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Abstract Correlations among and identification of the source
volcanoes for over 60 Late Glacial and Holocene tephras pre-
served in eight lacustrine sediment cores taken from small
lakes near Coyhaique, Chile (46° S), were made based on
the stratigraphic position of the tephra in the cores,
lithostratigraphic data (tephra layer thickness and grain size),
and tephra petrochemistry (glass color and morphology, phe-
nocryst phases, and bulk-tephra trace element contents deter-
mined by ICP-MS). The cores preserve a record of explosive
eruptions, since ~17,800 calibrated years before present
(cal years BP), of the volcanoes of the southernmost Andean
Southern Volcanic Zone (SSVZ). The suggested source vol-
canoes for 55 of these tephras include Hudson (32 events),
Mentolat (10 events), and either Maca or Cay or some of the
many minor monogenetic eruptive centers (MECs; 13 events)
in the area. Only four of these eruptions had been previously
identified in tephra outcrops in the region, indicating the value
of lake cores for identifying smaller eruptions in
tephrochronologic studies. The tephra records preserved in
these lake cores, combined with those in marine cores, which
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extend these records back to 20,000 cal years BP, prior to the
Last Glacial Maximum, suggest that no significant temporal
change in the frequency of explosive eruptions was associated
with deglaciation. Over this time period, Hudson volcano, one
of the largest and longest lived volcanoes in the Southern
Andes, has had >55 eruptions (four of them were very large)
and has produced >45 km? of pyroclastic material, making it
also one of the most active volcanoes in the SVZ in terms of
both frequency and volume of explosive eruptions.

Keywords Andean volcanism - Tephra - Tephrochronology -
Hudson volcano - Chile

Introduction

The southernmost portion of the Andean Southern Volcanic
Zone consists of the five large volcanic centers: Melimoyu,
Mentolat, Mac4, Cay, and Hudson (Fig. 1; Stern 2004; Volker
et al. 2011) as well as numerous small monogenetic eruptive
centers (MECs) located either along the Liquifie-Ofqui Fault
System (LOFS) or surrounding the larger volcanoes (Lopez-
Escobar et al. 1995; D’Orazio et al. 2003; Gutiérrez et al.
2005; Vargas et al. 2013). The Holocene tephrochronology
of this region has been studied from outcrops to the east and
southeast of the major volcanic centers (Naranjo and Stern
1998, 2004; Mella et al. 2012); from sediment cores taken in
bogs and lakes located to the east (de Porras et al. 2012; Stern
et al. 2015a), the southeast (Markgraf et al. 2007; Elbert et al.
2013; Stern et al. 2015b), and the west (Haberle and Lumley
1998); as well as in some Pacific Ocean marine cores (Siani
et al. 2010, 2013; Carel et al. 2011). These previous studies
were limited by the lack of long cores from the southeast of the
arc, which, due to the prevailing wind patterns, is the location
most favorable for preserving airborne eruptive products.
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Fig. 1 Map of the southernmost portion of the Andean SVZ showing the
location of the major volcanoes and some of the minor monogenetic
eruptive centers (MECs) along the Liquifie-Ofqui Fault System (LOFS)
and surrounding Hudson, Maca, and Cay (Gutiérrez et al. 2005; Vargas
et al. 2013). The dashed box shows the area of the inset map locating the
lakes near Coyhaique from which tephra-bearing cores were obtained for
this study. Also indicated are the locations of the other lakes (xs) to the
north (Shaman; de Porras et al. 2012; Stern et al. 2015a) and south
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(Augusta; Villa-Martinez et al. 2012; Stern et al. 2013, 2015b) from
which tephra from SSVZ volcanoes have previously been reported. The
10-cm isopachs for some of the previously documented medium to large
Holocene and Late Glacial eruptions of SSVZ volcanoes (MEL1; MENT1;
MACI and Hudson Ho, H1, H2, and H3 phase 2) are taken from Scasso
et al. (1994), Naranjo and Stern (1998, 2004), Weller et al. (2014), and
Stern et al. (2015b)
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This paper presents a high-resolution tephrochronology of
explosive eruptions of southernmost Andean Southern Volca-
nic Zone (SSVZ) volcanoes since the beginning of the last
glacial termination based on the tephra record preserved in
lacustrine sediment cores collected from eight small lakes to
the southeast of the SSVZ volcanoes near the town of
Coyhaique (Fig. 1; Fig. S1 in the supplementary files). This
portion of the Andes was heavily glaciated during the last
glaciation. Retreat of the glaciers, beginning at approximately
17,800 calibrated years before present (cal years BP) as indi-
cated by the ages of the deepest organic sediment layers in
each core (Table S1 in the supplementary files; Miranda et al.
2013), generated many small shallow lakes with limited catch-
ment areas in the semiarid region to the southeast of the vol-
canic arc. These lakes provide favorable environments for the
preservation of the tephra produced by explosive eruptions of
the SSVZ volcanoes extending back into the Late Glacial
period.

Tephra from a very large Late Glacial age explosive erup-
tion (Ho) of Hudson volcano was previously recognized in
these same cores (Weller et al. 2014). This study identifies
and characterizes lithostratigraphic and petrochemical infor-
mation for the tephra from many more (>60; Fig. 2, Tables 1
and 2) previously undocumented smaller explosive eruptions
of Hudson, Mentolat, Maca, and possibly, either Cay or one of
the many minor MEC:s in the region. These results constrain a
better understanding of both the eruption frequency of these
volcanoes through time and the variability in their volcanic
products. They provide isochrones (tephra horizons of equal
age; Lowe 2011; Fontijn et al. 2014) which can be utilized, at
least in the cases of the larger eruptions, to constrain the age of
tephra in palaeoclimatic, palacoecologic, and archaeologic re-
cords in the region as well as to allow for synchronization of
terrestrial tephra airfall outcrop studies with lacustrine and
oceanic records. They are also significant for evaluating the
volcanic risk for local population centers, such as Coyhaique,
one of the fastest-growing cities in Chile.

Geologic background

The Andean SVZ results from the subduction of the Nazca
Plate beneath the Southern American Plate (Fig. 1; Stern
2004). Hudson, the southernmost volcanic center in the
SVZ, sits ~280 km to the east of the Chile Rise-Trench triple
junction, an active spreading center that separates the Antarc-
tic and Nazca plates. Over the last 15-20 Ma, the triple junc-
tion has migrated northward along the continental margin as a
result of the oblique collision between the ridge and the trench
(Cande and Leslie 1986; Nelson et al. 1994). Just to the south
of Hudson, there is a gap in volcanic activity that separates the
SVZ from the Austral Volcanic Zone (AVZ; Stern and Kilian
1996; Stern 2004). The major volcanic centers of the SSVZ

Lago Unco PC1103 E

Fig.2 X-ray image of the 8.5% 1 m sections of the core from Lago Unco.
The >70 different tephras in this core appear as white layers due to their
higher density compared to the predominantly organic lake sediments in
which they are preserved. Sampled and unsampled (in parentheses)
tephras from 59 eruptions that have been correlated with tephras in
other cores are labeled 4/ through Z3 (Table 1). The samples of three
tephras not correlated with tephras in other cores are labeled by their
depth in centimeters in each section (77-9) of the core (7653, T8-69,
and 78-74), and numerous thin unsampled dense layers, most probably
tephra, are indicated by a + symbol. The core has been divided into four
zones (zone I from the top to tephra H2, zone II from tephra H2 to the top
of the sequence of tephras S1-10, zone III the sequence S1-10, zone IV
from S10 to the bottom of the core) for the purpose of describing the
different tephras

occur just to the east and west of the arc-parallel LOFS
(Cembrano et al. 1996; D’Orazio et al. 2003; Vargas et al.
2013). This fault system originated in response to the im-
pingement of the Chile Rise against the continent and the

@ Springer



107 Page 4 of 24 Bull Volcanol (2015) 77: 107

Table 1  Thickness (cm) of 61 tephras correlated in cores from multiple lakes

Tephra Chemical type Source Southern lakes Northern lakes Ages® (cal years BP)

Espejo Quijada Churrasco Elida Unco Mellizas El Toro Tranquilo

Zonel Al LAM M/C/MEC Tr Tr - - Tr Tr 1 Tr

A2 - - Tr Tr - - Tr Tr Tr Tr

Bl - - Tr Tr Tr — Tr Tr - —

B2 LAF MEN Tr Tr Tr - 1 Tr 1 4

Cl HA HUD 3 1 1 - Tr 3 <1 <l

C2 HA HUD <1 <1 1 - Tr - 1 1

Dl LAF MEN - — <1 - 1 <1 <1 -

D2 HA HUD - 1 - 1 <1 1

D3=MAC1 LAM MACA 2 2 1 - 1 8 7 8 1440+ 60

El HA HUD 1 - - - <1 - <1 1

E2 HA HUD 3 1 2 - 1 3 3 2

E3 LAM M/C/MEC 2 - - - 1 - <1 1

E4 - — <1 <1 Tr - Tr - 1 <1

F1 HA HUD <1 1 1 1 1 1 1 1

F2 HA HUD 1 <1 1 >1 <1 Tr Tr -

F3=T6 HA HUD 1 <1 1 - <1 Tr Tr - 2235+120

Gl LAM M/C/MEC 1 <1 1 1 1 2 1 1

G2 LAM M/C/MEC 2 1 <1 Tr Tr Tr <1 <l

G3 LAM M/C/MEC 1 - 1 1 1 <1 <1 Tr

H2 HA HUD 53 24 24 14 12 14 8 11 4000+ 50
Zone Il 1 HA HUD 2 Tr Tr 2 1 - - -

J HA HUD 1 1 1 1 Tr - - -

K HA HUD 1 <1 1 1 Tr - - -

Ls LAM M/C/MEC - 1 1 - - - -

Ln LAF MEN - - - - 1 - 1 1

M HA HUD 2 1 2 1 Tr - - -

N HA HUD 5 4 1 - - -

01 LAF MEN Tr - Tr <1 <l 1 <l -

02 LAM M/C/MEC - 1 Tr 6 5 5 -

P1 LAM M/CMEC Tr 1 1 1 1 5 <1 -

P2 HA HUD 1 1 1 1 <1 - <1 -

Q1 LAF MEN <1 Tr 2 <1 <1 1 <1 9

Q2 LAF MEN - - - - 1 - 6

MENI LAF MEN <1 1 1 1 3 2 4 7670+ 60

R LAF MEN <1 <1 <1 <1 3 4 - 1
Zone III S1 HA HUD 1 1 <1 - <1 - 2 1 14,088 +40

S2 HA HUD 1 1 1 1 1 1 1 1

S3 HA HUD 1 1 1 1 <1 <l <l 1

S4 HA HUD 2 1 3 1 1 1 <1

S5 HA HUD 3 2 1 1 2 2 1 1

S6 HA HUD 1 <1 <l <1 Tr Tr <l Tr

S7 HA HUD 1 <1 1 1 <1 <l <1 <1

S8 HA HUD 2 2 2 1 1 <1 <1 <1

S9 HA HUD 1 >1 - 1 <l <l <l -

S10 HA HUD <1 1 - 1 Tr - <1 Tr 14,931+30
Zone IV T LAF MEN - - - - 1 1 1 1

Ul - - <1 <1 Tr 1 <l <l <1 <1
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Table 1 (continued)

