evolved since

the publication of these data, they were re-claibrated by the SHCal20 curve (Hogg et al., 2020) using the software Calib 8.2 (Stuiver et al., 2020).
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In the case where a modelled age estimate was provided in the original publication, that age was plotted instead (Fontijn et al., 2016; Moreno et al., 2014; Alloway et al., 2017a).

16 Calendar 1o range 26 range Mﬂ?g;;;id Modelled Modelled
Volcano Eruptive Event Reference Measured Material Sample ID age median g g 1o 20 range
(years) (years) (years) (cal years
(years BP) BP) (years) (years)

Hudson HW?7 Haberle and Lumley, 1998 Bulk sediment Q-2835 1635 40 1479 11543409_ 11450618_
. 1750- 1538-
Hudson HW?7 Haberle and Lumley, 1998 Bulk sediment AA-10296 1830 75 1710 1611 1880
. 1523- 1348-
Hudson HW7 Haberle and Lumley, 1998 Bulk sediment AA-10300 1605 55 1454 1408 1564
. 2594- 2420-
Hudson HW6 Haberle and Lumley, 1998 Bulk sediment AA-10295 2600 60 2624 2513 2780
. 2600- 2416-
Hudson HW6 Haberle and Lumley, 1998 Bulk sediment AA-10299 2560 55 2588 2495 2752
. 2496- 2352-
Hudson HW6 Haberle and Lumley, 1998 Bulk sediment Q-2962 2470 40 2492 2360 2545
. 2789- 2739-
Hudson HW6 Haberle and Lumley, 1998 Bulk sediment Q-2976 2710 35 2786 2750 2860
. 4002- 3819-
Hudson H2 Naranjo and Stern, 1998 Charred wood 94T-39 3670 70 3956 3847 4153
. 3839- 3454-
Hudson H2 Naranjo and Stern, 1998 Peat 93-48B 3485 100 3711 3574 3934
. 4101- 3942-
Hudson H2 Naranjo and Stern, 1998 Peat 94T-49B 3740 60 4046 3971 4240
. 4239- 3901-
Hudson H2 Naranjo and Stern, 1998 Charred wood 94T-1C 3790 80 4124 4059 4317
Hudson H2 Naranjo and Stern, 1998 Soil Organic matter 93-38A 3495 105 3725 33214793' 33‘25825'
. . . 5756- 5471-
Hudson H2 Naranjo and Stern, 1998 Soil Organic matter 93-38B 4980 105 5694 5587 5920
. . . 3494- 2851-
Hudson H2 Naranjo and Stern, 1998 Soil Organic matter 93-41B 3155 185 3305 3067 3726
. 5192- 4972-
Hudson H2 Naranjo and Stern, 1998 Charcoal 94T-42 4590 70 5191 5052 5335
. . 8171- 8003-
Hudson H1 Del Carlo et al., 2018 Soil Organic matter AR-1E 7325 46 8102 3078 3188
. . 8172- 7934-
Hudson H1 Del Carlo et al.,, 2018 Soil Organic matter EO-1A 7294 71 8084 8069 8204
. . 7867- 7695-
Hudson H1 Del Carlo et al.,, 2018 Soil Organic matter EO-2E 7026 49 7821 7777 7883

261




8. Annexes — Chapter 4

Hudson H1 Naranjo and Stern, 1998 Peat 94T-49E 6330 90 7205 77312527' 67938750‘
Hudson H1 Kilian et al,, 2003 Organic macrofossil GC2 116 cm 6915 40 7714 77765658' 77671947‘
Hudson H1 Naranjo and Stern, 1998 Peat 94T-49G 6840 90 7653 77753714' 77‘@51‘
Hudson H1 Naranjo and Stern, 1998 Charcoal 94T-44D 7010 40 7805 77875441_ 77689702_
Hudson H1 Kilian et al,, 2003 Organic macrofossil  GC2 144cm 7635 40 8399 %4326‘2' 883;3848‘
Hudson HW3 Haberle and Lumley, 1998 Bulksediment ~ AA-10298 9930 85 11355 1111325032‘ 1111167399‘
Hudson HW3 Haberle and Lumley, 1998 Bulksediment  Beta-107815 9830 90 11203 1111301913‘ 1111036641‘
Hudson HW3 Haberle and Lumley, 1998 Bulk sediment Q-2838 11005 75 12897 1122973735_ 11237077?:}_
Hudson HW2 Haberle and Lumley, 1998 Bulksediment ~ AA-10293 11965 100 13803 AT
Hudson HW?2 Haberle and Lumley, 1998 Bulksediment ~ AA-10297 11855 120 13685 1133759842‘ 11?;901221‘
Hudson HW2 Haberle and Lumley, 1998 Bulk sediment Q-2959 11145 105 13022 1132191252_ 11237178%_
Hudson HW1 Haberle and Lumley, 1998 Bulk sediment Beta-107813 12480 100 14606 111733352_ 1145106413_
Hudson HW1 Haberle and Lumley, 1998 Bulksediment  Beta-107816 12390 120 14471 11‘:5163%‘ 111%5791‘
Hudson HO Mirandaeettaali.,22001143  Weller Bulk organic matter 1'412;11'420 13430 50 16127 11%2013%; 1156934110_
Hudson HO Mirandaeettaali.,22001143  Weller Bulk organic matter 1'42?;11'424 13720 45 16542 1162}3342_ 11663;;6_
Hudson HO Mirandaeettaali.,22001143  Weller Bulk organic matter 1'342;11'349 13810 110 16704 11%951347_ 116730521_
Hudson Ho Mirandaeettaali.,zzoollj; Weller Bulk organic matter 1,66t;n1,665 14220 45 17229 1177311223— 117703%12—
Hudson Ho Mirandaeezttazaﬁ'.,zzoollj ; Weller Bulk organic matter 1,5 11;“1,518 14345 45 17396 1177436156— 117725i97—
Hudson HO Mirandaefettaaﬁ'.,2200114-3  Weller Bulk organic matter 1’45%:;“1’453 14670 45 17951 1187085;17_ 11787166%_
Hudson HO Mirandaeitaaﬁ'.,22001143 ; Weller Mizfl(l)ali)rll:;nt 1,68?:;“1,686 14735 30 18039 1187193557— 1178817826—
Hudson HO Mirandaefettaaﬁ'.,2200114-3 s Weller Bulk organic matter 1’451;“1’458 14800 90 18076 118729%75_ 11788212_
Michinmahuida Lepué Amigo etal, 2013 Charred wood LLZé%‘g)g'l 9260 50 10387 PSSR A
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o . . UCIAMS- 10714-
Michinmahuida Lepué Alloway etal,, 2017a Charcoal 145938 9960 330 10909 228 10080
Michinmahuida Lepué Moreno and Ledn, 2003 Wood NSRL-12478 9030 60 10994 124
Michinmahuida Lepué Moreno and Ledn, 2003 Wood ETH-18856 9415 80 10994 124
Michinmahuida Lepué Moreno and Ledn, 2003 Wood AA23236 9635 85 10994 124
Michinmahuida Lepué Abarziia and Moreno, 2008 Terrestrial 9105 70 10994 124

macrofossil

Michinmahuida Lepué Moreno and Leén, 2003 Bulk gytja ETH-20386 9695 90 10994 124
Michinmahuida Lepué Moreno and Leén, 2003 Bulk gytja ETH-188857 9545 70 10994 124
Michinmahuida Lepué Moreno and Leén, 2003 Bulk gytja ETH-24476 9830 75 10994 124
Michinmahuida Lepué Moreno, 2004 Bulk gytja A8070 9680 85 10994 124
Michinmahuida Lepué Moreno, 2004 Bulk gytja A8069 10060 80 10994 124
Michinmahuida Lepué Moreno, 2004 Bulk gytja A8068 11265 65 10994 124
Michinmahuida Lepué Abarzta etal., 2004 GX28215 8990 110 10994 124
Michinmahuida Lepué Abarzta etal., 2004 Bulk gytja NSRL-12473 10150 50 10994 124
Michinmahuida Lepué Abarzta and Moreno, 2008 Bulk gytja lcfshgi4 10000 40 10994 124
Michinmahuida Lepué Pesce and Moreno, 2014 Bulk gytja ETH-25451 8965 65 10994 124
Michinmahuida Lepué Pesce and Moreno, 2014 Bulk gytja Ul(;l?gl\ﬁ 10360 40 10994 124

. . . . . . AA040311- 10777~ 10572-
Michinmahuida Lepué Amigo etal, 2013 Organic sediment 1S 9510 50 10729 10650 10831

. . . Bulk carbonac. LLNL- 10714~
Michinmahuida Lepué Alloway etal,, 2017a Muds 158290 9560 35 10909 228 10080

. . . Bulk Higly carbonac. LLNL- 10714-
Michinmahuida Lepué Alloway etal,, 2017a Muds 123029 9570 30 10909 228 10080

