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A B S T R A C T

Two correlated tephra deposits, each 13 cm thick in the Aisén region of southern Chile, one in a lacustrine
sediment core from the Mallín el Toqui (MET) peat bog and another from a subaerial soil exposure ∼10 km to
the west in the Río Maniguales (RM) valley, preserve evidence for a large explosive eruption of Mentolat vol-
cano, one of the five stratovolcanoes of the southernmost portion of the Andean Southern Volcanic Zone (SVZ).
This eruption is constrained in age to ≥11,728 cal years BP by radiocarbon dating of organic matter from the
MET sediment core and is termed the ∼11.7 ka MEN event. The two tephra deposits are identical and based on
their petrology, bulk tephra, glass, and amphibole geochemical characteristics, are attributed to an eruption of
Mentolat volcano. Both contain pumice lapilli with glass compositions that ranges from 59 to 76 wt. % SiO2, with
medium to low-K2O calc-alkaline composition and trace element abundances similar to both lavas and other
tephras derived from Mentolat. They have abundant amphibole, plagioclase, orthopyroxene, and clinopyroxene
phenocrysts, with a smaller proportion of olivine and Fe-Ti oxides, and a minor amount of distinctive crustal
xenoliths with both unfoliated and foliated textures. Amphiboles have low K2O (0.20–0.37 wt. %) and TiO2

(1.5–3.8 wt. %) and are similar geochemically to amphiboles from other Mentolat-derived tephra
(K2O=0.14–0.43 wt. % and TiO2=1.9–2.4 wt. %), but distinct from amphiboles in lavas and tephra derived
from other volcanoes in the southernmost SSVZ including Cay (K2O=0.47–0.55 wt. % and TiO2= 2.4–3.1 wt.
%) and Melimoyu (K2O=0.39–0.52 wt. % and TiO2=2.8–4.5 wt. %). Amphiboles from the ∼11.7 ka MEN
tephra formed over a broad range of pressures (154–406MPa), temperatures (834-969 °C), and magma water
contents (4.9–7.0 wt. %), which overlap with the physical-chemical conditions for the formation of amphiboles
from other Mentolat-derived tephra. The two correlated tephra deposits, which are located ∼95 km southeast of
Mentolat, are correlative with tephra of similar age identified in 12 other lacustrine sediment cores from the
region, for which, based on their petrology and the geochemistry of their tephra glass and amphiboles, Mentolat
is also the likely source volcano. This eruption produced approximately 1.8 km3 of bulk material with an esti-
mated magnitude of 5.2. Mentolat has produced numerous (> 18) explosive eruptions since glacial retreat from
the region and future explosive eruptions from this center could potentially impact local population centers and
the agricultural industry in southern Chile and Argentina.

1. Introduction

Explosive volcanic eruptions can disperse tephra over large areas
nearly instantaneously. Once the tephra glass and mineral chemistry
are characterized, and an age of the eruptive event is constrained,
correlative tephra deposits can be used as an isochron (surface of equal
age; Lowe, 2011) and their age transferred to other locations and

depositional environments where the tephra has been newly identified
(Fontijn et al., 2014; Lowe, 2011). Explosive eruptions of the volcanoes
in the Andean Southern Volcanic Zone (SVZ; Fig. 1) have produced a
rich, but incompletely studied, tephra record. Tephra deposits produced
by explosive eruptions of the volcanoes in the southern Andes have
been used to constrain the timing of regionally significant events
identified from studies of paleoclimate (e.g. Bendle et al., 2017; Elbert
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et al., 2013; Van Daele et al., 2016), paleoecology (e.g. de Porras et al.,
2014, 2012), and archeology (e.g. Martin et al., 2015; Prieto et al.,
2013). The identification and characterization of tephra layers pre-
served in outcrops and lacustrine sediment cores also provide con-
straints on volcanic risks and hazards in the region (Alloway et al.,
2017; Naranjo et al., 2017; Naranjo and Stern, 2004; Rawson et al.,
2015; Watt et al., 2011b), where recent volcanic eruptions have dis-
rupted airline traffic and negatively impacted local population centers
and the agricultural industry (Wilson et al., 2012, 2011).