Tephra Chemical type Source Southern lakes Northern lakes Ages® (cal years BP)
Espejo Quijada Churrasco Elida Unco Mellizas El Toro Tranquilo

u2 - - 1 <1 Tr 1 Tr <1 - -

u3 - - <1 <1 - - Tr Tr - -

\% HA HUD 1 1 1 <1 1 1 1 1

Ws HA HUD 2 <1 <1 <1 - - - -

Wn LAM M/C/MEC - - - Tr <1 1 -

X1 HA HUD <1 <1 - Tr <1 <l Tr

X2 HA HUD 1 1 1 <1 <1 1 1

X3 HA HUD 1 1 1 1 1 <1 <1

Y1 LAM M/C/MEC 1 1 1 <1 <1 1 <1

Y2 - - <1 - - - <1 <1 -

Z1 HA HUD 9 2 - 3 4 3 4

Z2=Ho HA HUD 88 64 19 58 68 32 61 17,370 +70

Z3 LAM M/C/MEC 1 1 - 1 2 1 10

Z4=MENo LAF MEN - - - 3 3 1 -

Z5 LAM M/C/MEC - - - - 1 1 - <17,445+45

* Ages of MACI from Naranjo and Stern (2004), H2 from Naranjo and Stern (1998), MEN1 from Stern et al. (2015b), Ho from Weller et al. (2014), and

S1 and S10 from Miranda et al. (2013)

Tr trace (<0.5 cm); HUD Hudson; MEN Mentolat; M/C/MEC Macé, Cay, and/or minor eruptive centers; /A high abundance; LAM low-abundance

mafic; LAF low-abundance felsic

oblique subduction of the Nazca Plate underneath South
America (Nelson et al. 1994; Cembrano et al. 1996).

According to Volker et al. (2011), the average volcanic
extrusion rates in the Andean arc decrease southwards from
9.9 km*/km in the Central SVZ north of 41° S to only 2.2 km?/
km in the southernmost part of the SVZ south of where the
Guafo Fracture Zone enters the Chile Trench at ~44° S. De-
spite this southward regional reduction in the estimated aver-
age extrusion rate, Hudson volcano is larger (147 km?) than
average SVZ volcanic edifices (~100 km?). Hudson, with a
documented history of over 1 million years (Orihashi et al.
2004), is also older than average SVZ centers. Nevertheless,
Hudson volcano, which is the only volcano in the SSVZ to
have had historic activity (Gonzales-Ferran 1994), has erupted
a large volume of pyroclastic material since the beginning of
glacial retreat (>45 km® ; Weller et al. 2014) and, as a result,
has a high proportion (~30 %) of pyroclastic material not
included in the estimate of its total volume made by Volker
et al. (2011). Therefore, the Holocene activity of Hudson has
clearly been anomalous compared to other volcanoes in the
SVZ. In contrast, Volker et al. (2011) estimated the volumes
of the Mentolat, Cay, and Maca volcanoes, which, like Hud-
son, might be much older than Holocene, as only between 40
and 50 km® each, and the numerous Holocene minor mono-
genetic eruptive centers (MECs) in this zone have an even
smaller volume (<<10 km? total).

Melimoyu volcano (Fig. 1), which is formed by basalts,
andesites, and dacites (Lopez-Escobar et al. 1993; Naranjo

and Stern 2004), has had two large and a number of smaller
Holocene explosive eruptions (Naranjo and Stern 2004; Stern
et al. 2015a), but there is no evidence of Melimoyu tephras
dispersed as far to the south as Coyhaique. Mentolat is formed
by basaltic andesite and andesite lavas (Lopez-Escobar et al.
1993) capped by a summit crater filled with an ice-covered
dome (see Fig. 13 in Naranjo and Stern 2004). A light gray
andesitic tephra deposit (MENT1; Fig. 1), dated at approxi-
mately 7690 + 60 cal years BP (Stern et al. 2015b), has been
observed in outcrops northwest of Coyhaique (Naranjo and
Stern 2004) and also in cores from both Lago Shaman (Fig. 1)
east of the volcano (de Porras et al. 2012; Stern et al. 2015a)
and from other small lakes, such as Augusta (Fig. 1), and
trenches in bogs south of Coyhaique near the town of
Cochrane (Fig. 1; Villa-Martinez et al. 2012; Stern et al.
2013, 2015b). Two other younger tephras which crop out in
the vicinity of Mentolat volcano have been attributed to erup-
tions of this volcano at <2560 and 4320 cal years BP, respec-
tively (Mella et al. 2012), and tephra from these events as well
as six tephras derived from other eruptions of Mentolat have
been observed in cores from Lago Shaman (Fig. 1) and Mallin
el Embudo east of the volcano (de Porras et al. 2012, 2014;
Stern et al. 2015a).

Forty-five kilometers south of Mentolat, Cay is a high-
ly eroded stratovolcano formed by basalts, basaltic andes-
ites, and dacites (Futa and Stern 1988; Lopez-Escobar
et al. 1993; D’Orazio et al. 2003). There are no previous
observations of Holocene tephra deposits attributed to
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Table 2 Maximum grain size (mm) of tephras in cores from multiple lakes

Tephra Source Southern lakes Northern lakes

Espejo Quijada Churrasco Elida Unco Mellizas El Toro Tranquilo

Zone 1 Al M/C/MEC - - - - - - 0.6 -
B2 MEN - - - - 0.6 — 0.6 1.0
Cl1 HUD 0.8 0.8 0.6 - - 02 - -
C2 HUD - - 0.3 - - - 0.2 0.2
Dl MEN - - - - 1.2 - - -
D2 HUD - - 0.6 - 0.6 - - 04
D3=MACI MACA 1.0 1.0 1.2 - 1.2 1.2 14 1.0
El HUD 0.4 - - - - - - 04
E2 HUD 0.8 0.8 0.6 - 0.6 0.5 0.6 04
E3 M/C/MEC 0.5 - - - 0.5 - - 0.5
F1 HUD 0.8 0.6 0.3 1.0 - 0.3 0.3 0.1
F2 HUD 0.5 - - - - - - -
F3=T6 HUD 0.5 - 0.4 - - - - -
Gl M/C/MEC 0.6 - 0.6 0.8 1.0 0.8 0.8 0.8
G2 M/C/MEC 0.6 0.7 - - - - - -
G3 M/C/MEC 0.6 - 0.8 04 - - - -
H2 HUD 24 20 16 - 7.0 5.0 5.0 5.0

Zone 11 1 HUD 0.4 - - 0.6 0.3 - - -

J HUD 0.2 0.3 0.4 0.5 - - - —
K HUD 0.8 - 0.9 0.6 - - - -
Ls M/C/MEC - - 0.4 0.6 - - - -
Ln MEN - - - - 0.6 - 0.6 0.8
M HUD 0.6 0.8 1.0 0.6 0.4 - - -
N HUD 1.0 0.8 0.6 0.8 04 - - -
0Ol MEN - - - - - 0.6 - -
02 M/C/MEC - - 1.0 - 0.8 - 0.8 -
Pl M/C/MEC - 0.3 0.2 0.3 0.2 0.8 - -
P2 HUD 0.6 0.6 0.5 0.9 - - - -
Ql MEN - - 04 - - 0.6 - 2.5
Q2 MEN - - - - - - 2.7 3
MENI1 MEN — 0.6 0.8 1.0 1.0 1.4 2.0 24
R MEN - - - - 2.0 2.0 - 1.5

Zone 111 S1 HUD 0.8 0.6 - - - - 0.8 0.8
S2 HUD 0.4 04 04 0.6 0.3 0.3 0.4 0.3
S3 HUD 0.8 0.8 0.6 - - - 0.6
S4 HUD 0.6 0.5 0.6 0.4 1.2 1.2 14 -
S5 HUD 0.6 0.6 0.5 0.4 0.5 0.5 0.6 0.3
S6 HUD 0.6 - - - - - - -
S7 HUD - - - 0.5 - - - -
S8 HUD 0.4 0.4 0.5 - - - - -
S9 HUD 0.6 - - - - - - -
S10 HUD - - - 0.8 - - - -

Zone IV T MEN - - - - 0.5 0.6 0.8 0.8
\'% HUD 0.6 0.6 0.6 - 0.4 04 0.4 0.2
Ws HUD 0.4 - - - - - - -
Wn M/C/MEC - - - - - 0.3 0.4 -
X1 HUD - - 0.3 - - - - -
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Table 2 (continued)

Tephra Source Southern lakes Northern lakes
Espejo Quijada Churrasco Elida Unco Mellizas El Toro Tranquilo

X2 HUD - 0.3 0.3 04 - - 0.4 0.3

X3 HUD - 0.6 - 0.6 0.5 0.2 - 0.3

Y1 M/C/MEC - - 0.2 03 - - 04 -

Z1 HUD - 0.8 0.6 - 0.6 0.6 0.6 04

73 M/C/MEC - - 04 - 0.3 04 0.3 0.6

74 =MENo MEN - - - - 0.6 0.8 0.8 -

75 M/C/MEC - - - - - 0.6 0.5 -

this volcano. Maca, located at the northwest end of a promi-
nent NW-SE trending volcanic ridge 15 km to the west of Cay,
is a partially eroded stratovolcano composed of basalts and

Fig. 3 a Ti versus Rb and b Sr
versus Ba concentrations, in parts
per million (ppm), for published
data of'lavas (small solid symbols)
and tephras (small open symbols)
from Hudson, Mentolat, Mac4,
Cay, and MEC (Futa and Stern
1988; Lopez-Escobar et al. 1993,
1995; Naranjo and Stern 1998,
2004; D’Orazio et al. 2003;
Gutiérrez et al. 2005; Stern et al.
2015a, b), and bulk tephras from
this study (larger labeled open
symbols; Tables 2, 3, 4, and 5).
The Hudson samples are all high-
abundance (HA) types with
generally higher Ti, Rb, and Ba
than both the low-abundance
mafic samples from Maca, Cay,
and MEC and the low-abundance
felsic samples, which contain
amphibole and clear glass

(Fig. 4), from Mentolat

basaltic andesites (Futa and Stern 1988; Lopez-Escobar et al.
1993; D’Orazio et al. 2003; Gutiérrez et al. 2005). Outcrops
northwest of Coyhaique of basaltic andesite MACI tephra

a
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Fig. 4 Photomicrographs of
petrochemically distinct types of
tephra from different source
volcanoes. a, b Hudson-derived
H2 tephra containing light brown
glass with elongate cylindrical
vesicles and phenocrysts of
plagioclase, clinopyroxene, and
orthopyroxene. ¢, d Mentolat-
derived MEN1 phenocryst-rich
tephra containing plagioclase,
clinopyroxene and
orthopyroxene, brown
amphibole, and colorless glass
with abundant undeformed
vesicles and no mineral
microlites. e, f MACI tephra,
derived from Maca, containing
black glass with abundant mineral
microlites and no visible vesicles

(Fig. 1), dated at 1440 + 40 cal years BP, have been attributed
to a medium-sized explosive eruption of this volcano (Naranjo
and Stern 2004). Surrounding Macé and Cay volcanoes are
numerous monogenetic cones that have erupted mostly ba-
salts, but in some cases, basaltic andesites and andesites
(D’Orazio et al. 2003; Gutiérrez et al. 2005; Vargas et al.
2013).