. . . Bulk carbonac. LLNL- 10714-
Michinmahuida Lepué Alloway etal,, 2017a Muds 123032 9635 35 10909 228 10080

o . . 7285- 7156-

Michinmahuida MIC1 Naranjo and Stern, 2004 Peat 170299-1G 6350 60 7233 7165 7341
Michinmahuida MIC1 Naranjo and Stern, 2004 Peat 170299-1i 5120 80 5816 55972303‘ 5569‘294‘

o . . . . 7489- 7422-
Michinmahuida MIC1 Amigo etal,, 2013 Organic sediment AA040311-1] 6590 30 7466 7426 7517
Michinmahuida Unknown Amigo etal,, 2013 Wood AA2§(])3110- 390 40 401 375-327 320-493

o . . AA040311- 1268- 1176-
Michinmahuida Unknown Amigo etal,, 2013 Charred wood 1E 1310 30 1217 1204 1274

o . . . 9267- 9006-
Michinmahuida Unknown Casati etal., 2019 Organic matter P16-5Csm 8230 60 9161 9174 9314
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Michinmahuida Unknown Casati et al.,, 2019 Organic matter P17-4CBd 7670 60 8434 %43671_ 8835‘?2_
Quetrupillan Quet5 Fontijn et al,, 2016 Charcoal CLD177C 1860 37 1695 48 11759807_
Quetrupillan Puesco Fontijn et al,, 2016 Charcoal CLD164B 2012 35 1915 35 11988570_
Quetrupillan Puesco Fontijn et al, 2016 Charcoal CLD166A 2442 37 1915 35 11988570_
Quetrupillan Puesco Fontijn et al, 2016 Charcoal CLD167B 2171 35 1915 35 11988570_
Quetrupillan Puesco Fontijn et al, 2016 Charcoal CLD177A 2088 37 1915 35 11988570_
Quetrupillan Quetl Fontijn et al, 2016 Charred wood CLD1680 10515 43 16492 154 116671852_
Quetrupillan Unknown Fontijn et al, 2016 Charcoal CLD168A 233 37 196 218-147  138-231
LTT-3 LTT-3 Moreno etal,, 2014 Gyttja LTT-3 470 25 471 404-508
LTT-7 LTT-7 Moreno et al,, 2014 Gyttja LTT-7 1765 35 1554 1125%}9_
LTT-8 LTT-8 Moreno etal,, 2014 Gyttja LTT-8 2285 35 2194 20022284
LTT-9 LTT-9 Moreno etal,, 2014 Gyttja LTT-9 2955 25 2980 23923(’)%_
LTT-10 LTT-10 Moreno etal,, 2014 Gyttja LTT-10 3315 35 3508 33%%83_
LTT-14 LTT-14 Moreno etal,, 2014 Gyttja LTT-14 - - 6059 5622616_
LTT-15 LTT-15 Moreno et al,, 2014 Gyttja LTT-15 5815 35 6195 561%?9_
LTT-18 LTT-18 Moreno et al,, 2014 Gyttja LTT-18 - - 7901 ZZ)ZZ
LTT-20 LTT-20 Moreno et al,, 2014 Gyttja LTT-20 7620 30 8488 881216{}_
LTT-20 LTT-20 Moreno et al,, 2014 Gyttja LTT-20 7990 30 8488 881216{}_
Yate Ya2 Wattetal, 2011b Organic macrofossil LV-1 980 35 851 905-876  786-924
Yate Ya2 Wattetal, 2011b Organic mud 03-1E 319 35 378 440-400  348-451
Analanca - Nahuel Huapi 5" j;i_'zggf;Naranjo Charcoal PU-05-06 1740 30 2295 EO O
Andlanca - Nahuel Huapi " al;lz_‘ozo(fl‘;\l aranjo et Charcoal 171297-6 1520 60 1370 e
é;‘;;%?:rfia Rayhuen Fontijn etal, 2016 Charcoal CLD246B 1952 37 1849 37 117961%'
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Antillanca- Playas Blanca- ) 2159- 1944-
Casablanca Negra Villarosa et al., 2006 Charcoal 612 I1A 2215 85 2169 2056 2350
Antillanca- Playas Blanca- ) 3164- 2301-
Casablanca Negra Villarosa et al., 2006 Paleosol 612 I1IN1 2750 250 2830 2668 3402
Antillanca- Playas Blanca- ) 3449- 2842-
Casablanca Negra Villarosa et al., 2006 Paleosol 612 I1IN4 3100 180 3239 3026 3641
Antillanca- Playas Blanca- ) 2309- 2090-
Casablanca Negra Villarosa et al., 2006 Charcoal LJ-5130 2230 40 2229 2231 2334
Antillanca- Playas Blanca- ) 2796- 2739-
Casablanca Negra Villarosa et al., 2006 Charcoal LJ-5131 2720 40 2798 2754 2876
Antillanca- Playas Blanca- ) 2149- 2002-
Casablanca Negra Villarosa et al., 2006 Charcoal Beta 62499 2190 60 2121 2043 2184
Antillanca- Playas Blanca- ) 2152- 2007-
Casablanca Negra Villarosa et al., 2006 - Beta 54771 2200 60 2143 2055 2184
Antillanca- Playas Blanca- ) 2151- 2011-
Casablanca Negra Villarosa et al., 2006 - Beta 54772 2220 50 2141 2082 2182
Antillanca- Playas Blanca- ) 2332- 2003-
Casablanca Negra Naranjo et al., 2017 Charcoal 240198-3N 2260 80 2218 2191 2365
Antillanca- Playas Blanca- ) 2518- 2310-
Casablanca Negra Naranjo et al., 2017 Charcoal 240198-4L 2430 80 2463 2339 279
Antillanca- Playas Blanca- Fontijn etal, 2016 Charcoal CLD238L 2266 37 2244 22 2283~
Casablanca Negra 2233
Antillanca- Playas Blanca- Fontijn etal, 2016 Charcoal CLD244B 2272 37 2244 22 2283~
Casablanca Negra 2233
Antillanca- Playas Blanca- . 2881- 2719-
Casablanca Negra Singer etal., 2008 Charcoal PU-04-04-B 2750 75 2832 2752 3007
Puyehue-Cordon Mil Hojas Singer etal, 2008; Naranjo Charcoal PU-04-04-D 575 75 548 562-502  463-662
Caulle etal, 2017
P“ye}é‘;ilf:rdon Mil Hojas Singer et al, 2008 Charcoal 110299-5C 830 60 712 740-666  635-800
P“ye}é‘;‘;lfgrdon Mil Hojas Lara etal,, 2006 Charcoal 070599-1B 830 60 712 740-666  635-800
P“yeg‘;’lf;rdon Mil Hojas Naranjo et al, 2017 Charcoal 250198-7 950 60 823 820-763  723-928
P“yeg‘;’lf;rdon Mil Hojas Naranjo etal, 2017 Charcoal 250306-0A1 1180 35 1022 1034-978 958-1099
P“ye}é‘;‘iﬁfgrdon Mil Hojas Fontijn etal, 2016 Charcoal CLD248G 1074 37 840 88 1015-672
Puyehue-Cordéon  North Cordéon  Lara etal, 2006; Naranjo et 1537- 1350-
Caulle Caulle al, 2017 Charcoal 050699-1 1630 60 1475 1409 1591
Puyehue-Cordén  North Cordén 1564- 1400-
Caulle Caulle Lara etal, 2006 Charcoal 060300-3 2400 40 1501 1432 1592
Puyehue-Cordéon  North Cordéon  Lara etal, 2006; Naranjo et 1577- 1358-
Caulle Caulle al, 2017 Charcoal 100295-1 2400 60 1491 1406 1598
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Puyehue-Cordén Ranco Fontijn etal, 2016 Charcoal CLD154F 3820 43 4353 163 1987~
Caulle 1850
Puyehue-Cordén Ranco Fontijn etal, 2016 Charcoal CLD154G 4166 35 4353 163 1987~
Caulle 1850
Puyehue-Cordon Ranco Fontijn etal, 2016 Charcoal CLD249B 5543 38 4353 163 1987~
Caulle 1850
Puyehue-Cordén Lara etal. 2006; Singer et al,, 6598- 6486-
Caulle PCC2 2008 Charcoal 240198-3D 5890 70 6667 6748 6854
Puyehue-Cordon PCC2 Fontijn etal, 2016 Charcoal CLD244D 5946 39 6419 82 1987~
Caulle 1850
Puyehue-Cordén PCC2 Fontijn etal, 2016 Charcoal CLD247C 5975 39 6419 82 1987~
Caulle 1850
Puyehue-Cordén Naranjo et al,, 2017; Singer 7122- 6995-
Caulle PCC2 etal. 2008 Charcoal PU-04-04-A 6260 40 7108 7021 7141
Puyehue-Corddn Singer et al.,, 2008; Naranjo e 10521- 10270-
Caulle PCC1 etal, 2017 Charcoal PU-05-36 9310 45 10449 10378 10580
P“yeléi‘:lf:rdon Unknown Lara etal, 2006 Charcoal XM0064 180 50 146 116-59  165-282
P“yeléi‘zlfeordo“ Unknown Lara etal, 2006 Charcoal XM0065 240 50 200 222-142  126-325
Puyehue-Cordén 1934- 1700-
Caulle Unknown Lara etal.,, 2006 Charcoal 070399-2 1970 80 1873 1812 2059
Puyehue-Cordén . 1926- 1820-
Caulle Unknown Singer et al,, 2008 Charcoal PU-04-04-C 1980 35 1889 1864 1936
Puyehue-Cordén 3489- 3335-
Caulle Unknown Lara etal.,, 2006 Charcoal 070599-1A 3270 60 3449 3377 3593
Puyehue-Cordén 6307- 6107-
Caulle Unknown Lara etal.,, 2006 Charcoal 110299-5B 5470 70 6225 6180 6351
Calbuco Unknown Sellés and Moreno, 2011 Wood XG0119C 130 60 112 75-18 0-154
Calbuco Unknown Sellés and Moreno, 2011 Charcoal 201297-2B 150 50 115 142-56 0-154
Calbuco Unknown Sellés and Moreno, 2011 Wood 201297-1 230 60 216 220-143 132-230
Calbuco Unknown Sellés and Moreno, 2011 Charred wood XG0118 1310 60 1187 11217828_ 110259%_