Small internally drained lacustrine environments located downwind
of the SVZ volcanoes have been shown to be ideal environments for the
preservation of both small and large volcanic air fall deposits due to the
nearly continuous record of sedimentation since glacial retreat of the
region initiating at ∼18,000 cal year BP (Bendle et al., 2017). This
paper presents the age, petrology, and geochemistry of two geochemi-
cally identical ∼13 cm thick tephra deposits, one observed in a sedi-
ment core (Fig. 2) from the Mallín el Toqui (MET) peat bog and the
other in a road cut outcrop (Fig. 3) ∼10 km to the west in the Río
Maniguales (RM) valley (Fig. 1). Based on the location of these deposits,
lithostratigraphic information (tephra grain size and thickness), glass
major and trace element characteristics, and amphibole thermo-
barometry and geochemistry, we suggest that they were likely derived
from a large explosive eruption of Mentolat volcano, located∼95 km to
the northwest. They are correlative with other Mentolat-derived

tephras of similar age previously reported from the region (Table 1;
Stern et al., 2015; Weller et al., 2017, 2015). Because they were derived
from a relatively large eruption and have a wide regional depositional
area, these deposits have the potential to be a significant chronological
marker deposit for future paleoclimate, paleoecologic and archaeologic
studies in the region. They also provide information on the chemical
variability of the eruptive products from Mentolat, indicating that
magmas formed beneath this volcano may have followed distinct di-
versification pathways leading to greater chemical diversity in the
evolved eruptive material than has been previously reported.

1.1. Geologic background

The Andean Southern Volcanic Zone (SVZ; inset in Fig. 1) is a 1400-
km-long volcanic chain located along the western margin of the South
American Plate. It consists of greater than 60 Quaternary composite
volcanoes, at least 3 large caldera complexes and numerous mono-
genetic eruptive centers (MEC; Stern, 2004). Andean SVZ volcanoes,
which occur in both Chile and Argentina, result from the subduction of

Fig. 1. A. Map showing the location of Mallín el Toqui (MET; diamond) from
which the tephra bearing core was obtained and the tephra outcrop located in
the Río Maniguales (RM) valley (square). Also shown are the locations of the
major volcanic centers of the southern part of the Andean Southern Volcanic
Zone (SSVZ) and minor eruptive centers (MEC) located along the Liquiñe-Ofqui
fault zone (LOFZ) and surrounding Hudson (Gutiérrez et al., 2005; Vargas et al.,
2013), Macá, and Cay (D'Orazio et al., 2003; López-Escobar et al., 1995a), and
of other tephra-bearing lake cores further to the south near Coyhaique (LLT:
Laguna La Trapananda; LTr: Lake Tranquilo; LM: Lake Las Mellizas; LT: Lake
Toro; LU: Lake Unco; LC: Lake Churrasco; LQ: Lake Quijada; LE: Lake Espejo;
LEl: Lake Élida; Weller et al., 2018, 2015) and north in the Río Cisnes valley
(LLM: Laguna Las Mellizas; LJU: Laguna Junco; LS: Lake Shaman; de Porras
et al., 2012; Stern et al., 2015; Weller et al., 2017). The approximate thicknesses
in these other cores of the tephra produced by the ≥11,728 cal years BP early
Holocene Mentolat eruption (tephra Q1 in the nine cores from near Coyhaique,
tephra Q in the two cores from the lower Río Cisnes valley, and tephra M from
the core in the upper Río Cisnes valley) is indicated by the degree of shading for
weak (thin;< 2 cm) to strong (thicker;> 4 cm). Map was constructed using
GeoMapApp (http://www.geomapapp.org).

Fig. 2. Transmitted X-ray image of the 6.5-m-long core from Mallín el Toqui
(MET). The dark material is the predominately organic matter rich lacustrine
sediments and the white layers, or denser lithologies, are tephra layers. Except
for the∼13 cm thick tephra layer near the middle of core section T10, the other
tephras in the core are either too thin to be sampled or are mixed in with
organic matter. Location in the core of radiocarbon age dates (in cal years BP;
Table 8) are also shown.
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the Nazca Plate beneath South America at a relative convergence rate of
∼7 cm/yr (DeMets et al., 2010). The southern boundary of the SVZ is at
46oS where the Chile Rise, an active spreading center separating the
Nazca and Antarctic plates, enters the trench creating the Chile Rise
Triple Junction. Due to the slight oblique subduction of the Nazca Plate
and the nearly orthogonal subduction of the Antarctic Plate, the Chile
Rise Triple Junction, that collided with the southern point of South
American in the Miocene, has migrated north along the continental
margin over the last 15–20Ma (Cande et al., 1987; Cande and Leslie,
1986). South of the Chile Rise Triple Junction is a 350 km gap in the
active volcanism between the SVZ and the Austral Volcanic Zone (AVZ;
Stern, 2004).