Hudson, the southernmost volcano of the SVZ, contains a
10-km-diameter ice-filled caldera (Naranjo and Stern 1998;
Gutiérrez et al. 2005). Several historic eruptions from Hudson
have been observed, including a small Plinian eruption in
1971 AD that melted a part of the caldera ice fill and generated
a large lahar (Best 1992), and the larger explosive H3 event in
1991 ap (>4 km3; Naranjo 1991; Scasso et al. 1994;

@ Springer
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Kratzmann et al. 2009, 2010; Wilson et al. 2011, 2012). Ad-
ditionally, evidence for multiple large explosive Late Glacial
and Holocene eruptions from Hudson is preserved as tephra
deposits observed in both outcrops and lacustrine sediment
cores over a large region of southernmost Patagonia (Fig. 1),
as far west as the Pacific Coast (Haberle and Lumley 1998),
cast to the Atlantic Coast, and as far south as Tierra del Fuego
(Stern 1991, 2008; Naranjo and Stern 1998) and Isla de los
Estados (Unkel et al. 2010; Bjorck et al. 2012), as well as in
Pacific Ocean sediment cores (Siani et al. 2010, 2013; Carel
et al. 2011). These eruptions include the ~17,370 +
70 cal years BP Ho event (>20 km®; Weller et al. 2014), the

8170+ 60 cal years BP H1 eruption (>18 km?®; Stern 1991,
2008; Naranjo and Stern 1998; Stern et al. 2015b), and the



Bull Volcanol (2015) 77: 107

Page 9 of 24 107

4000+ 50 cal years BP H2 eruption (>5 km®; Naranjo and
Stern 1998). Tephras from several other smaller Holocene
eruptions of Hudson within excavated trenches, including a
distinctive mafic tephra T6 dated as 2235 + 120 cal years BP,
have also been observed southeast of this volcano (Naranjo
and Stern 1998).

Lavas and tephras from the SSVZ volcanoes fall in two
distinguishable chemical groups which have been termed
low-abundance (LA)- and high-abundance (HA)-type sam-
ples (Fig. 3; Lopez-Escobar et al. 1993, 1995). Samples of
lavas and tephras derived from Mentolat, Maca, Cay, and
MEC volcanoes south of Mentolat are all LA types, while
Hudson has erupted only HA lavas and tephra with distinctly
higher incompatible large-ion lithophile (LIL; Cs, Rb, Ba, Sr,
K, Th), rare earth element (REE), and high-field-strength ele-
ment (HFSE; Ti, Zr, Nb, Hf, U) contents. For Hudson volca-
no, Carel et al. (2011) have demonstrated that Hudson’s HA
chemical characteristics are reflected in both bulk lava, tephra,
and tephra glass chemical analysis.

Among the volcanoes characterized by the eruption of LA
magmas, Mentolat andesites have, at any given SiO,, lower
K,0O (Lopez-Escobar et al. 1993; Naranjo and Stern 2004;
Stern et al. 2015b) and other LIL element (Fig. 3) concentra-
tions than Macé, Cay, and MEC basalts and basaltic andesites.
In this respect, they are similar to andesites erupted from other
volcanoes further north along the SVZ volcanic front such as
Huequi (Watt et al. 2011), Calbuco (Ldépez-Escobar et al.
1995), and Nevado de Longavi (Sellés et al. 2004), which,
like Mentolat, all have an amphibole as a phenocryst phase
(Fig. 4).

These chemical differences, along with petrographic char-
acteristic and spatial distribution, have been used in the past to
identify the SSVZ source volcanoes of specific tephra (Stern
1991, 2008; Naranjo and Stern 2004; Carel et al. 2011; Stern
etal. 2013, 2015a, b; Weller et al. 2014). They are also used in
this paper as a guide to the possible source volcanoes of tephra
found in the sediment cores from the lakes near Coyhaique

(Fig. 3).

Methods

Eight lakes were cored as part of a project to understand the
palaeoclimatic evolution of this region of southern Patagonia
(Miranda et al. 2013). These lakes, all formed by glacial scour-
ing of the bedrock, were selected for sampling because of their
small size (<800 m maximum diameter; <1 km? surface area),
shallow depth (<10 m), and the limited area of their drainage
catchments (<10 km?), which minimizes the volume of clastic
sedimentary input from streams. They are all significantly
smaller than other lakes in the region, such as Castor and
Escondido (Fig. S1 in the supplementary files; Elbert et al.
2013), from which cores with tephra have been reported

previously. Multiple sediment cores from each lake, which
are stored in a refrigerator at the Universidad de Chile in
Santiago, were obtained over a 3-year period using a 5-cm
modified Livingston piston corer. The cores were collected
at 1-m-length intervals until sediments transitioned from pre-
dominately organic matter-rich lacustrine to sand- and clay-
rich glacial sediments. The length of the sediment record for
each lake is unique and is controlled by the duration since the
glacial retreat and the sediment accumulation rate since that
time. A preliminary chronology of some of the different
tephras identified in the cores, specifically Ho (Weller et al.
2014) and the S1 to S10 sequence of tephra (Fig. 2), as well as
the age of the earliest organic matter-rich sediment near the
base of the cores, has been controlled by AMS radiocarbon
dates of organic material in the sediments above and below
these tephras (Table S1 in the supplementary files; Miranda
et al. 2013; Weller et al. 2014). Radiocarbon dates were con-
verted to calendar years before present (cal years BP) using
the CALIB 7 program and the SHCal13 data set (Stuiver et al.
1998). The age of other tephras (D3 =MACI1 from Maci,
F3=T6 and H2 from Hudson volcano, and MEN1 from
Mentolat; Table 1) is controlled by previously determined
ages from outcrops (Naranjo and Stern 1998, 2004) and other
cores in the region (Elbert et al. 2013; Stern et al. 2015b). The
ages of all the other previously unknown tephras in these cores
have not been determined directly but can be roughly estimat-
ed based on their depth in the cores relative to these five dated
tephras.

Each core segment was imaged using transmitted X-rays to
aid in the identification of the tephra deposits. Figure 2 shows
the X-ray images of the approximately 8.5 m of sediment
cored from Lago Unco (core no. PC1103E). The darker layers
are the less dense organic material-rich post-glacial lacustrine
sediments, while the white layers within the cores are denser
lithologies, generally tephra deposits, but also including sands
in the deeper parts of the cores deposited during Late Glacial
and/or glacial times. The X-ray image of the other seven lakes
is contained in the supplementary files (Figs. S2—S8 in the
supplementary files).

Thicker, visually identifiable tephra layers were removed
from the lake cores with a knife. Over 400 tephra samples
were collected from the cores over a 3-year period, but many
of the very thin dense layers observed in the X-ray images of
the cores were not sampled. Tephras were washed in water
and acetone to remove organic matter. A portion of each teph-
ra sample was mounted on a slide and examined under a
petrographic microscope to characterize its grain size
(Table 2) and petrography (Fig. 4, Table S2 in the supplemen-
tary files). A total of 290 bulk-tephra samples were powdered
in a tungsten-moly shatter box and dissolved at 95 °C in a
mixture of HF, HCI, and HNOj acids for trace element anal-
ysis using an ELAN DCR ICP-MS. Repeated analysis of in-
ternal lab standards, including a basalt, andesite, and rhyolite,
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was performed to determine precision, which is generally bet-
ter than 10 % at the concentration levels of the tephra, and an
analysis of basalt samples BHVO1 and NIST2711 was per-
formed to monitor accuracy (Table S11 of the supplementary
files; Saadat and Stern 2011). The results of analyses of indi-
vidual tephra from the different cores are presented in
Tables S3—-S10 of the supplementary files, and the average
of specific tephra correlated across the cores is presented in
Tables 3, 4, 5, and 6.

Results

The results include a description of tephra thickness (Table 1),
maximum grain size (Table 2), petrography (Table S2 in the
supplementary files), and trace element chemistry (averages
for specific tephra in Tables 3, 4, 5, and 6; all the data for each
tephra in every core in Tables S3—S10 of the supplementary
files) as well as correlations of tephra among cores and source
volcano identification (Table 1; Figs. 2, 3, 4, 5, 6, 7, and &;
Figs. S2—-S8 in the supplementary files). To simplify the pre-
sentation of the results, each core has been subdivided into
four zones which are bound by tephras from distinctive well-
constrained eruptions or eruption sequences (Fig. 2). Zone I
begins at the top of the cores and extends to the tephra derived
from the 4000450 cal years BP late Holocene H2 eruption of
Hudson volcano (Naranjo and Stern 1998), which was identi-
fied in every core based on its thickness and petrography.
Zone 1II consists of all the tephras between the H2 eruption
and the sequence of 10 closely spaced tephras (S1 to S10)
observed in every core. Zone III consists only of this sequence
ofthese 10 eruptions (S1 through S10), while zone IV consists
of all the sediments and volcanic products below this sequence
and extending back to the predominately clay- and sand-rich
glacial-lacustrine sediments at the bottom of the cores. In each
of these zones, groups of tephra which have similar strati-
graphic relations, with relatively small separations among
themselves and greater separations from the tephra in other
groups, have been identified in multiple cores. These tephra
groups, which have been correlated across multiple cores by
both their stratigraphic relations and petrochemical character-
istics, have been named A through H2 in zone I, I through R in
zone II, S1 through S10 in zone III, and T through Z in zone
IV (Figs. 2, 3,4, 5, 6,7, and §; Table 1). Many of these groups
have multiple tephra layers, labeled as, for example, S1
through S10. In some cases, not all the tephras in any group
(for example, tephra A2 in group A or any of the U1-3 tephra)
were sampled but they are labeled and included in Table 1
because they appear in multiple cores in regular stratigraphic
relations with other tephras. Also, the tephra within any one
group may have different sources (for example, group D;
Table 1), because the different groups were identified based
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on their consistent internal stratigraphic relations, not their
source volcanoes.