1296- 1178-
Calbuco Cal3 Wattetal,, 2011b Charcoal 23-2B 1378 37 1244 1264 1252
. 1973- 1919-
Calbuco Cal2 Wattetal, 2011b Charcoal 25-5j 2075 37 1991 1928 2091
Calbuco Unknown Sellés and Moreno, 2011 Charcoal 201297-3A 2070 60 1987 21095273_ 12816361_
Calbuco Unknown Sellés and Moreno, 2011 Organic silt SCA-076 3030 40 3175 33213386_ 33025741_
. 3983- 3822-
Calbuco Unknown Sellés and Moreno, 2011 Charcoal CAJ-17F 3640 50 3916 3837 4087
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7034~ 6854-
Calbuco Call Wattetal, 2011b Charcoal 25-5F 6166 52 7019 69472 7165
Alerce . 7388- 7324-
Calbuco Ignimbrite Sellés and Moreno, 2011 Charcoal CAJ-9 6550 40 7424 7334 7509
Alerce . 7261- 6793-
Calbuco Ignimbrite Sellés and Moreno, 2011 Charcoal 050399-1B 6250 130 7097 6951 7360
Alerce . 7790- 7578-
Calbuco Ignimbrite Sellés and Moreno, 2011 Charcoal CAJ-12A-2 6910 80 7718 7653 7864
8351- 8189-
Calbuco Ca3 Wattetal, 2011b Charcoal 130398-2B 7510 40 8285 8290 8373
Calb Unk Sellé dM 2011 Organic matter SCA-070 7970 40 8782 8781- 8636~
albuco nknown ellés and Moreno, g 3644 3987
9516- 9464-
Calbuco Ca7 Wattetal, 2011b Charcoal 803-4A 8559 39 9511 9489 9548
10429- 10233-
Calbuco Cal Wattetal, 2011b Charcoal 25-5B 9246 78 10385 10256 10574
. 11079- 10707-
Calbuco Unknown Sellés and Moreno, 2011 Charcoal CAJ-10A 9610 60 10929 10987 11163
. 11634- 11242-
Calbuco Unknown Sellés and Moreno, 2011 Charcoal XBD-3B 10040 90 11504 11306 11777
. 14490- 14089-
Calbuco Unknown Sellés and Moreno, 2011 Charcoal XBD-3A 12380 70 14408 14163 14640
Llaima 1780 Llaima Naranjo and Moreno, 2005 Charcoal 240498-2A 160 80 141 147-54 0-293
Llaima 1780 Llaima Naranjo and Moreno, 2005 Charcoal 240498-3B 160 50 123 121-57 0-154
Llaima 1780 Llaima Naranjo and Moreno, 2005 Charcoal 180198-1A 170 70 143 151-56 0-285
Llaima 1780 Llaima Naranjo and Moreno, 2005 Wood 220498-9 170 50 134 119-58 0-155
Llaima 1780 Llaima Naranjo and Moreno, 2005 Charcoal 141287-2 220 50 187 227-140 56-310
Llaima 1640 Llaima Naranjo and Moreno, 2005 Soil Organic matter LT-3E 280 60 291 216-149 240-467
Llaima 1640 Llaima Naranjo and Moreno, 2005 Charcoal 220498-5B 300 50 322 328-281 266-455
Llaima 1640 Llaima Naranjo and Moreno, 2005 Charcoal 230498-3 320 50 371 442-362 277-472
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 060487-4 410 90 405 412-323  277-549
Llaima Unknown Naranjo and Moreno, 2005 Peat 160190-3 410 60 412 496-439  307-507
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 230498-1B 770 70 668 725-637  556-766
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 171089-1 1080 100 942 998-898 737-1116
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 261089-1 1160 70 1027 1073-956 905-1178
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 190198-1B 1280 60 1148 11106780_ 11025823_
Llaima Unknown Naranjo and Moreno, 2005 Charcoal LT-3G 1460 90 1324 1120686_ 11157361_
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. . 1532- 1311-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 010694-B 1610 70 1459 1402 1588
. . 1612- 1351-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal LT-3K 1690 90 1548 1426 1744
. . 1750- 1587-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 180198-1B 1840 50 1722 1697 1833
. . . 2265- 2054~
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 150897-i 2290 70 2233 2144 2371
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 010694-E 2680 70 2765 22875187_ 22695121_
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 080487-2B 2940 60 3046 320985‘;_ 23826223_
. . 3249- 3074~
Llaima Unknown Schindlbeck et al., 2014 Charcoal JK210 3045 25 3199 3152 3268
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 211289-1 3440 100 3654 33752589_ 334('3%03_
. . 3727- 3485-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 150897-H 3460 70 3676 3574 3853
. . 5462- 5039-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 010694-M 4630 70 5297 5377 5479
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 150897-F 5000 80 5708 5752~ 5573~
) ' 5496 5908
. . 6117- 5988-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal JK211 5320 25 6079 6044 6128
. . 6504- 6291-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal LT-2C 5690 90 6448 6386 6656
. . 6639- 6389-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 010694-P 5770 90 6534 6441 6736
. . 6748- 6644-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal JK209b 5940 30 6724 6671 6798
. . 8357- 7913-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 070487-1A 7420 180 8194 8027 8544
. . 9127- 8643-
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 150897-E 8110 90 8969 8856 9153
. . Rio Truful-D- 9920- 9555-
Llaima Unknown Naranjo and Moreno, 1991 Charcoal 1 8830 80 9838 9666 9969
. . . . 10223- 10116~
Llaima Llaima Pumice Schindlbeck et al., 2014 Charcoal JK229 9005 30 10156 10147 10232
. . . . 10805- 9892-
Llaima Llaima Pumice  Naranjo and Moreno, 2005 Charcoal 150190-1 9360 250 10571 10233 11238
Llaima Llaima Pumice Fontijn et al,, 2016 Charred wood CLD296F 9385 41 10450 67 11988570_
. . . . 10815- 9890-
Llaima Llaima Pumice Naranjo and Moreno, 2005 Charcoal 150897-B 9400 260 10627 10248 11269
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Llaima Llaima Pumice Schindlbeck et al., 2014 Charcoal JK256b 9420 100 10615 1100745897_ 1100286293_
Llaima Llaima Pumice Schindlbeck et al., 2014 Charcoal JK287 9750 35 11154 1111210130_ 111102731_
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 230191-1B 10270 230 11950 11212612%_ 1112264281_
Llaima Unknown Naranjo and Moreno, 2005 Charcoal 010200-1B 10530 100 12413 112262123%_ 1122061999_
Llaima Unknown Naranjo and Moreno, 1991 Charcoal Rio Trf ful-C- 11240 230 13113 113238193:9_ 112323053_
Llaima Unknown Naranjo and Moreno, 2005 Charcoal JK288 11300 35 13170 113311%? 113312(21;
Llaima Curacautin 2 Lohmar, 2008 - LL24B 12510 40 14656 11‘2751013' 11?72‘3
Llaima Curacautin 2 Lohmar, 2008 - LL25 12650 140 14942 11i28511£; 11‘216129'
Llaima Curacautin 2 Lohmar, 2008 - LL9 12730 90 15130 11i29%66' 11‘§i2797'
Llaima Curacautin 2 Naranjo and Moreno, 2005 Charcoal 261089-2A 12760 130 15163 1154399526_ 1145860127_
Llaima Curacautin 1 Naranjo and Moreno, 1991 Charcoal 040487-7 13200 150 15800 1165052893_ 1156323302_
Llaima Curacautin 1 Lohmar, 2008 - LL13 13230 330 15838 1165331218‘ 1146%4633‘
Llaima Curacautin 1 Naranjo and Moreno, 1991 Charcoal 190190-1BC 13260 200 15886 1165169007_ 1156243529_
Llaima Curacautin 1 Naranjo and Moreno, 1991 Charcoal 041189-1A 13460 400 16173 1165769164_ 1157030538_
Llaima Curacautin 1 Lohmar, 2008 - LL24A 13850 150 16749 116695%71‘ 116721%31‘
Osorno Cgﬂfnggs Moreno etal,, 2010 Charcoal LL040210-2 350 40 389 444-359  299-470
Osorno Cgﬂfnggs Moreno etal,, 2010 Charcoal LL171008-3 240 40 281 315-273  260-330
Osorno Unknown Fontijn etal, 2016 Charcoal CLD329C 1523 35 1360 11332:53‘ 11%}0216‘