The SVZ has been subdivided into four segments based on the
geometry of the volcanic arc (Völker et al., 2011), and the geochemistry
of the eruptive products from these centers (López-Escobar et al., 1993).
These segments are from north to south: the Northern (NSVZ), Transi-
tional (TSVZ), Central (CSVZ), and Southern SVZ (SSVZ). The south-
ernmost sector of the SSVZ consists of five major centers (Melimoyu,
Mentolat, Macá, Cay, and Hudson) and numerous small monogenic
eruptive centers (MEC) located along the Liquiñe-Ofqui Fault Zone
(LOFZ; Fig. 1) and surrounding Hudson, Macá, and Cay (D'Orazio et al.,
2003; Gutiérrez et al., 2005; Lahsen et al., 1997, 1994; López-Escobar
et al., 1995a; Vargas et al., 2013). The LOFZ is a 1000-km-long major
arc-parallel tectonic lineament that cuts through portions of the North
Patagonian Batholith and is generated by the impingement of the Chile
Rise against the continental margin and the oblique subduction of the
Nazca Plate (Cembrano et al., 1996).

Based on the geochemistry of the basaltic lavas from the SSVZ
centers, López-Escobar et al. (1993) generated a two-part classification
based on the K2O and Al2O3 contents and the relative abundance of
incompatible elements such as high-field-strength elements (HFSE; Ti,
Zr, Nb, Hf, U), large-ion lithophile elements (LILE; Cs, Rb, Ba, Sr, Th),
and rare earth elements (REE). Among the volcanoes of the

southernmost SSVZ, Hudson and Melimoyu produce lavas and tephras
with relatively high concentrations of K2O, HFSE, LILE, and REE and
lower Al2O3 contents which correspond to the Type-II classification of
López-Escobar et al. (1993) and have also been termed High Abundance
(HA) geochemical centers (Fig. 4; Stern et al., 2015; Weller et al., 2017,
2015). The Type-1 geochemical classification of López-Escobar et al.
(1993) are basaltic lavas with relatively low concentrations of K2O,
HFSE, LILE, and REE and higher Al2O3 contents that have also been
termed Low Abundance (LA) geochemical centers. Among the volca-
noes of the southern SSVZ, Macá, Cay, Mentolat and many of the MEC
are Type-1 or LA geochemical centers. However, compared to Cay and
Macá, Mentolat has produced lavas and tephra with exceptionally low
concentrations of K2O, HFSE, LILE, and REE and has been further se-
parated from the Type-I or LA classification and termed a Very Low
Abundance (VLA) geochemical center (Fig. 4; Stern et al., 2016, 2015;
Weller et al., 2017, 2015). Another distinctive feature of Mentolat-de-
rived tephras is the relatively high proportion of amphibole phenocryst
that are absent or rare in the eruptive products from the other south-
ernmost SSVZ centers (López-Escobar et al., 1993; Weller et al., 2017,
2015). The geochemical characteristics of Mentolat are similar to a few
other volcanoes that also produce amphibole-bearing VLA-type erup-
tive products located further north in the Andean SVZ such as Nevado
de Longaví (Rodríguez et al., 2007; Sellés et al., 2004), Calbuco
(Hickey-Vargas et al., 1995; López-Escobar et al., 1995b), and Huequi
(López-Escobar et al., 1993; Watt et al., 2011a).

Previous tephrochronologic studies from the region identified evi-
dence for numerous small and large explosive eruptions, preserved as
tephras, derived from the southernmost volcanoes of the SSVZ. These
studies utilized the tephra geochemistry, as well as petrographic fea-
tures such as glass color and vesicle abundance and morphology and the
type and abundance of mineral phases, to identify potential source
volcanoes for tephras identified both in proximal outcrops (Naranjo and
Stern, 1998, 2004) and more distal lacustrine sedimentary cores and

Fig. 3. Photograph of the ∼13 cm thick
tephra in the outcrop located in the Río
Maniguales (RM) valley (A; note the spoon
for scale), and (B) from the MET lake sedi-
ment core. White pumice lapilli in the lake
sediment core are primarily located near
the base of the deposit, indicating this was
an early component of the eruptive event.
They clearly fine upwards in the MET core
deposit, and less obviously so in the RM
outcrop, but are randomly mixed with other
tephra components throughout both de-
posits.

Table 1
Summary of the features of the MET core and RM outcrop tephras and features of correlated tephras from other lacustrine sediment cores.