Lagos Tranquilo, El Toro, Las Mellizas, and Unco are lo-
cated in the northern portion of the study area, while Espejo,
Quijada, Churrasco, and Elida are further to the south (Fig. 1).
A northern and southern division of the lakes (Table 1; Figs. 5,
6, 7, and 8) based on this geographic separation is useful
because the cores from the northern four lakes have fewer,
thinner, and finer grained deposits of Hudson-derived tephra
and more frequent, somewhat thicker, and coarser deposits of
Mentolat-derived tephra.

Correlations and source volcano identification

Correlation of the tephra deposits (Table 1; Figs. 2, 3,4, 5, 6,
7, and 8; Figs. S2—S8 in the supplementary files) is based on
three criteria: (1) the stratigraphic position of the tephra in the
cores, (2) bulk-tephra trace element compositions (Fig. 3;
Tables 2, 3, 4, and 5; Tables S3—S10 in the supplementary
files), and (3) the color, morphology (Fig. 4), and abundance
of their volcanic glass along with the identity and abundance
of mineral microlites and phenocrysts (Table S2 in the
supplementary files). Tentative identifications of the source
volcanoes of tephra are also based on bulk-tephra chemistry
and petrology as outlined below.

Hudson tephra

All published analyses of lavas and tephra derived from ex-
plosive eruptions of Hudson volcano, which range from ba-
saltic to dacitic in composition, are high-abundance (HA)
chemical types (Fig. 3), and thus, all tephras with HA chem-
istry in the cores from the lakes near Coyhaique are considered
to be derived from Hudson volcano. These HA tephras
(Table 1) are generally thicker and coarser grained (Table 2)
in the southern lakes compared to the northern ones consistent
with the location of Hudson volcano (Fig. 1). Tephras derived
from previously documented explosive eruptions of Hudson
also have other distinctive morphologic and petrologic char-
acteristics used to distinguish the smaller eruptions from Hud-
son observed within the cores. Specifically, tephras produced
by phase 2 of the H3 (1991 AD) eruption, as well as H2 and Ho
tephras, are all characterized by the presence of pale orange-
brown, vesicle-rich glass, which generally lacks plagioclase
microlites (Fig. 4a, b). The vesicles are often highly deformed
into elongated cylindrical shape reflecting the rapid extrusion
of magma during these explosive eruptions. Mostly all the HA
chemical types of tephras attributed to eruptions of Hudson
volcano have this type of pale orange-brown, vesicle-rich
tephra glass. However, a darker, vesicle-poor, microlite-rich
glass also occurs in many of the tephra with HA chemistry
(Fig. 4a). Mafic glasses with similar morphology are associ-
ated with phase I of both the H3 (Kratzmann et al. 2009) and
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Table 3  Average trace element concentrations (ppm) of tephras in zone I from the core top to the H2 eruption

Tephra name

Al B2 Cl C2 Dl D2 D3= El E2 E3 F1 F2 F3 Gl G2 G3 H2
MACI

Chemical type

LAM LAF HA HA LAF HA LAM HA HA LAM HA HA HA LAM LAM LAM HA

Source volcano

M/C/ MEN HUD HUD MEN HUD MACA HUD HUD M/C/ HUD HUD HUD M/C/MEC M/C/MEC M/C/MEC HUD

MEC MEC

n

1 3 4 3 1 2 7 2 7 1 7 1 1 7 2 3 10
Ti 5905 7069 9964 9027 6901 8503 6820 7282 7867 6888 9468 9157 9993 6617 5656 6146 7221
v 97 299 287 241 334 307 222 258 256 386 261 274 348 234 221 232 146
Cr 11 18 15 13 17 29 102 55 51 38 27 14 14 92 76 92 13
Mn 1086 1452 1319 1181 1418 1220 1110 1158 1173 1395 1218 1311 1280 1037 1007 930 1147
Co 22 34 42 31 44 43 45 37 41 45 34 38 33 39 43 37 20
Ni 31 32 32 32 38 41 84 55 48 39 39 34 35 61 53 59 26
Cu 73 71 70 126 86 136 92 98 78 127 98 46 133 85 66 97 55
Zn 109 133 120 121 130 126 98 116 112 135 117 112 113 97 86 84 110
Rb 13 15 32 40 17 31 19 27 28 16 32 51 55 17 11 23 54
Sr 367 442 493 456 455 531 580 526 528 419 483 492 509 561 521 580 368
Y 20 20 31 31 21 29 20 23 24 16 30 31 33 21 16 20 37
Zr 91 87 209 206 93 187 157 190 195 83 218 199 209 136 93 127 349
Nb 3 4 9 10 2 8 7 9 10 3 9 11 8 8 4 6 17
Cs - 04 05 07 07 07 02 06 04 08 04 12 1.0 02 0.3 0.5 0.9
Ba 199 186 495 448 190 391 308 382 390 156 428 532 539 274 245 310 688
La 9.1 8.3 285 287 85 235 195 242 251 64 273 280 31.6 17.0 11.8 17.5 38.7
Ce 222 199 652 654 208 532 448 544 559 173 626 640 69.7 393 27.2 38.9 84.7
Pr 28 27 85 83 286 68 5.6 67 69 22 80 83 93 50 35 5.0 10.2
Nd 14.0 133 369 359 142 296 239 284 293 11.7 340 344 389 217 15.7 20.9 41.1
Sm 396 347 7.61 756 341 636 5.00 591 605 276 732 735 794 4.64 3.50 452 8.59
Eu 1.08 1.09 226 211 093 186 1.50 1.72 175 0.87 2.10 226 227 1.50 1.13 1.41 2.49
Gd 44 42 89 88 425 75 58 67 69 37 85 85 92 53 4.1 5.3 10.0
Tb 052 054 1.08 099 047 081 0.65 077 080 039 098 1.17 1.10 0.60 0.31 0.65 1.20
Dy 3.66 341 624 608 3.68 518 398 458 473 3.03 589 620 646 3.77 3.19 3.83 6.93
Ho 059 062 1.18 1.06 0.66 095 0.72 086 086 054 107 122 123 0.67 0.34 0.73 1.32
Er 220 220 3.65 353 229 303 228 268 278 178 345 346 379 224 1.77 227 4.27
Tm 0.13 020 041 038 020 032 022 032 030 0.18 037 043 044 021 0.12 0.26 0.50
Yb 1.83 199 307 303 196 264 203 227 246 1.61 298 3.05 352 193 1.59 191 3.95
Lu - 0.14 032 026 021 032 0.17 032 026 0.17 029 045 048 0.20 0.12 0.23 0.49
Hf 25 27 50 48 1.9 41 3.7 46 49 22 49 6.l 50 39 2.5 2.8 8.0
Pb 70 53 69 82 48 65 53 68 69 50 71 72 90 43 4.1 47 11.2
Th 12 19 36 43 06 29 25 39 41 1.1 35 70 43 28 12 23 6.0
u 04 03 08 09 03 06 05 07 08 04 038 1.0 1.0 04 0.3 0.5 1.4

the Ho (Weller et al. 2014) eruptions. Thus, Hudson tephra
glass color and morphology are variable and the overall chem-
istry of tephra from Hudson eruptions varies from basaltic to
dacitic, as do Hudson lavas, although all are HA chemical

types (Fig. 3). Minor plagioclase feldspar, clinopyroxene,
orthopyroxene, and small amounts of olivine phenocrysts
are present in Hudson-derived tephra deposits, but not amphi-
bole (Table S2 in the supplementary files).
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Table 4  Average trace element compositions (ppm) of tephras in zone II from the H2 eruption to the top of the sequence of tephras S1-10

Tephra name

1 J K Ls Ln M N o1 02 P1 P2 Q1 Q2 MEN1 R

Chemical type

HA HA HA LAM LAF HA HA LAF LAM LAM HA LAF LAF LAF LAF

Source volcano

HUD HUD HUD M/C/MEC MEN HUD HUD MEN M/C/MEC M/C/MEC HUD MEN MEN MEN MEN

n

3 4 3 2 3 3 9 1 5 8 5 3 2 7 3
Ti 8084 10,010 10,342 6830 6639 7813 8304 6627 6230 6524 15,661 5478 5875 4761 6199
\% 172 306 282 339 224 165 170 157 204 213 321 190 176 185 249
Cr 9 16 16 25 23 18 23 56 18 22 13 16 18 22 18
Mn 1292 1236 1171 1160 1077 1126 1246 1162 1078 1122 1596 1092 1175 1607 1364
Co 22 33 29 37 28 20 33 71 29 34 36 27 29 34 33
Ni 30 34 36 36 38 35 38 46 32 35 39 34 34 30 37
Cu 74 108 85 127 79 97 66 78 69 91 103 120 48 22 40
Zn 125 123 123 110 118 114 121 116 107 115 145 117 114 117 119
Rb 57 30 38 18 28 55 46 22 17 16 24 19 16 7 17
Sr 385 521 484 447 474 360 397 378 452 452 450 409 472 556 528
Y 39 30 32 21 23 42 39 28 21 20 38 22 20 12 19
Zr 343 222 207 83 128 388 346 108 86 78 201 104 84 49 86
Nb 16 13 11 2 4 17 16 5 4 4 9 4 3 2 3
Cs 12 0.5 0.9 0.9 0.5 1.3 0.8 04 0.5 0.5 0.5 0.9 04 0.2 0.5
Ba 661 459 473 197 334 649 612 289 229 224 337 231 218 113 223
La 390 308 32.1 9.5 154 42,0 382 14.1 9.6 9.5 26.2 11.1 9.3 5.5 10.6
Ce 854 693 70.0 21.7 36.1 93.0 857 325 229 22.8 63.6 255 223 13.7 24.8
Pr 1031 8.88 9.11 3.08 4.66 11.4 10.62 4.3 3.08 3.12 8.69 347 292 1.87 3.19
Nd 422 362 37.0 13.8 21.5 456 424 203 14.5 14.0 39.5 16.0 140 9.0 14.9
Sm 849 7.65 7.92 3.59 488 944 894 482 373 3.69 8.72 377 3.68 216 3.69
Eu 235 2.20 2.27 1.14 135 251 253 1.54 1.17 1.23 2.69 1.21 1.08 0.88 1.21
Gd 9.64 8.90 9.13 4.47 5.75 10.5 10.12 6.0 4.45 4.43 10.25 459 445 270 4.30
To 1.16 1.03 1.11 0.57 0.65 1.35 1.26  0.69 0.56 0.57 1.29 0.52 050 031 0.50
Dy 6.88 582 6.12 3.77 436 7.56 735 474 371 3.71 7.23 362 356 221 3.61
Ho 1.33 1.08 1.19 0.75 0.75 1.52 139 092 0.67 0.74 1.37 0.67 062 035 0.65
Er 421 3.37 375 227 2.61 477 439 293 228 2.22 4.18 225 242 1.32 2.12
Tm 053 0.38 0.46 0.26 0.19 063 055 031 021 0.28 0.50 024 020 0.14 0.21
Yb 382 295 3.16 2.02 235 441 415 279 1.99 2.11 3.52 207 202 1.25 1.95
Lu 053 030 0.43 0.28 0.18 0.67 053 031 0.14 0.24 0.46 025 010 0.09 0.21
Hf 7.1 5.6 5.0 2.0 3.0 8.5 7.7 2.8 24 2.6 4.5 2.7 2.1 14 2.1
Pb  10.1 8.0 7.8 5.9 7.0 12.6 10.5 9.1 6.7 6.8 5.6 8.0 6.2 32 5.9
Th 52 3.9 4.6 1.1 2.2 6.2 52 2.3 1.4 1.9 2.6 1.8 1.1 0.6 1.2
U 14 0.8 1.0 0.5 0.7 1.5 1.2 0.6 0.5 0.4 0.6 0.5 04 0.1 0.4
Mentolat tephra <6000 ppm; Fig. 3) compositions compared to even other