Osorno Cono Appel Moreno etal, 2010 Charcoal LL090710-3 10960 50 12836 1122875628_ 11227;3%_
Osorno Cono Appel Moreno etal, 2010 Charcoal LL050210-1 10260 60 11907 1111989383_ 1112701929_
Osorno Cono Appel Moreno etal,, 2010 Charcoal LL090710-8 9650 40 10944 1100986653_ 1100267%_

Corcovado COR2 Naranjo and Stern, 2004 Peat T-20D 7980 100 8800 %861405_ 89503370_
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Corcovado COR3 Naranjo and Stern, 2004 Peat T-20B 6870 7715802' 77586643'
Yanteles YAN1 Naranjo and Stern, 2004 Wood T-23 9560 1110067917_ 1101615005_
Yanteles YAN1 Naranjo and Stern, 2004 Charcoal T-25 9190 1100520016_ 1100161847_
Mentolat MEN1 Naranjo and Stern, 2004 Soil Organic matter T-58A 6690 77547798_ 774621%_
Mentolat ~11.7 ka MEN Weller et al,, 2019 Sediment (;) 1- ;3.?1)\/;53 10109 1111763242_ 1111671703_

Hornopirén Hol Wattetal, 2011b Plant Stem 801-1F 4977 55666050_ 55578574_
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8.4 Supplementary Tables Chapter 5

Table S5.1.1. Benthic foraminifera Uvigerina peregrine 180 for core MD07-3098

8180y,
Depth 8189”’ peregrina three
lem] e P e

[%o0]
0 3.47 3.58
0 3.70 3.54
10 3.47 3.56
20 3.50 3.48
30 3.48 3.47
40 3.44 3.46
50 3.47 3.46
60 3.46 3.51
70 3.59 3.51
80 3.47 3.63
90 3.82 3.62
100 3.56 3.61
110 3.45 3.54
120 3.62 3.59
129 3.69 3.65
139 3.66 3.66
150 3.63 3.58
160 3.44 3.65
170 3.88 3.67
180 3.68 3.80
190 3.82 3.88
190 4.13 3.81
200 3.47 3.74
210 3.63 3.52
220 3.44 3.53
230 3.50 3.47
240 3.45 3.59
250 3.80 3.64
260 3.67 3.79
270 3.90 3.77
280 3.72 3.80
295 3.78 3.66
310 3.46 3.56
320 3.45 3.50
330 3.58 3.71
340 4.09 3.94
350 4.15 3.97
360 3.66 4.01
370 4.21 3.88
380 3.78 4.05
390 4.17 4.05
400 4.21 4.09
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400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
620
630
640
650
660
670
680
690
710
720
730
750
760
770
778
800
805
805
810
820
830
840
850
860
870
880
890

391
4.30
3.90
413
3.82
3.59
3.82
3.54
3.50
3.58
3.55
3.55
3.55
3.63
3.58
3.81
3.54
3.43
3.54
3.59
3.34
3.94
3.92
3.66
3.88
3.70
3.63
3.50
3.54
3.60
4.05
3.78
4.03
3.71
3.62
3.63
3.87
411
3.70
3.80
3.72
3.98
3.75
3.90
3.78
4.45
4.09
4.05
4.07
4.20

4.14
4.03
411
3.95
3.84
3.74
3.65
3.62
3.54
3.54
3.56
3.55
3.57
3.59
3.67
3.64
3.59
3.50
3.52
3.49
3.62
3.73
3.84
3.82
3.75
3.74
3.61
3.56
3.55
3.73
3.81
3.95
3.84
3.79
3.65
3.71
3.87
3.89
3.87
3.74
3.84
3.82
3.88
3.81
4.04
411
4.19
4.07
411
4.19
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900

910

920

930

940

950

960

970

980

990
1000
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1200
1210
1220
1230
1240
1270
1280
1310
1320
1330
1340

431
4.26
4.28
4.25
431
441
4.34
4.33
4.37
4.42
4.47
4.42
4.60
4.25
448
448
4.62
4.52
473
474
5.02
4.89
4.95
490
5.00
5.10
5.03
5.06
5.06
4.98
5.03
5.06
5.10
5.12
5.17
5.12
5.21
5.08
5.18
5.18
5.16
5.21
5.23

4.26
4.28
4.26
4.28
4.32
4.35
4.36
4.35
4.37
4.42
4.44
4.50
4.42
4.44
4.40
4.53
4.54
4.63
4.66
4.83
4.88
4.95
491
4.95
5.00
5.04
5.06
5.05
5.03
5.02
5.03
5.06
5.09
5.13
5.14
5.17
5.14
5.16
5.15
5.17
5.18
5.20
5.22
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Table S5.1.2. Planktic foraminifera Globigerina bulloides 6180 for core MD07-3081

61806. bulloides

Depth 8180, pulloides th:::v[i):l);nt
[cm] [%oo] average
[Y%oo0]
20 2.40 2.25
30 2.19 2.26
40 2.16 2.22
50 2.28 2.15
60 2.07 2.19
60 2.07 2.15
70 2.40 2.04
80 1.92 2.04
80 1.75 1.99
90 2.08 1.89
100 1.79 1.91
100 1.93 1.91
110 1.99 1.90
120 1.74 1.97
130 2.07 2.08
140 212 2.10
150 2.47 2.17
160 2.07 2.10
170 2.13 2.01
180 1.69 1.88
190 1.70 1.96
200 1.79 1.97
210 2.52 2.12
220 2.17 2.17
230 241 2.24
240 1.95 2.18
250 2.13 2.15
260 2.23 2.02
270 2.03 2.10
280 1.77 2.13
290 2.35 2.12
300 2.27 2.07
310 2.19 2.08
320 1.75 2.03
330 1.84 1.98
340 2.10 1.97
350 2.03 2.12
360 2.14 2.22
370 2.47 2.26
380 2.37 2.27
390 2.32 2.22
400 2.05 2.27
410 1.92 2.25
420 2.68 2.39
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430
440
450
460
470
480
500
510
520
530
540
550
560
570
580
590
600
600
610
620
630
640
650
660
670
680
690
690
700
710
710
720
720
730
730
740
750
760
770
780
787
794
801
801
808
817
830
835
847
850

2.29
3.02
2.97
2.97
2.66
2.65
2.90
2.99
3.11
2.83
2.83
3.46
2.87
3.03
3.07
2.72
3.00
3.29
2.64
3.85
3.53
2.68
2.73
2.87
3.25
3.18
3.27
3.30
3.51
3.78
3.61
3.64
3.68
3.65
3.15
391
3.77
3.70
3.59
3.81
391
3.71
3.76
3.52
3.79
3.95
3.95
3.89
3.96
3.81

2.57
2.78
2.78
2.85
2.83
2.83
2.86
2.90
2.93
3.05
3.02
3.00
3.05
3.03
2.94
3.02
2.94
3.10
3.26
3.20
3.09
3.13
3.01
2.94
3.06
3.18
3.30
3.41
3.49
3.57
3.64
3.67
3.55
3.61
3.63
3.64
3.62
3.76
3.76
3.75
3.76
3.74
3.74
3.74
3.79
3.82
391
391
3.87
3.83
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855
859
867
890
890
895
900
900
920
960
980
1020
1040
1080
1140
1170
1190
1230
1290
1330
1456
1470
1490
1550
1560
1590
1600
1620

3.72
3.78
3.56
3.55
3.58
4.08
3.76
3.80
4.00
3.94
3.89
3.82
3.84
4.01
4.03
3.96
3.98
3.87
3.62
3.74
4.28
3.95
4.12
3.90
4.33
3.94
3.78
401

3.77
3.69
3.64
3.71
3.71
3.75
3.84
3.91
3.87
3.94
3.88
3.85
3.89
3.96
4.00
3.96
3.86
3.83
3.80
3.88
4.02
4.06
412
4.05
4.01
3.99
4.01
391
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Table S5.1.3 Benthic foraminifera Uvigerina peregrine §80 for core MD07-3081

8180y,
Depth 8150w, perf_zgrina three
peregrina point moving

[cm] [%0] average

[%0]

20 3.48 3.42
30 3.37 3.44
40 3.48 3.44
50 3.46 3.44
60 3.36 3.41
60 3.39 3.38
70 3.40 3.38
80 3.36 3.38
80 3.37 3.37
90 3.37 3.37
100 3.36 3.39
110 3.44 3.40
120 3.39 3.52
130 3.74 3.53
140 3.45 3.56
150 3.50 3.50
160 3.56 3.57
170 3.64 3.72
180 3.95 413
200 4.79 4.45
210 461 432
220 3.56 3.91
230 3.57 3.66
240 3.86 3.68
250 3.61 3.72
260 3.69 3.61
280 3.53 3.62
290 3.66 3.64
300 3.75 3.67
310 3.61 3.68
320 3.67 3.74
330 3.94 3.77
340 3.71 3.85
350 3.90 3.88
360 4.02 4.05
370 4.24 417
380 4.27 4.25
390 4.23 4.26
400 4.28 4.09
410 3.77 4.27
420 4,76 4.26
430 4.25 4.47
440 4.40 4.38
450 4.48 4.46
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460
470
480
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
787
794
801
808
817
830
835
847
850
855
859
867
890
895
900
920
960
990