In contrast, Mentolat lavas (Lopez-Escobar et al. 1993) and
MENI tephra (Naranjo and Stern 2004; Stern et al. 2013,
2015a, b) are low-abundance (LA) chemical types (Fig. 3),
with relatively low LIL (K, Rb, Ba) for intermediate (Ti
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LA-type basalts (Lopez-Escobar et al. 1993; Naranjo and
Stern 2004; Watt et al. 2011). MEN1 tephra is characterized
by the presence of colorless rhyolitic (Stern et al. 2015b) glass
with abundant circular undeformed vesicles and no mineral
microlites (Fig. 4c, d). Other tephras in the cores with LA
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Table 5  Average trace element concentrations (ppm) of the S1-10 tephra in zone III

Tephra name

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 P11991 AD®  94T-59C®  HV-107°
Chemical type
HA HA HA HA HA HA HA HA HA HA HA HA HA

Source volcano

HUD HUD HUD HUD HUD HUD HUD HUD HUD HUD HUD HUD HUD

n

4 10 4 7 8 1 1 3 1 1 2 1 1
Ti 9976 10,692 10,406 7542 11,515 11,097 12,689 12,668 12,702 13,528 12,529 10,502 11,810
v 237 253 261 102 253 288 285 291 301 280 331 - 258
Cr 23 19 18 6 17 25 18 17 27 19 26 - 52
Mn 1302 1326 1326 1320 1413 1395 1487 1540 1461 1431 1472 1242 1394
Co 37 38 35 36 32 36 30 38 49 51 32 - 20
Ni 34 30 30 20 30 46 27 37 49 25 12 - 3
Cu 89 111 93 91 90 49 86 77 56 71 48 - 27
Zn 122 120 121 123 125 122 126 125 135 117 104 - -
Rb 27 26 23 51 23 26 23 19 25 24 30 29 33
Sr 540 552 540 332 558 575 580 571 625 586 535 578 504
Y 31 35 35 45 37 36 40 38 38 41 37 28 40
Zr 233 252 256 418 263 263 268 266 255 229 183 194 228
Nb 14 13 13 20 15 12 13 11 11 12 8 9 10
Cs 03 0.6 0.5 0.8 0.4 0.8 0.5 0.3 0.8 0.5 - 0.7 1
Ba 523 578 511 674 486 457 449 434 548 421 405 405 466
La 329 342 34.0 42.1 34.6 32.7 36.5 352 36.7 35.0 - 29.2 30.1
Ce 752 78.9 78.7 95.0 80.7 76.1 86.3 84.7 84.5 80.5 - 62.8 71.0
Pr 9.47 10.09 10.07 11.57  10.53 9.84 10.91 10.99 10.9 10.8 - 8.16 9.50
Nd 408 42.1 422 46.9 444 413 48.0 47.1 49.2 46.5 - 334 40.0
Sm 832 8.81 8.77 9.78 9.25 8.92 10.01 9.84 9.78 9.81 - 7.04 8.60
Eu 247 2.59 2.56 2.73 2.71 2.69 293 292 3.04 2.97 - 1.99 2.71
Gd 9.05 9.61 9.68 10.75  10.19 10.12 10.45 12.08 11.02 10.6 - 8.03 8.20
Tb 1.08 1.21 1.24 141 1.30 1.29 1.38 1.38 1.35 1.37 - 0.95 1.23
Dy 631 6.71 6.64 8.22 7.05 7.26 7.71 7.52 7.50 7.38 - 5.58 7.30
Ho 1.13 1.27 1.27 1.62 1.34 1.27 1.51 1.36 1.40 1.46 - 1.04 1.55
Er 3.54 3.85 3.89 498 4.07 3.86 433 4.14 439 4.12 - 3.40 4.00
Tm 036 0.48 0.47 0.69 0.53 0.48 0.57 0.51 0.55 0.54 - 0.38 0.59
Yb 3.01 3.39 3.35 4.81 3.48 3.32 3.42 3.58 3.65 3.54 - 2.90 3.60
Lu 023 0.44 0.37 0.70 0.45 0.53 0.55 0.48 0.52 0.56 - 0.39 0.55
Hf 54 5.6 5.7 9.4 6.5 55 5.7 5.7 55 5.0 - 4.5 54
Pb 10.8 6.2 6.4 11.5 6.0 7.4 43 6.0 7.2 4.5 - 7.1 7.0
Th 47 3.6 3.8 7.8 44 35 4.1 3.1 3.8 4.5 - 5.5 3.70
U 0.6 0.7 0.6 1.6 0.7 0.7 0.8 0.6 0.7 0.7 - 1.0 0.90

#From Kratzmann et al. (2009, 2010)
® From Naranjo and Stern (1998)
¢ From Gutiérrez et al. (2005)

character and containing clear colorless glass are referredtoas ~ the MEN1 eruption, like those of Hudson, as well as
low-abundance felsic (LAF) petrochemical types and  Melimoyu MEL1 and Chaitén CHA1 further north in the
interpreted as being derived from Mentolat volcano. However, = SSVZ (Naranjo and Stern 2004), was also heterogeneous,
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Table 6  Average trace element compositions (ppm) of the tephras in zone IV from the bottom of the S1-10 sequence to the bottom of the core

Tephra name

T \% Ws Wn X1 X2 X3 Y1 Z1 HO Z3 MENO Z5

Chemical type

LAF HA HA LAM HA HA HA LAM HA HA LAM LAF LAM

Source volcano

MEN HUD HUD M/C/MEC  HUD HUD HUD M/C/MEC HUD HUD M/C/MEC MEN M/C/MEC

n

8 11 1 2 1 4 7 5 16 22 7 7 4
Ti 6228 12,266 12,586 5807 12,557 11,568 10,794 6740 9846 8350 6091 4728 5864
A% 161 311 256 260 246 245 229 261 306 208 236 208 245
Cr 14 16 9 24 9 7 11 18 35 18 9 21 22
Mn 1104 1272 1487 873 1369 1331 1294 1153 1179 1134 1067 1030 1146
Co 47 38 81 35 21 26 38 35 38 33 28 30 29
Ni 20 27 39 26 19 15 19 21 29 25 20 24 29
Cu 137 133 43 325 143 102 81 125 108 231 119 69 125
Zn 118 122 131 98 122 121 119 110 108 108 101 87 110
Rb 29 30 40 16 33 32 34 21 30 41 19 23 29
Sr 377 471 486 443 462 462 444 470 478 451 475 411 446
Y 26 36 44 17 42 41 37 23 29 31 20 16 21
Zr 128 231 298 69 270 268 260 99 183 226 79 73 78
Nb 5 11 12 2 10 12 11 4 9 13 4 3 3
Cs 13 0.5 1.3 0.4 0.8 0.8 0.6 1.0 0.8 1.1 0.9 14 1.6
Ba 310 437 515 199 438 437 454 259 386 514 242 206 277
La 137 30.1 32.6 9.8 31.1 30.2 30.3 12.8 236 286 95 8.4 11.2
Ce 326 70.3 77.1 222 73.3 70.7 70.4 29.4 53.8 634 223 19.1 25.4
Pr 43 9.2 10.3 2.9 9.7 9.5 9.0 39 6.9 7.9 3.0 2.5 33
Nd 194 39.8 45.1 12.9 424 40.4 39.1 17.4 294 331 14.2 11.2 15.0
Sm 497 8.80 9.88 3.30 9.25 8.97 8.57 4.29 6.51 7.19  3.69 2.83 3.78
Eu 1.55 2.68 2.97 1.10 2.79 2.80 2.58 1.39 207 217 1.28 0.98 1.25
Gd 592 10.19 11.15 4.12 10.0 10.05 9.98 5.13 7.56 823 441 3.36 4.70
Tb  0.80 1.29 1.46 0.52 1.37 1.37 1.24 0.70 0.98 1.04 059 0.38 0.58
Dy 4.81 6.95 8.32 3.18 7.86 7.53 6.98 4.12 5.49 582 374 2.77 3.64
Ho 0.94 1.32 1.64 0.57 1.57 1.50 1.32 0.83 1.07 .12 072 0.54 0.70
Er 296 4.07 491 1.90 4.63 4.39 4.16 2.52 329 343 227 1.79 228
Tm 035 0.50 0.62 0.12 0.57 0.57 0.51 0.30 0.41 0.41 0.29 0.19 0.24
Yb 274 3.46 3.96 1.80 4.19 3.99 3.59 2.26 288 309 206 1.65 2.06
Lu 033 0.48 0.66 0.13 0.58 0.58 0.51 0.29 040 039 029 0.20 0.22
Hf 37 5.5 6.5 2.0 5.8 6.7 59 2.8 44 5.6 2.6 22 23
Pb 96 6.9 8.8 8.1 5.5 6.2 6.9 7.3 5.6 8.5 5.8 6.2 9.1
Th 32 35 44 2.0 3.7 4.7 44 2.9 4.0 53 2.1 22 2.7
U 0.9 0.7 0.9 0.5 1.0 0.9 0.9 0.7 0.8 12 0.6 0.8 1.3