451
4.48
4.61
4.49
451
4.57
478
4.63
4.10
4.63
471
4.77
481
4.99
4.79
511
490
481
5.10
4.87
5.19
5.05
5.08
5.03
5.21
5.18
5.21
5.17
5.23
5.12
5.09
5.13
5.02
5.02
5.17
5.15
5.09
5.21
5.19
5.05
5.18
492
5.10
5.14
5.14
511
5.03
5.38
5.15
5.13

4.49
4.53
4.53
4.54
4.52
4.62
4.66
4.50
4.45
4.48
4.70
476
4.86
4.86
497
494
494
494
4.93
5.05
5.04
511
5.06
511
5.14
5.20
5.19
5.20
5.17
5.14
511
5.08
5.06
5.07
511
5.14
5.15
5.17
5.15
5.14
5.05
5.06
5.05
5.12
5.13
5.09
5.17
5.19
5.22
5.15
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1020
1040
1080
1140
1170
1190
1230

5.17
5.15
5.14
5.24
5.15
5.26
521

5.15
5.15
5.17
5.17
5.21
5.20
5.23
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Table S5.2.1 Benthic foraminifera 14C ages and corresponding calendar age and deep water A!4C estimates, for core MD07-3100.

Depth Laboratory Analyzed species 14Cage error14C 0.025Cal 0.16 Cal 0.84Cal 0975Cal Calendar 0.025 0.16 0.84 0.975 Mean
[cm] code [vears age Age Age Age Age age mean A14C A14C A14C A14C A14C
BP] [years [cal years [cal years [calyears [calyears [calyears [%oo0] [%0o0] [%o0] [%o0] [%o0]
BP] BP] BP] BP] BP] BP]
279  SacA43904 Mixed benthic 4800 30 2647 2780 3003 3130 2890 -244 -230 -208 -196 -219
foraminifera
280  SacA43905 Mixed benthic 4630 40 2671 2799 3010 3135 2903 -227 -212 -190 -176 -202
foraminifera
459  SacA43906 Mixed benthic 7310 40 5341 5648 6166 6402 5891 -232 -203 -152 -126 -179
foraminifera
460  SacA43907 Mixed benthic 7550 40 5657 5821 6196 6414 6000 -228 -211 -173 -151 -192
foraminifera
610 SacA43911 Mixed benthic 10420 45 8996 9334 9885 10113 9616 -188 -154 -95 -70 -125
foraminifera
760  SacA36224 Mixed benthic 11620 60 10429 10795 11737 12397 11274 -166 -131 -27 53 -78
foraminifera
840 SacA36228 Mixed benthic 12560 70 11496 12049 13136 13390 12529 -157 -102 25 59 -45
foraminifera
910  SacA43915 Mixed benthic 12860 60 12526 12749 13333 13540 13062 -80 -56 13 40 -20
foraminifera
1010 SacA36233 Mixed benthic 15050 80 12867 13354 13809 14088 13573 -275 -230 -182 -153 -206
foraminifera
1080 SacA43917 Mixed benthic 15800 70 13625 13837 14605 14936 14226 -273 -253 -181 -148 -217
foraminifera
1110 SacA43920 Mixed benthic 15000 60 14114 14476 15144 15338 14820 -145 -111 -34 -10 -71
foraminifera
1180 SacA43919 Mixed benthic 15160 80 15187 15335 15958 16432 15639 -55 -32 46 103 6
foraminifera
1240 SacA43922 Mixed benthic 16120 70 16248 16998 17720 17941 17322 -43 47 146 177 94
foraminifera
1340 SacA36240 Mixed benthic 17560 100 18149 18605 19035 19293 18799 10 63 126 163 92
foraminifera
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Table S5.2.2 Benthic foraminifera 14C ages and corresponding calendar age and deep water A4C estimates, for core MD07-3098.

Depth Laboratory  Analyzed species 14Cage error 14C 0.025 0.16 A1*C 0.84 A14C 0.975 Mean A*C 0.025 0.16Cal 0.84Cal 0.975 Calendar
[cm] code [years age A14C [%o0] [%o0] A14C [%00] Cal Age Age Age Cal Age age
BP] [years [%o0] [%o0] [cal [cal [cal [cal mean
BP] years years years years [cal
BP] BP] BP] BP] years
BP]
0 Echo 3293 Mixed benthic 3580 50 -363 -358 -343 -336 -351 -3 27 232 262 113
foraminifera
90 SacA 57418 Mixed benthic 4705 30 -389 -366 -347 -313 -355 761 1077 1308 1727 1210
foraminifera
460 SacA 54472 Mixed benthic 8805 35 -321 -292 -235 -141 -267 5871 6218 6855 7792 6478
foraminifera
490 SacA 54474 Mixed benthic 10140 40 -403 -370 -291 -254 -335 6181 6621 7589 8007 7043
foraminifera
530 SacA 54476 Mixed benthic 9625 40 -300 -270 -219 -192 -239 6945 7309 7839 8126 7646
foraminifera
550 SacA 54478 Mixed benthic 10035 35 -305 -282 -238 -220 -260 7332 7583 8081 8263 7833
foraminifera
570 SacA 57423 Mixed benthic 9600 40 -230 -221 -179 -153 -203 7733 7823 8255 8493 7998
foraminifera
620 SacA 57424 Mixed benthic 9830 70 -217 -189 -145 -108 -167 8092 8410 8799 9187 8597
foraminifera
650 SacA 57425 Mixed benthic 10600 70 -248 -232 -178 -112 -206 8607 8727 9267 9909 8984
foraminifera
720  Echo 3298 Mixed benthic 11590 107 -272 -225 -108 -66 -167 9291 9804 10957 11302 10391
foraminifera
805 SacA 54481 Mixed benthic 12790 90 -283 -245 -157 -109 -202 10457 10851 11760 12117 11279
foraminifera
900  Echo 3299 Mixed benthic 13680 129 -244 -194 -104 -70 -148 11775 12326 13143 13366 12740
foraminifera
950 SacA 57426 Mixed benthic 13960 90 -208 -151 -114 -93 -134 12473 13055 13338 13548 13171
foraminifera
990 SacA 57427 Mixed benthic 13930 60 -216 -125 -88 -54 -109 12287 13259 13565 13881 13371
foraminifera
1040 SacA 57428 Mixed benthic 15170 60 -278 -260 -161 -94 -217 12924 13125 14153 14764 13570
foraminifera
1050 SacA 54486 Mixed benthic 15210 60 -250 -236 -144 -74 -198 13308 13431 14364 14991 13816
foraminifera
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1090

1100

1110

1140

1180

1220

1270

1310

1430

1680

2070

SacA 57429

SacA 57430

SacA 54488

SacA 57431

SacA 57432

SacA 57433

SacA 57434

SacA 57435

Echo 3301

SacA 57436

SacA 57437

Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera
Mixed benthic
foraminifera

16470

15710

15540

16650

16770

16680

17490

17230

17740

18180

17860
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70 -324 -284
70 -258 -187
80 -214 -139
80 -255 -181
70 -132 -107
90 -78 -23
80 -91 -35
80 -1 30
110 -47 -20
90 -71 -44
80 5 34

-182

-82

-37

-94

-36

110

32

79

36

17

87

-136

-28

24

-67

63

137

57

102

90

44

114

-233

-133

53

-13

60

13700

13731

14018

14689

16135

16483

17197

17804

17911

18123

18450

14198

14450

14786

15505

16323

16966

17714

17987

18130

18363

18665

15269

15462

15663

16305

16941

18000

18251

18346

18505

18828

19051

15742

15946

16137

16526

17727

18194

18424

18488

18949

19030

19256

14739

14965

15216

15928

16629

17553

17986

18151

18327

18594

18856
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Table S5.2.3 Benthic foraminifera 14C ages and corresponding calendar age and deep water A4C estimates, for core MD07-3119.