grading upwards in proximal outcrops into a more mafic com-
position, so that a darker, vesicle-poor, microlite-rich glass
also occurs in this and other LAF-type tephras. These other
LAF chemical-type tephra layers, interpreted to have been
produced by Mentolat (Table 1), which are thicker and more
frequent in the northern lakes, have, as does MENI tephra,
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abundant plagioclase, clinopyroxene, and highly pleochroic
orthopyroxene (hypersthene) phenocrysts (Fig. 4c), minor ol-
ivine, along with variable amounts of dark brown amphibole
and, in two cases (tephras O1 and R), biotite. Lépez-Escobar
et al. (1993) also recognized biotite in one Mentolat lava

sample.
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Fig.5 Stratigraphic sections for the eight lake cores for zone I, from the top of the cores to the H2 Hudson tephra, showing the correlations for tephras A

to H2 (Table 1) among the different cores

Maca, Cay, and MEC-derived tephra

Many of the tephra deposits within the sediment cores are LA
chemical types but are petrographically distinct from Mentolat
tephras. These have dark brown to black glass with low to
moderate vesicle abundances and often high abundances of
microlites but lack any clear vesicle-rich glass (Fig. 4e, f). The
most abundant mineral phenocryst is plagioclase with minor
clinopyroxene, orthopyroxene, and trace olivine. Amphibole
is absent. These tephras with LA character with dark glass, but
no clear glass or amphibole, which are referred to as low-
abundance mafic (LAM) petrochemical types, are chemically
and petrologically similar to MAC1 tephra derived from Maca
volcano (Naranjo and Stern 2004), but they may also have
been derived from Cay volcano or one of the many small
Holocene minor monogenetic eruptive centers (MECs) in
the region, which both also erupted LAM-type magmas.
These tephras are not assigned specifically to one of these
possible sources, with the exception of one tephra in group
D (D3) which is correlated directly with MAC1 (Table 1).

General

An important point is that for these lake deposits, no internal
eruption-related lithostratigraphic variations have been

observed within individual tephra layers, even for the thickest
deposits such as Ho (Weller et al. 2014) and H2. This is be-
cause deposition of the tephra from the air to the bottom of
even these small lakes involves processes of mixing and ho-
mogenization such as settling, bioturbation, or lake currents
that eliminate the stratigraphic segregation of sequentially var-
iable eruptive phases often preserved in outcrop deposits of
tephra airfall (Bertrand et al. 2014). The bulk tephras in the
cores represent the end product of these mixing processes that,
we suggest, are likely to have been generally similar in all the
spatially related small lakes from which the tephras have been
sampled, thus rendering the chemical compositions of the bulk
tephra comparable. For this reason, we consider the approach
of comparing bulk trace element chemical analysis of tephra
from different cores to be a useful technique for correlation of
the tephra among the cores in this relatively restricted area of
Southern Chile, despite the fact that it is clear that all the
tephras are heterogeneous mixtures of mineral grains and
glasses of variable compositions that may be mechanically
separated in different proportions during deposition, thus af-
fecting the final bulk composition of the tephra. Nevertheless,
the trace element data (Tables 3, 4, 5, and 6) preserve the high
abundance compared to low abundance characteristics of
tephra associated with the specific petrographic features de-
scribed above, such as, for example, amphibole and clear glass
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Fig. 6 Stratigraphic sections for the eight lake cores for zone II, from the H2 Hudson tephra to the top of the S1-10 sequence of tephra, showing the

correlations from tephras H2 to R among the different cores

Southern Lakes

Northern Lakes

Elida
PC1105 B T4

Churrasco
PCI1201 AT4

Quijada
PC1001 D T8

Espejo
PC1003 AT7

14,940 cal
yrs BP

14,838 cal
yrs BP

Fig. 7 Images of zone III, the S1-10 sequence of closely spaced
eruptions within the eight lake cores. The analyzed samples are marked
with the depth from the fop of the indicated core section and the
unsampled tephra are marked with an X. Some images were stretched
in order to line up the correlated tephras, but all cores are 4 cm wide,
and the depth in centimeters to each layer provides a measure of the actual
vertical scale for each image. All deposits within the sequence are HA
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Las Mellizas
PC1106 ATS

El Toro
PC1002AT6

Tranquilo
PCI1203 AT9

Unco
PCI103 E T8

14,735 cal
yrs BP

chemical types derived from Hudson. The S4 tephra contains light brown
glass with elongated vesicles, and lower Ti and Sr and higher Rb, Ba, Zr,
and La contents, and is clearly more intermediate in composition that the
other nine tephras, which all contain dark brown glass with few spherical
vesicles and abundant mineral microlites. Radiocarbon dates are labeled
in their respective cores (Table S2 in the supplementary data repository;
Miranda et al. 2013)
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Fig. 8 Stratigraphic sections for the eight lakes for zone IV, from the S1—-
10 sequence of tephra to the base of the cores which generally occurs
where, predominately, organic matter-rich lake sediments end and

in the LAF-type tephra interpreted to have been derived from
Mentolat (Fig. 4c, d) and stretched-vesicle-rich, pale brown,
microlite-free glasses in the HA-type tephra interpreted to
have been derived from Hudson volcano (Fig. 4a, b).

Zone I: core tops to H2
Tephra group A

Tephra group A consists of two thin deposits, a few centime-
ters apart, each recognized in two of the southern cores and
four of the northern cores (Table 1). Tephra Al has a LAM-
type chemical composition. It consists of blocky black to dark
brown glass with minor small spherical vesicles and high
abundance of plagioclase microlites. Plagioclase phenocrysts
are common in this tephra. Based on its chemistry and petrog-
raphy, its source volcano may be either Maca or Cay or one of
the MECs. No samples of A2 were taken from any of the
cores.

Tephra group B

Tephra group B consists of two thin deposits in three of the
southern cores and thicker (up to 4 cm) layers in the northern
lakes (Table 1). No samples of tephra B1 were taken. Tephra
B2 is a LAF petrochemical type characterized by both abun-
dant black glass and less abundant colorless glass, the latter
with high abundances of spherical vesicles and no mineral
microlites. Phenocrysts include abundant plagioclase,
clinopyroxene, orthopyroxene, and small to moderate

2m
ZS
Z, 3
F3m
L 4m

glaciolacustrine clay-rich sediments begin. Shown are the correlations
of tephras T through Z which include the large Late Glacial Ho
eruption from Hudson (Weller et al. 2014)

abundances of both olivine and dark brown amphiboles.
Based on its LAF-type petrochemistry and the presence of
both clear glass and amphibole, we suggest that its source
was Mentolat volcano.

Tephra group C

Tephra group C generally occurs as two deposits. Tephra C1,
the thicker (up to 3 cm) of the two, which was sampled from
four of the lake cores, is a HA chemical type which consists of
both black and dark brown glasses with no or minor spherical
vesicles and abundant plagioclase microlites. Phenocrysts in-
clude plagioclase along with minor pyroxenes and trace oliv-
ine. C2 is thinner but has similar HA chemical and petrologic
characteristics. Based on their HA chemistry, both tephras are
interpreted as having been derived from Hudson volcano.

Tephra group D

Tephra group D contains three distinct deposits. Tephras D1
and D2 are generally 1 cm or less in thickness, while tephra
D3 is up to 8 cm in thickness. Tephra D1 is a LAF petrochem-
ical type characterized by two distinct glass types: one is black
in color with no visible vesicles and the other is clear with
moderate abundances of undeformed spherical vesicles. Phe-
nocrysts in D1 include plagioclase, minor clinopyroxene,
orthopyroxene, olivine, and trace amphibole. These features
together suggest that D1 tephra was derived from Mentolat.
Tephra D2 is a HA chemical type and thus likely to have
been derived from Hudson volcano, although its Ti content is
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somewhat low compared to the other Hudson samples
(Fig. 3). It consists of dark orange-brown glass color contain-
ing a moderate abundance of undeformed spherical vesicles
and a high abundance of mineral microlites. Phenocrysts in-
clude plagioclase and clinopyroxene.

Tephra D3 is a LAM chemical type with blocky dark
orange-brown to black glass containing few or no spherical
vesicles and lacking microlites. This tephra contains plagio-
clase phenocrysts along with minor clinopyroxene and trace
olivine. We correlate this tephra with the MAC1 eruption dat-
ed as 1440 cal years BP (Table 1) based on its LAM trace
element chemistry and thickness, which is consistent with
the 10 cm isopach (Fig. 1) as estimated by Naranjo and Stern
(2004), and its stratigraphic position in the cores, which is
consistent with an age similar to that of MAC1. We also sug-
gest that this is equivalent to tephra T3 in Castor and Escon-
dido lakes (Fig. S1 in the supplementary files) identified by
Elbert et al. (2013), which is one of the thickest of the eight
tephras they have identified, and has essentially the same bulk
chemistry as MACI determined by Naranjo and Stern (2004).
Although their bulk sediment age for this tephra (160 AD) is
500 years older than that of MACI, Bertrand et al. (2012)
have shown that lake sediment '*C ages may be significantly
older than true ages because of the input from the surrounding
drainage basin of older organic material into a lake.

Tephra group E

Tephra group E contains up to four different deposits. Tephras
E1 and E4 range in thickness only up to 1 cm, while E3 is up
to 2 cm and E2 up to 3 cm (Table 1). E4 was too thin to
sample. E1 and E2 (Fig. 4) are HA chemical types, suggesting
that Hudson was the source of these two tephras, although
both have low Ti compared to other HA samples (Fig. 3).
They consist of dark orange to pale brown glass containing
moderate abundances of circular vesicles and moderate to
high abundances of microlites. The dominant phenocrysts
within these deposits are plagioclase, but orthopyroxene and
clinopyroxene also occur.

Tephra E3 is a LAM chemical type with both black and
brown glasses with no or few visible vesicles and abundant
microlites. Plagioclase is the only phenocryst observed. This
tephra may be sourced from either Maca or Cay or one of the
MECs.

Tephra group F

Tephra group F contains three deposits, all of which are 1 cm
or less in thickness and HA chemical types, and therefore, all
are considered to be derived from Hudson volcano (Table 1).
They are characterized by both black and orange-brown
glasses, the latter with moderate to low abundances of weakly
deformed vesicles and moderate to high abundances of
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microlites. Plagioclase and trace orthopyroxene occur as phe-
nocrysts. Based on its stratigraphic position in the cores and its
HA trace element character, we correlate tephra F3 with the
2235+ 120 cal years BP mafic Hudson tephra T6 described by
Naranjo and Stern (1998). Elbert et al. (2013) also correlate
their tephra T6 (300 BC) with that described by Naranjo and
Stern (2004), as both have similar age and chemistry.

Tephra group G

Tephra group G consists of three LAM chemical-type deposits
(Table 1), suggesting that they may be sourced from either
Maca or Cay or one of the MECs. We correlate G1, which is
the thickest (up to 2 cm), with tephra T7 (1700 BC) of Elbert
etal. (2013) on the basis of its stratigraphic position just above
H2. The glass in these three deposits is either black, with no or
few visible microlites or vesicles, or brown with moderate to
low abundances of spherical vesicles and abundant microlites.
Phenocrysts include plagioclase and clinopyroxenes,
orthopyroxene, and trace amounts of olivine.

Tephra H2

The bottom of zone I corresponds to the 8- to >50-cm-thick
tephra produced by the HA chemical-type Hudson H2 erup-
tion at 4000 +50 cal years BP (Naranjo and Stern 1998).
These are tephra T8 of Elbert et al. (2013), estimated by them
as 4060 cal years BP based on an extrapolation assuming a
constant sedimentation rate during the 700 years before their
oldest date at 3348 + 100 cal years BP, and tephra HWS5 of
Haberle and Lumley (1998), estimated by them as
3850 cal years BP also based on extrapolation assuming a
constant sedimentation rate from after an older age of 4250

+ 35 cal years BP from deeper in the core. It contains vesicle-
rich, pale orange-brown glass and phenocrysts of plagioclase
and orthopyroxene.

Zone II: H2 to top of the S1-10 sequence
Tephra I

Tephra I is a HA chemical type with a broad spectrum of glass
morphologies that range from dark brown mafic glass with
minor microlites and few spherical vesicles to pale brown
glass with moderate abundances of stretched vesicles that
grade into light tan to clear glass with high abundances of
stretched vesicles. Phenocrysts include minor amounts of py-
roxenes and plagioclase. Based on its HA chemistry, we sug-
gest that this tephra, which is thicker in the southern lake cores
(up to 2 cm), is derived from Hudson volcano. The trace
element chemistry for the proximal deposit (Lago Espejo;
Table S3 in the supplementary files) is overall more mafic in
composition (higher Ti, Mn, and Sr and lower Rb, Ba, and Zr)
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than the two distal deposits (Lago Elida and Lago Unco;
Tables S6 and S7 in the supplementary files), and the Lago
Espejo deposit contains a larger proportion of dark brown
glass compared to pale brown glass. We interpret this to result
from variable wind directions during its eruption such as that
also occurred during the 1991 AD Hudson eruption, which
distributed phase 1 basaltic tephra to the north and phase 2
trachyandesitic tephra to the southeast (Scasso et al. 1994;
Kratzmann et al. 2009).

Tephras J and K

Tephras J and K are HA chemical types, and both are up to
1 cm in thickness in the southern cores. Both consist predom-
inantly of black and brown glass with minor undeformed
spherical vesicles and a high abundance of microlites. Plagio-
clase is the dominant phenocrysts, and pyroxenes are also
present in these deposits. Based on their HA-type chemistry,
both tephras were derived from Hudson volcano.

Tephras Ls and Ln

Tephras Ls and Ln are two thin tephra deposits in similar
stratigraphic position in the southern (Ls) and northern (Ln)
lakes, but with different petrochemistry and source volcanoes.
Ls is a LAM petrochemical type which contains abundant
black to dark brown glass with minor undeformed spherical
vesicles and microlites. Plagioclase phenocrysts occur along
with trace amounts of pyroxenes. This tephra may have been
sourced from either Macé or Cay or one of the MECs. Ln in
contrast is a LAF petrochemical type which has clear
microlite-free glass with abundant spherical vesicles. Plagio-
clase, pyroxenes, olivine, and abundant amphibole occur in
this Ln tephra, which is similar to MEN1 tephra (Fig. 4), and
we therefore suggest that it is derived from Mentolat.

Tephras M and N

Tephras M and N are only observed in the southern lakes
where they have thicknesses up to 2 and 5 cm, respectively.
Both are HA chemical types, and we therefore suggest that
they are derived from Hudson volcano. They contain pale
brown glass lacking microlites, but with abundant stretched
vesicles similar to H2 glass (Fig. 4b). Phenocrysts include
plagioclase, clinopyroxene, and orthopyroxene.

Tephra group O

Tephra O1 is a LAF petrochemical-type tephra deposits, con-
taining dark vesicle-poor but microlite-rich glass along with
clear glass. It contains abundant plagioclase and pyroxene
phenocrysts, olivine, as well as both brown and green amphi-
boles and biotite, and we therefore suggest that it was derived

from Mentolat volcano. Tephra O2 is a LAM petrochemical
type which is up to 6 cm in thickness in the northern cores. O2
is characterized by black, vesicle-poor glass with a high abun-
dance of mineral microlites. Phenocrysts include low abun-
dances of plagioclase and clinopyroxene. This tephra may
have been derived from either Macéd or Cay or one of the
MECs.

Tephra group P

Group P comprises two tephra deposits. The younger one (P1)
is a LAM chemical type which is up to 5 cm in thickness and
is characterized by abundant blocky black glass with moderate
amounts of mineral microlites, few vesicles, and abundant
plagioclase, along with trace amounts of pyroxenes. It was
derived from either Maca or Cay or one of the MECs. The
older P2 is a HA chemical type, with distinctive high Ti con-
tent (Fig. 3; Table 4), containing stretched vesicle-rich orange
glass with few mineral microlites and only a small proportion
of plagioclase and pyroxene phenocrysts. Based on these pet-
rochemical characteristics, we suggest that this tephra was
derived from Hudson volcano.

Tephra group QO

Tephra group Q consists of two LAF petrochemical-type teph-
ra, containing both dark brown glass with spherical to moder-
ately deformed oval vesicles and with few microlites and also
clear glass with abundant circular vesicles. Phenocrysts in-
clude plagioclase, clinopyroxene, orthopyroxene, olivine,
and amphibole, and we suggest that both these tephras were
derived from Mentolat.

Tephra MEN1

MEN]1 tephra ranges in thickness between <1 and 4 cm and is
thicker in the northern lakes. It is a LAF chemical type with
abundant colorless glass containing undeformed circular ves-
icles (Fig. 4). Plagioclase, clinopyroxene, orthopyroxene, ol-
ivine, and amphibole occur as phenocrysts. This tephra is
correlated with the 7710 cal years BP MENI1 tephra (Fig. 1)
observed in the outcrop west and north of Coyhaique (Naranjo
and Stern 2004) as well as in cores from Lago Shaman to the
northeast (Fig. 1; de Porras et al. 2012; Stern et al. 2015a),
from small lakes further south near Cochrane such as Lago
Augusta (Fig. 1; Villa-Martinez et al. 2012; Stern et al. 2013,
2015b), and bog cores to the southeast in Argentina
(McCulloch et al. 2014).

Tephra R

This is a LAF petrochemical-type tephra, with clear and minor
black glass, with plagioclase, clinopyroxene, orthopyroxene,
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olivine, amphibole, and biotite phenocrysts, which we suggest
that, based on its petrochemistry, it is derived from Mentolat
volcano. It is thicker to the north.

Zone I1I: S1-S10 tephra sequence

Zone III consists of a sequence of 10 closely spaced tephra
which has been dated as between >14,080 and <14,
910 cal years BP (Fig. 7; Table S1 in the supplementary files;
Miranda et al. 2013). Five of the cores contain all 10 of these
clearly distinct tephra layers separated by lacustrine sediments
(Espejo, Quijada, Churrasco, Elida, Unco), whereas in the
other three northern lakes (Las Mellizas, El Toro, and
Tranquilo), tephras S1-S5 are clearly present, but not all of
S6-S10 are definitive. The thickness of each deposit in the
different lakes is variable, but only by a small amount (from 3
to <l cm).

Tephra S1-S3 and S5-S10 are all HA chemical types,
which consist of mafic dark brown volcanic glass with spher-
ical non-stretched vesicles, abundant plagioclase microlites,
but few mineral phenocrysts (Fig. 4). Chemically, these nine
tephras are similar to mafic magmas erupted from Hudson
volcano (Table 5), either as lavas (HV-107; Gutiérrez et al.
2005), tephra such as phase 1 in the H3 event (Kratzmann
etal. 2009, 2010), or the mafic components of the Late Glacial
Ho eruption (Weller et al. 2014).

S4, in contrast, is clearly distinguishable from the other
tephras by its light brown glass with abundant stretched ves-
icles, common plagioclase and pyroxene phenocrysts, and
trace element chemistry, indicating a more felsic tephra
(Table 5). The fact that the S4 tephra is morphologically and
petrochemically distinct from the others establishes a defini-
tive stratigraphic marker that allows for the correlation of the
other nine S deposits. S4 tephra has glass color, morphology,
and HA chemical composition characteristic of the other
intermediate-to-silicic tephras derived from Hudson volcano
such as H2.

The entire S1-S10 sequence overlaps in age the oldest 14,
560 cal years BP Hudson-derived tephra (HW1) identified
from the Pacific Coast by Haberle and Lumley (1998) and
tephra TL5 at 800 cm depth in the Pacific Ocean core
MDO07-3088 (Siani et al. 2010; Carel et al. 2011).

Zone 1V: S10 through the base of the cores
Tephra T

Tephra T is a LAF petrochemical type only observed in the
northern cores (Table 1). This tephra is characterized by clear
glass with abundant circular vesicles. It contains phenocrysts
of plagioclase, clinopyroxene, orthopyroxene, and minor
amounts of weakly pleochroic brown amphibole, and for these
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reasons, we suggest that it was derived from Mentolat
volcano.

Tephra group U

Tephra group U consists of two to three thin but well-defined
deposits observed in most of the cores, none of which were
sampled because they were all too thin.

Tephra V

Tephra V is observed in all of the lakes as an approximately
I-cm deposit. It is a HA chemical type, and therefore, we
suggest that it is derived from Hudson volcano. Tephra V is
characterized by dark brown glass with a blocky morphology,
high abundances of microlites, low abundances of unde-
formed vesicles, and minor plagioclase and pyroxene
phenocryst.