8. Annexes — Chapter 5

error “C 0.025Cal 0.16Cal 0.84 Cal 0.975cCal Calendar

Analized species, 14C age 0.025 0.16 0.84 0.975 Mean

D[irl:lt]h Lab::;zory benthic [years [ aegaers [ca‘lt\gee:ars [ca‘lt\gee:ars [ca?gsars [ca?g:ars ?cngl mee;:: Al4c Al4C Al4C Al4C Al4C
foraminifera BP] yBP] BSI;] BSII)] B}l’)] B};)] B)l,)] [%oo0] [%o0] [%o0] [%00] [%00]

2 SacA35743 “@:}’;Ziﬁﬁ:}g;gc 2725 30 717 787 955 1024 870 224 217 -200 -192 -209
165  SacA35744 N;g:‘:ﬂ?ﬁ:}ggc 9010 50 4339 6110 7744 7905 7045 -453 -320 167 -152 -230
265  SacA35745 l\gxrzcr‘n?ﬁf‘fggc 10705 50 8628 9500 10021 10364 9715 -248 -169 112 -76 -144
292 SacA35746 “@;ﬁiﬁﬁf}ﬂﬁc 11045 40 9798 10110 10654 11221 10382 173 -141 -81 17 111
361  SacA35747 l\g"rzc:n?rel?fg;gc 12570 60 11204 11784 12344 12562 12036 189 131 68 43 -102
401  SacA35748 l\gxrin?rel?fte};gc 13410 50 12032 12708 13042 13166 12844 190 -125 -86 -69 -109
431  SacA35749 “@;ﬁiﬁﬁf}ﬂﬁc 13720 60 12709 13117 13447 14049 13278 -151 -116 77 -3 -96
461  SacA35750 Mfg‘ril‘int:ﬁ?fg;gc 14250 60 13483 13614 14329 14811 13936 136 -120 -42 21 -84
491  SacA35751 l\’lfg‘rz(inkl’f;‘fg;gc 15340 70 14080 14653 15390 15637 15055 190 127 -45 -15 -84
531  SacA35752 “’[fg‘ril‘int:ﬁ;teﬁgc 16270 60 15382 15821 16507 17168 16130 152 -107 -30 53 70
561  SacA35753 “’[fg‘ril‘int:ﬁ;teﬁgc 16720 70 16185 16694 17755 17949 17276 117 -59 70 96 10
591  SacA35754 l\’lfg‘rz(inkl’f;‘fg;gc 16260 80 16658 17529 18101 18223 17780 -4 99 182 204 137
641  SacA35755 N[fg‘ril‘fnkl’ﬁf‘fte}:;c 17110 70 17517 17985 18306 18541 18146 16 46 91 121 68
682  SacA35756 Mfgiz(:ntl)rel?fte};;lc 17570 80 17933 18181 18532 18678 18343 16 9 58 82 33
712 SacA35757 Ni,g‘g:n?ﬁ?fg;gc 17360 70 18280 18347 18701 18794 18517 44 59 108 123 82
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Table S5.2.4 Planktic and benthic foraminifera 14C ages and corresponding calendar age and deep water A14C estimates, for core MD07-3081.

Calendar
0025 016 084 0975
i 14 i 14,
Depth Laborator Izn:lclizeesd a?a 1i(r2r: re Laborator Iznzlcliz:sd a((:e 1E(rlr: re CalAge CalAge CalAge CalAge I:eg:n 0.025 0.16 0.84 0.975 Mean
p y pecies, g g y pectes, g 8¢ [cal [cal [cal [cal A14C  A14C A14C  A14C  A14C
[cm] code planktic [years [years code benthic [years [years [cal o
. .. years years years years [%00] [%o0] [%o0] [%00] [%oo]
foraminifera  BP] BP] foraminifera  BP] BP] years
BP] BP] BP] BP] BP]
50 SacA62139 Mixedplanktic .00 4,
foraminifera
100 SacA 61334 G bulloides 4620 30  SacA 62140 “ﬁ;ﬁggﬁ?ﬁgg 6325 30 3438 3948 4926 5781 4607 312 265 -174 81 204
250 SacA 62141 Mixedplanktic g 0 g0 o) oqgp Mixedbenthic oo ) 7632 8972 9531 9740 9275 260 -123 57 -35 -88
foraminifera foraminifera
280 SacA61335 Mixedplanktic o, 00,
foraminifera
340 SacA 61336 Mixedplanktic 5000, Echo Mixed benthic 1,00 170 10100 10796 11383 11680 11130  -168 94 21 14 55
foraminifera 3830.1.1 foraminifera
. Mixed benthic
390 SacA62143 G bulloides 10465 35  SacA62144 o UV 12160 50 11346 11512 12191 12601 11833  -133  -114  -38 14 78
430 SacA 62145 G bulloides 11305 40 Echo Mixed benthic ), o0, g 12046 12610 13007 13324 12806  -149 -87 -38 0 -64
3829.1.1 foraminifera
470  SacAe1337 Mixedplanktic .., .0, Echo Mixed benthic 5100 150 12666 13443 13828 14183 13630  -103 -15 45 87 13
foraminifera 3828.1.1 foraminifera
520 SacA 62146 G bulloides 13070 60  SacA 62147 l\gzgﬁl‘g}r‘;‘: 14010 50 13390 14040 15014 15211 14509  -114 44 75 105 13
610 SacA 62148 Mixedplanktic .00, g, Echo Mixed benthic o009, 170 14624 15039 15809 16222 15383  -141 -96 -3 55 53
foraminifera 3827.1.1 foraminifera
610 SacA 62149 Mixedplanktic 0,6 o)
foraminifera
630 SacA62150 Mixedplanktic 500 g Echo Mixed benthic 00,0 170 15186 15655 16201 16524 15927  -129 76 7 35 41
foraminifera 3826.1.1 foraminifera
670 SacA62151 Mixedplanktic o0, g Echo Mixed benthic o 00 110 15066 16303 16887 17164 16595 -89 -51 24 64 13
foraminifera 3825.1.1 foraminifera
680 SacAe2152 Mixedplanktic oo o0 g4 6pq5g Mixedbenthic o000 g6093 16509 16995 17239 16755 21 55 123 159 89
foraminifera foraminifera
700  SacA 61338 Mixedplanktic 000 o, Echo Mixed benthic /o0 970 16640 16846 17278 17440 17071 -85 -44 38 81 4
foraminifera 3824.1.1 foraminifera
770 SacA 62154 Mixedplanktic 55 o,
foraminifera
801 SacA 62155 Mixedplanktic ..o, o, Echo Mixedbenthic ja1,0 140 17528 17816 18481 18661 18139  -138  -103 22 13 62
foraminifera 3823.1.1 foraminifera
930 SacA 62156 Mixedplanktic o5, o4 Echo Mixed benthic ja0,0 130 18096 18625 19817 20225 19153  -141 -88 58 116 23
foraminifera 3822.1.1 foraminifera
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Mixed planktic
foraminifera
Mixed planktic
foraminifera
Mixed planktic
foraminifera

1050 SacA 62157 16730

1160 SacA 62158 17130

1230 SacA 62159 17390

130

100

100

Echo
3821.1.1
Echo
3820.1.1
Echo
3819.1.1
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Mixed I.Je_nthlc 18660 120 18967
foraminifera

Mixed I.Je_nthlc 18730 120 19600
foraminifera

Mixed I.Je_nthlc 21240 140 20035
foraminifera

19362

19874

20242

20100

20423

20781

20403

20659

21002

19737

20153

20527

-29

34

-203

19

74

-179

116

152

-117

163

192

-88
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Table S5.3 Inividual glass shard geochemical analyses in potential cryptotephras identified as glass shard peaks in core MD07-3081. Major elements analyzed by
EPMA.

Core  Core depth Vs‘:)lﬁ?g;c Correlative  Si02  Ti02 AI203 FeOT MnO MgO Ca0 Na20 K20 cl Total
MD07-3081 470 cm Hudson HW?2 5384 164 1670 838 024 386 772 268 121 007 9631
MD07-3081 470 cm Hudson HW?2 5528 187 1693 880 019 358 710 437 157 010  99.78
MD07-3081 470 cm Hudson HW2 5292 154 1609 746 024 388 847 364 132 012 9570
MD07-3081 470 cm Hudson HW2 5923 155 1644 671 014 268 574 450 166 018  98.83
MD07-3081 470 cm Hudson HW2 6553 118 1676 440 007 141 308 471 267 019  99.99
MD07-3081 470 cm Hudson HW2 6027 143 1665 621 025 233 480 394 194 017  97.99
MDO07-3081 470 cm Hudson HW2 6133 199 1543 790 024 230 497 429 228 019  100.90
MD07-3081 470 cm Hudson HW2 5836 181 1575 801 024 278 572 522 178 010  99.77
MD07-3081 470 cm Hudson HW2 6452 111 1638 449 019 139 326 568 226 018 9947
MD07-3081 470 cm Hudson HW2 5384 208 1514 923 019 424 802 424 123 011 9832
MD07-3081 470 cm Hudson HW2 5452 195 1543 890 019 339 748 442 135 008 9771
MDO07-3081 470 cm Hudson HW2 5780 180 1494 856 024 303 596 401 187 015 9837
MD07-3081 470 cm Hudson HW2 5719 183 1567 698 032 294 615 486 156 018  97.69
MD07-3081 470 cm Hudson HW?2 5482 183 1519 920 011 376  7.67 465 122 009 9853
MD07-3081 470 cm Hudson HW?2 5533 192 1565 857 026 325 632 469 176 013  97.88
MDO07-3081 540 cm Hudson HW1 5328 218 1574 1072 019 455 7.87 401 113 018  99.84
MDO07-3081 540 cm Hudson HW1 5476 204 1652 848 038 373 764 410 158 013 9936
MDO07-3081 540 cm Hudson HW1 5705 173 1651 736 019 261 527 415 225 014  97.26
MD07-3081 540 cm Hudson HW1 5546 181 1572 932 008 390 746 412 162 014  99.62
MDO07-3081 540 cm Hudson HW1 6122 138 1578 663 026 158 402 513 251 017  98.69
MDO07-3081 540 cm Hudson HW1 6328 140 1649 473 024 139 315 533 232 019 9851
MDO07-3081 540 cm Hudson HW1 5528 168 1685  9.03 015 382 723 397 137 005  99.44
MD07-3081 540 cm Hudson HW1 5504 177 1585 928 026 400 737 445 133 010  99.46
MDO07-3081 540 cm Hudson HW1 5190 184 1570 863 023 407 790 451 149 014 9641
MDO07-3081 540 cm Hudson HW1 5507 178 1508 1021 025 375 812 400 102 012  99.41
MDO07-3081 540 cm Hudson HW1 6506 136 1595 528 013 117 244 500 289 015  99.41
MD07-3081 540 cm Hudson HW1 5646 150 1539 828 011 336 648 416 188 024  97.87
MD07-3081 540 cm Hudson HW1 6279 134 1688 523 016 172 394 518 247 015  99.85
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MD07-3081 540 cm Hudson HW1 63.59 1.48 16.19 5.26 0.16 1.65 3.64 5.28 2.39 0.17 99.81
MD07-3081 540 cm Hudson HW1 65.78 1.12 15.64 5.47 0.15 0.94 2.04 5.55 3.05 0.07 99.80
MD07-3081 700 cm Hudson Ho 54.17 1.79 16.60 8.96 0.20 3.70 7.80 3.96 1.06 0.08 98.32
MD07-3081 700 cm Hudson Ho 64.48 1.17 17.05 4.23 0.13 1.48 3.06 5.21 2.59 0.07 99.47
MD07-3081 700 cm Hudson Ho 56.88 1.66 15.81 7.32 0.15 2.99 5.44 4.64 1.88 0.12 96.90
MD07-3081 700 cm Hudson Ho 57.09 1.87 16.04 8.27 0.31 2.93 5.68 4.54 1.71 0.09 98.52
MD07-3081 700 cm Hudson Ho 58.58 1.64 15.84 7.44 0.21 2.26 4.43 4.10 2.04 0.23 96.77
MD07-3081 700 cm Hudson Ho 62.99 1.29 15.56 5.11 0.16 1.54 3.24 4.56 2.58 0.17 97.19
MD07-3081 700 cm Hudson Ho 61.58 1.59 16.23 7.00 0.12 1.81 3.66 4.88 2.44 0.07 99.36
MD07-3081 700 cm Hudson Ho 5191 2.32 16.04 10.55 0.31 2.97 6.02 4.66 2.92 0.25 97.95
MD07-3081 700 cm Hudson Ho 64.71 1.05 15.76 5.27 0.07 1.30 3.16 3.37 2.21 0.15 97.05
MD07-3081 700 cm Hudson Ho 57.46 1.48 16.42 7.12 0.07 3.04 6.14 3.49 1.46 0.10 96.79

287



8. Annexes — Chapter 5

Table S5.4 Marine surface reservoir ages (Rs) estimates for cores in this study. The details on the 14C age estimates for tephras on land can be accessed in Table
"OnlandTephraAges".

Core t(]e) elrl’::/lZ:is et/ol:l: dli:a ‘*Cage error *C age Volcanic Eruption ‘*Cagemean error 'C age Rs error Rs
p [cnl:] p [vears BP] [vears BP] source p [vears BP] [vears BP]
MDO07-3100 160 2490 60 Hudson HW?7 1718 159 773 170
MDO07-3100 760 10325 40 Michinmahuida Lepué 9801 343 524 345
MDO07-3098 805 10205 40 Michinmahuida Lepué 9801 343 404 345
MD07-3081 330 10200 40 Hudson HW3 9959 90 241 185
MD07-3081 330 10200 40 Michinmahuida Lepué 9759 285 441 288
MD07-3081 460 12215 40 Hudson HW2 11910 110 305 161
MDO07-3081 510* 13070 60 Hudson HW2 11910 110 1160 167
MD07-3081 510* 13070 60 Hudson HW1 12435 110 635 167
MD07-3081 670 14730 50 Hudson Ho 14638 202 125 240
MD07-3081 700 14850 60 Hudson Ho 14638 202 245 242
MDO07-3081 770* 15000 60 Hudson Ho 14638 202 395 242

*Depths where 14C ages where interpolated
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Table S5.5 Radiocarbon ages obtained for deposits of Lepué tephra identified in cores MD07-3098 and MD07-3100, and of eruptions of Hudson volcano potentially
correlated with cryptotephras in core MD07-3081 (Figure S1, S2).