Tephras Ws and Wn

Tephras Ws and Wn are two chemically and morphologically
distinct tephra deposits that occur in about the same strati-
graphic position. Tephra Wn is up to 1 cm in thickness in
the northern lakes, while tephra Ws is up to 2 cm in thickness
in the southern lakes. Tephra Wn is a LAM chemical type
containing dark brown microlite-rich glass with spherical ves-
icles and moderate abundances of plagioclase and minor py-
roxenes phenocrysts. This tephra may have been sourced from
either Maca or Cay or one of the MECs. Tephra Ws in the
southern lakes is a HA chemical type, derived from Hudson
volcano, with dark orange to brown microlite-rich glass and
moderate amounts of plagioclase and pyroxene phenocrysts.

Tephra group X

Tephra group X generally consists of three deposits, all of
which are 1 cm or less in thickness, although in some cores,
tephra X1 is missing or very thin. All are HA chemical types,
derived from Hudson volcano, with dark to pale orange-
brown blocky glass containing both circular and elongated
vesicles and few microlites. Plagioclase and pyroxene pheno-
crysts are present.

Tephra group Y

Tephra group Y includes two tephras. Y1 is a 1-cm or less
LAM chemical-type tephra characterized by a low abundance
of pale brown glass with moderate to high abundances of
microlite and minor circular vesicles. It contains plagioclase
and minor pyroxene phenocrysts. This tephra may have been
sourced from either Maca or Cay or one of the MECs. Tephra
Y2 was not sampled.
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Tephra group Z

Tephra group Z generally consists of five deposits. Tephra Z1
was sampled from six of the lake cores and is a HA chemical
type that ranges in thickness from 2 to 9 cm. It is characterized
by pale brown blocky glass with minor microlites and vesicles
that range from circular to moderately elongated. Plagioclase
phenocrysts exist along with minor amounts of pyroxenes. Z1
was derived from Hudson.

Tephra Z2, or Ho (Fig. 3), described by Weller et al. (2014),
was produced by a very large Late Glacial eruption from Hud-
son bracketed in age between 17,300 and 17,440 cal years BP.
Based on its age and thickness, this corresponds to the 42-cm-
thick tephra observed by Markgraf et al. (2007) between 1109
and 1151 cm depth from a core in Mallin Pollux (Fig. S1 in the
supplementary files).

Tephra Z3 is a LAM chemical type that is approximately 1—
2 cm in thickness in three of the northern lakes. It is charac-
terized by microlite-rich pale brown to orange-brown glass
with few spherical vesicles and abundant plagioclase and mi-
nor pyroxene phenocrysts. Z3 was derived from either Maca
or Cay or one of the MECs.

Z4, or MENo, is a LAF petrochemical-type tephra charac-
terized by colorless glass that lacks microlites and contains
abundant small undeformed circular vesicles. It contains
abundant plagioclase and orthopyroxene phenocrysts as well
as minor clinopyroxene, olivine, and dark brown amphibole.
It is observed in three of the northern lakes and is derived from
Mentolat volcano. It also occurs in Lago Shaman (de Porras
et al. 2012; Stern et al. 2015a).

The Z5 tephra is a LAM chemical type that is approximate-
ly 1 cm in thickness and only occurs in two northern lake
cores. It is characterized by its black irregularly shaped glass
with abundant large microlites (Fig. 4) and contains abundant

plagioclase phenocrysts and minor pyroxenes. Z5 was derived
from either Maca or Cay or one of the MECs.

Discussion and conclusion

Some of the many dense layers observed as white bands in the
X-ray images (Fig. 2) of the multiple lake cores from near
Coyhaique, Chile, may be sands or re-worked tephra, but the
>60 tephras listed in Table | all occur in similar stratigraphic
relations to each other in multiple cores (Figs. 5, 6, 7, and 8),
and we therefore consider them to be derived from indepen-
dent eruptions. The chemistry and petrology of 55 of these
>60 tephras are consistent with and support the correlations
based on stratigraphy alone. We therefore conclude that >60
explosive eruptions of various sizes of SSVZ volcanoes, in-
cluding possibly the minor eruptive cones (MECs), have oc-
curred since the glacial retreat at approximately 17,
800 cal years BP.

Most of the eruptions observed in these cores must have
been small (<0.1 km?), since they are thin (Table 1) and fine
grained (Table 2). Only four of the tephras preserved in these
lakes (D3 =MACI, F3=T6 and H2 from Hudson, and
MENT1) have been correlated with the tephras previously re-
ported in outcrops in the region, and these form the thickest
(Table 1) and coarsest grained (Table 2) deposits in the cores,
with the exception of Ho which has not been observed in
outcrop. Nevertheless, it is clear that although
tephrochronology studies based solely on outcrops, such as
those of Naranjo and Stern (1998, 2004), are satisfactory for
identifying large eruptions, they are only seeing a minor pro-
portion with regard to all eruptions, a conclusion also reached
by Moreno et al. (2015) for Chaitén volcano further north in
the SSVZ. On the other hand, it is also significant to note that
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tephras from one of the largest Holocene eruptions of Hudson,
the H1 event at 8170 + 60 cal years BP, nor the more recent H3
(1991 phase 2) eruption (Stern 1991, 2008; Naranjo and Stern
1998; Kratzmann et al. 2009; Prieto et al. 2013; Stern et al.
2015b), do not occur in any of these cores because they were
not distributed towards the northeast of the volcano (Fig. 1).

The northern lakes contain a higher proportion of tephras
that are similar in morphology and chemistry to previously
identified tephras derived from Mentolat (10 in total), whereas
the southern lakes preserve a larger proportion of tephras
chemically and petrologically similar to previously described
tephras derived from Hudson (32 in total; Table 1). Thirteen
tephras are considered to be derived from either Maca or Cay
or MEC, with one of these correlated with tephra MAC1 from
Maca. Seven tephras identified in multiple cores, and a num-
ber not correlated across cores, have not been sampled.

The majority of the analyzed deposits lay within the chem-
ical fields defined using previously published data for the
eruptive products from the SSVZ volcanic centers (Fig. 3).
Three deposits petrographically similar to Hudson-derived
tephras have lower Ti than other Hudson samples but are, in
other ways, similar chemically to Hudson-derived rocks. Sev-
eral samples that are attributed to Mentolat volcano also lie
within the Mac4, Cay, or MEC fields, with higher Ti at a given
RbD content than Mentolat lavas, but these tephras contain clear
volcanic glass and brown amphibole, similar to the volcanic
products from the previously documented MEN1 eruption
(Naranjo and Stern 2004; Stern et al. 2015a, b). They also
contain mafic components such as microlite-rich and
vesicle-poor dark mafic volcanic glass and olivine. These dif-
ferent glass components likely represent different phases of
the eruptions similar to the range in tephra chemistry and
petrology observed in outcrops of the MENI1 eruption
(Naranjo and Stern 2004) and in the products of other chem-
ically heterogeneous SSVZ explosive eruptions.

The large number of eruptions documented from the lake
cores near Coyhaique represents a significant contribution to
the record of eruptions from volcanoes in this region during
Late Glacial and Holocene times (Fig. 9). These new results
indicate that although explosive eruptions within the SSVZ
are episodic, they have, on average, been regularly repetitive
throughout Late Glacial to historic times without any signifi-
cant change in the frequency. This conclusion extends back to
20,000 cal years BP, before the Last Glacial Maximum, when
the tephras from Pacific Ocean marine cores are also consid-
ered (Carel et al. 2011), and suggests that deglaciation did not
enhance the rates of explosive eruptions.

The new information, combined with previously published
data concerning tephras derived from Hudson volcano
(Naranjo and Stern 1998; Haberle and Lumley 1998; Carel
et al. 2011; Weller et al. 2014), indicates that this volcano
has had >55 explosive eruptions since 20,000 cal years BP
(Fig. 9). These eruptions have produced >45 km® of

@ Springer

pyroclastic material based on previously published volume
estimates of its larger eruptions (Weller et al. 2014). This
makes Hudson one of the most active volcanoes in the SSVZ
in terms of both frequency and volume of explosive eruptions,
comparable to Volcan Mocho-Choshuenco (Rawson et al.
2015), perhaps as a result of its location just east of the Chile
Rise-Trench triple junction. Nevertheless, the tephra record
indicates that local population centers such as Coyhaique
(Fig. 1) could also be profoundly affected by future eruptions
from Maca and Mentolat volcanoes similar in magnitude to
those that occurred in the past.

Using the radiocarbon ages of the S1-10 tephra (Fig. 7;
Miranda et al. 2013) and of previously dated eruptions
(MACI; H2, MEN1; Ho; Naranjo and Stern 2004; Weller
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Fig. 10 Sedimentation profiles for the eight lake cores, from the surface
to the top of the Ho tephra, using the ages of previously dated large
explosive eruptions from Hudson (42, Ho), Mentolat (MENI), and
Maca (MAC1) (Table 1; Naranjo and Stern 1998, 2004; Weller et al.
2014), including two previously published profiles, based on
independent sets of internal age dates, from Mallin Pollux (Markgraf
et al. 2007) and Lago Augusta (Villa-Martinez et al. 2012). The
thickness of the H2 tephra, which ranges from 8 to 53 cm (Table 1), has
been subtracted from the total integrated length of the sediment in the
cores, but other tephra layers, which are about of the same thickness in
every core, have not
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et al. 2014; Stern et al. 2015b), the depth versus age sedimen-
tation profiles for the eight lake cores are compared to each
other and to profiles from other lakes in the region (Fig. 10),
including Mallin Pollux (Markgraf et al. 2007) and Augusta
(Fig. 1; Villa-Martinez et al. 2012). The profiles all exhibit
intervals of both slower and more rapid accumulations of ma-
terial within the lakes. Significantly, the cores show similar
patterns, with relatively rapid sedimentation rates between 18,
000 and 15,000 cal years BP, followed by slower rates up to
7500 cal years BP, after which relatively more rapid sedimen-
tation rates prevail. A similar conclusion was reached previ-
ously for Lago Augusta (Villa-Martinez et al. 2012) and
Mallin Pollux (Markgraf et al. 2007) based on a greater num-
ber of internally consistent age dates. However, significantly
different explanations, involving changes in precipitation and
temperature, have been proposed to explain these changes in
these two lakes. Resolving these differences, which require
other data such as identification of pollen types at different
depths in the cores, is beyond the scope of this paper. Never-
theless, the profiles illustrate the power of tephrochronology
for constraining temporal correlations among core records
over a relatively large region, and the data suggest that these
changes in sedimentation rates were produced by regional
environmental changes that affected the lakes located both in
the semiarid region to the east of the current drainage divide
(Unco and Elida) as well as in the wetter region more to the
west (Espejo).
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