Volcanic Eruption Reference Type of Site name Sample 14C 14C age error Analyzed material Stratigraphic
source archive Laboratory [vears BP] 14C age position Comme.nts
code [years geochemistry
BP]
Michinmahuida  Lepué Abarzta & Lago Meli 818-819 9105 70 Terrestrial macrofossil ~ ~20 cm above Lepué
Moreno, 2008 cm tephra correlative.
Michinmahuida  Lepué Abarzta et al, Laguna Tahui 891- GX28215 8990 110 Bulk gyttja ~20 cm above Lepué
2004 895cm tephra correlative.
Michinmahuida  Lepué Moreno, 2004 Lacustrine Lago PM10, A8070 9680 85 Bulk gyttja ~40 cm above Lepué
core Condorito 685-688 tephra correlative.
cm
Michinmahuida  Lepué Moreno, 2004 Lacustrine Lago PM10, A8068 11265 65 Bulk gyttja ~100 cm below Lepué
core Condorito 821-824 tephra correlative.
cm
Michinmahuida  Lepué Pesce & Moreno, Lacustrine Lago Lepué 0201 DTS, 8965 65 Bulk gyttja ~40 cm above Lepué  Analized for
2014 core 786cm tephra correlative. geochemistry
Michinmahuida  Lepué  Pesce & Moreno, Lacustrine Lago Lepué 0201 DT9, CAMS-125915 10360 40 Bulk gyttja ~30 cm below Lepué  Analized for
2014 core 904cm tephra correlative. geochemistry
Mean 9727.5
Desvesta 925
Error of the 185
mean
Michinmahuida  Lepué Abarzua et al,, Lago Meli 934- NSRL-12473 10150 50 Bulk gyttja 2 cm below Lepué
2004 936cm tephra correlative.
Michinmahuida  Lepué Abarzua & Lago Meli 844 cm CAMS-115814 10000 40 Bulk gyttja Directly below Lepué
Moreno, 2008 tephra correlative.
Michinmahuida  Lepué Alloway et al,, Outcrop Pte Pichileufa LLNL- LLNL-123032 9635 35 Bulk carbonac. Muds Immediately below analized for
2017b 123032 lower contact. geochemistry
Michinmahuida  Lepué Alloway etal,, Outcrop Puelche LLNL- LLNL-123029 9570 30 Bulk Higly carbonac. Immediately below analized for
2017b 123029 Muds lower contact. geochemistry
Michinmahuida  Lepué Alloway etal,, Outcrop Section 12 ETH- LLNL-158290 9560 35 Bulk carbonac. Muds Immediately below
2017b 20386 lower contact.
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Michinmahuida Lepué Alloway et al,, Outcrop Section 12 LLNL-158291 9970 35 Wood in growth position = Immediately below
2017b lower contact.
Michinmahuida  Lepué Moreno & Ledn,  Sediment Lago 901B-601A ETH-20386 9695 90 Bulk gyttja Basal contact
2003 core Condorito
Michinmahuida Lepué Moreno & Ledn,  Sediment Lago 901B-601A ETH-18856 9415 80 Wood Basal contact
2003 core Condorito
Michinmahuida Lepué Moreno & Ledn,  Sediment Lago 901B-601A AA23236 9635 85 Wood Basal contact
2003 core Condorito
Michinmahuida Lepué Moreno & Ledn,  Sediment Lago 901B-601A ETH-188857 9545 70 Bulk gyttja Basal contact
2003 core Condorito
Michinmahuida  Lepué Moreno & Ledn,  Sediment Lago 901B-601A ETH-24476 9830 75 Bulk gyttja Basal contact
2003 core Condorito
Michinmahuida Lepué  Amigoetal. 2013  Outcrop AA040311- 9510 50 Organic sediment Paleosol 1-2 cm above  analized for
1S deposit. geochemistry
Michinmahuida  Lepué Alloway et al., Outcrop Section9  LLNL-158125 10330 40 Bulk carbonac. Muds Immediately below analized for
2017b lower contact. geochemistry
Mean 9757
Desvesta 277
Error of the 212
mean
Michinmahuida Lepué Amigoetal, 2013  Outcrop LL230409- 9260 50 Charred wood Within deposit.
1
Michinmahuida  Lepué Alloway etal,, Outcrop Pumalin-1 Pumalin-1 LLNL-122960 9785 30 Charcoal Within pyroclastic
2017b deposit (co-eruptive
correlative).
Michinmahuida  Lepué Moreno, 2004 Lacustrine Lago PM10, A8069 10060 80 Bulk gyttja Within Lepué tephra
core Condorito 710-713 correlative.
cm
Michinmahuida  Lepué Alloway etal,, Outcrop Secion 4 UCIAMS- UCIAMS- 9960 330 Charcoal Within-surge deposit analized for
2017b 145938 145938 (Co-eruptive geochemistry
correlative).
Mean 9766 356
wood/charcoal
Mean 9759 285
wood/charcoal
and directly
below
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Mean 9751 504
everything
Mean 9801
analyzed for
geochemistry
Desvesta 343
Error of the 339
mean
Hudson HW7 Haberle & Lumley, 1998 Lacustrine  Laguna Stb-4 AA-10296 1830 75 " organics associated  direct AMS dating of analized for
core Stibnite with tephras”. organics associated  geochemistry
with tephras
Hudson HW7 Haberle & Lumley, 1998 Lacustrine  Laguna Six-4 AA-10300 1605 55 " organics associated  direct AMS dating of analized for
core Ssix with tephras”. organics associated  geochemistry
minutes with tephras
Mean 1718
macrorests
Desvesta 159
Error of the 93
mean
Hudson HW3 Haberle & Lacustrine Beta- Beta-107815 9830 90 " organics associated direct AMS dating of analized for
Lumley, 1998 core 107815 with tephras". organics associated  geochemistry
with tephras
Hudson HW3 Haberle & Lacustrine AA-10298 AA-10298 9930 85 " organics associated direct AMS dating of analized for
Lumley, 1998 core with tephras". organics associated geochemistry
with tephras
Hudson HW3 Haberle & Lacustrine Beta- Beta-107812 10080 100 analized for
Lumley, 1998 core 107812 geochemistry
Hudson HW3 Haberle & Lacustrine AA-10294 AA-10294 9995 85 analized for
Lumley, 1998 core geochemistry
Mean 9959
macrorests
Desvesta 106
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H Error of the 90 H
mean
Hudson HW2 Haberle & Lacustrine Q-2959 Q-2959 11145 105 Bulk sediment Bracketing tephra analized for
Lumley, 1998 core geochemistry
Hudson HW2 Haberle & Lacustrine AA-10297 AA-10297 11855 120 " organics associated direct AMS dating of analized for
Lumley, 1998 core with tephras". organics associated  geochemistry
with tephras
Hudson HW2 Haberle & Lacustrine AA-10293 AA-10293 11965 100 " organics associated direct AMS dating of analized for
Lumley, 1998 core with tephras". organics associated  geochemistry
with tephras
Mean 11910
macrorests
Desvesta 78
Error of the 110
mean
Hudson HW1 Haberle & Lacustrine Beta- Beta-107813 12480 100 " organics associated direct AMS dating of analized for
Lumley, 1998 core 107813 with tephras". organics associated  geochemistry
with tephras
Hudson HW1 Haberle & Lacustrine Beta- Beta-107816 12390 120 " organics associated direct AMS dating of analized for
Lumley, 1998 core 107816 with tephras”. organics associated  geochemistry
with tephras
Mean 12435
macrorests
Desvesta 64
Error of the 110
mean
Hudson Ho Miranda et al,, Lacustrine T8 1,423- CAMS-159614 13720%* 45 Bulk organic matter ~25 c¢cm Above Ho. analized for
2013; Weller et core 1,424 cm geochemistry
al, 2014
Hudson Ho Miranda et al,, Lacustrine T8 1,419- UCIAMS- 13430* 50 Bulk organic matter ~30 cm Above Ho. analized for
2013; Weller et core 1,420 cm 122978 geochemistry
al, 2014
Hudson Ho Miranda et al,, Lacustrine T61,348- CAMS-159606 13810* 110 Bulk organic matter ~ 40 cm Above Ho. analized for
2013; Weller et core 1,349 cm geochemistry
al, 2014
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Hudson Ho Miranda et al., Lacustrine T10 1,664- CAMS-159607 14220* 45 Bulk organic matter ~ 90 cm Above Ho.
2013; Weller et core 1,665 cm
al, 2014
Hudson Ho Miranda et al,, Lacustrine T91,517- CAMS-159613 14345 45 Bulk organic matter ~20 cm Below Ho.
2013; Weller et core 1,518 cm
al, 2014
Hudson Ho Miranda et al., Lacustrine T7 1,457- UCIAMS- 14800 90 Bulk organic matter ~ 10 cm Below Ho. ~analized for
2013; Weller et core 1,458 cm 123030 geochemistry
al, 2014
Hudson Ho Miranda et al., Lacustrine T9 1,685- CAMS-154860 14735 30 Macro plant remains ~10 cm Below Ho. ~analized for
2013; Weller et core 1,686 cm geochemistry
al, 2014
Hudson Ho Miranda et al,, Lacustrine T7 1,452- UCIAMS- 14670 45 Bulk organic matter ~ 5 cm Below Ho. Comments
2013; Weller et core 1,453 cm 122999 geochemistry
al, 2014
Mean 14638
Desvesta 202
Error of the 114
mean
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Résumé : L'océan joue un réle important dans les
cycles glaciaires-interglaciaires, en régulant la quantité
de CO2 dans lI'atmosphere. En particulier, pendant le
dernier maximum glaciaire (~23 000-19 000 années
calendaires avant le présent (années cal. BP)), 'océan
profond avait accumulé du CO2, le libérant dans
I'atmosphere pendant la derniere déglaciation
(~18,000-11,000 années cal. BP). La quantité de CO2
stockée/libérée, les zones de I'océan qui aurait dégazé
le CO2 et les mécanismes menant a ce
stockage/libération, sont actuellement discutés et
analysés par la communauté scientifique. Dans cette
thése, je présente de nouveaux enregistrements sur les
changements de ventilation des eaux intermédiaires et
profondes dans le Pacifique Sud-Est (SEP) au cours des
~22,000 dernieres années. En utilisant les dges 14C
des couples de foraminiféeres planctoniques et
benthiques dans neuf carottes de sédiments marins
sur un transect entre ~500-3,300 m de profondeur et
~31-49° S, les changements de la circulation
océanique pendant la derniere déglaciation sont
interprétés. Un défi important en paléocéanographie
consiste a établir des chronologies robustes pour les
carottes de sédiments marins, ce qui est essentiel pour
intégrer les

informations fournies par les enregistrements
paléoenvironnementaux dans différentes zones de
I'océan, mais aussi a terre et dans des calottes
glaciaires. Afin d'explorer comment améliorer les
chronologies des carottes étudiées ici, une étude
téphrochronologique dans trois des carottes
selectionnées a permis d'identifier des éruptions
volcaniques dans chaque carotte, en améliorant ainsi
la robustesse de leurs chronologies. D'apres les
enregistrements produits, la circulation dans le SEP
au cours des 20,000 derniéres années révele un
océan glaciaire plus stratifié, les eaux les plus
appauvries en 14C se trouvant dans l'océan Austral
profond. Pendant la déglaciation, d'importants
changements de circulation sont observés, indiquant
une convection plus vigoureuse et une meilleure
ventilation des eaux profondes dans I'océan Austral.
De plus, des valeurs anormalement appauvries en
14C sont observées pendant la déglaciation a des
profondeurs baignées par les eaux profondes du
Pacifique, ce qui pourrait indiquer I'influence d'une
possible source hydrothermale.
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Abstract : The ocean is thought to have an important
role in glacial-interglacial cycles, by regulating the
amount of CO2 in the atmosphere. In particular, during
the Last Glacial Maximum (~23,000-19,000 calendar
years before present (cal years BP)), the deep ocean is
thought to have accumulated CO2, releasing it to the
atmosphere during the last deglaciation (~18,000-
11,000 cal years BP). The amount of CO2
stored/released, the areas of the ocean where this
would take place and the mechanisms leading to this
storing/release, are currently being discussed and
information worldwide is being produced to this aim.
In this thesis [ produce new records on ventilation
changes of intermediate and deep waters in the
Southeast Pacific (SEP) during the last ~22,000 years.
Using 14C ages of paired benthic and planktic
foraminifera in nine marine sediment cores in a
transect between ~500-3,300 m and ~31-49° S,
changes in oceanic circulation during the last
deglaciation are interpreted. An important challenge in
paleoceanograhy at the time is establishing robust
chronologies for marine

sediment cores, which is essential to integrate the
information provided by paleoenvironmental
records in different areas of the ocean, but also on
land and ice caps. In order to explore how to improve
the chronologies in the cores here studied, a
tephrochronological record is produced in three of
the cores. This study allowed to identify between one
and three tephras (eruptions) in each core, aiding the
robustness of their chronologies. From the produced
records, the circulation in the SEP during the last
20,000 years reveals a more stratified glacial ocean,
with the most 14C-depleted waters found in the
deep Southern Ocean. During the deglaciation,
important circulation changes are observed,
indicating a more vigorous convection and the
ventilation of deep waters in the Southern Ocean.
Additionally, anomalously 14C-depleted values are
observed during the deglaciation at depths bathed
by Pacific Deep Waters, which might indicate the
influence of potential hydrothermal sources.
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