Location Region Other names Thickness (cm) max grain size (mm) Age (cal yrs BP) 1σ Reference

Mallín el Toqui (MET) Mallín el Toqui – 13 7.1 > 11, 728 – This study
Río Maniguales (RM) Río Maniguales valley – 13 13.0 – – This Study
Laguna La Trapananda (LLT) Coyhaique Q1 1.5 – 11,142 778 Weller et al. (2018)
Lake Tranquilo (LTr) Coyhaique Q1 9 2.5 – – Weller et al. (2015)
Lake Las Mellizas (LM) Coyhaique Q1 1 0.6 – – Weller et al. (2015)
Lake Churrasco (LC) Coyhaique Q1 2 0.4 – – Weller et al. (2015)
Lake Unco (LU) Coyhaique Q1 <1 – – – Weller et al. (2015)
Lake Espejo (LE) Coyhaique Q1 <1 – – – Weller et al. (2015)
Lake El Toro (LT) Coyhaique Q1 <1 – – – Weller et al. (2015)
Lake Quijada (LQ) Coyhaique Q1 <1 – – – Weller et al. (2015)
Lake Élida (LEl) Coyhaique Q1 <1 – – – Weller et al. (2015)
Laguna Las Mellizas (LLM) Río Cisnes valley Q 2 4.3 – – Weller et al. (2017)
Laguna Junco (LJ) Río Cisnes valley Q 1 – – – Weller et al. (2017)
Lake Shaman (LS) Río Cisnes valley M 1 0.9 11,140 – Stern et al. (2015)
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subaerial exposures located to the southwest (Haberle and Lumley,
1998), south and southeast near the towns of Coyhaique (Fig. 1; Weller
et al., 2014, 2015) and Cochrane (Fagel et al., 2017; Stern et al., 2016),
near Lago Buenos Aires (Bendle et al., 2017) and north in the Río Cisnes
valley (Stern et al., 2015; Weller et al., 2017).

These studies attributed seven tephra deposits to small or medium-
sized eruptions from Melimoyu, including the ∼1680 cal years BP
MEL2 and the 2765 cal yrs BP MEL1 eruptions (Naranjo and Stern,
2004; Stern et al., 2015; Weller et al., 2017). Eighteen tephras are at-
tributed to small to medium eruptions from Mentolat, including the
∼7700 cal years BP MEN1 eruption (Naranjo and Stern, 2004; Stern
et al., 2016, 2015, Weller et al., 2017, 2015). The medium-sized MAC1
eruption at ∼1440 cal years BP is attributed to Macá (Naranjo and
Stern, 2004) and 17 other tephra may have been derived from either
Macá, Cay or one of the numerous monogenetic eruptive centers (MEC;
Weller et al., 2017, 2015) located along the LOFZ or surrounding the
major centers. Four large explosive eruptions from Hudson include the
very large late-glacial Ho event dated at between 17,380 and
18,460 cal years BP (Bendle et al., 2017; Van Daele et al., 2016; Weller
et al., 2014), two other mid-Holocene eruptions, the H1 and H2 events

(Naranjo and Stern, 1998) that occurred at ∼7500 cal years BP (Stern
and Weller, 2012) and ∼3865 cal years BP respectively, as well as the
more recent 1991 AD eruption (Kratzmann et al., 2009; Naranjo et al.,
1993) and>30 other tephras attributed to smaller eruptions of Hudson
since late-glacial time (Weller et al., 2015).

The volcanoes of the southernmost SSVZ are situated along a por-
tion of the Northern Patagonian Batholith composed primarily of biotite
and hornblende-granodiorites and tonalites that range in age from Early
Cretaceous to Late Miocene (D'Orazio et al., 2003; Gutiérrez et al.,
2005; Hervé et al., 1995, 1993; Pankhurst et al., 1999). Portions of
these plutons spatially associated with the LOFZ are known to be de-
formed and foliated (Pankhurst et al., 1999).

2. Methods

This study presents information concerning two ∼13 cm thick te-
phra deposits, one observed in a lacustrine sediment core taken from
the small, internally drained Mallín el Toqui (MET) peat bog
(−45.018535°, −71.959487°) and the other as a subaerial exposure
located ∼10 km to the west in the Río Maniguales (RM) valley

Fig. 4. A. Ti versus Rb in parts-per-million
(ppm) illustrating the compositional fields
for lavas (closed symbols) and bulk tephra
(open symbols) for centers of the southern-
most SSVZ and the monogenetic eruptive
centers (MEC). The eruptive products of
Hudson and Melimoyu are both High
Abundance centers that have higher Ti and
Rb contents than Macá, Cay or Mentolat.
Macá, Cay and the MEC are all Low
Abundance (LA) centers. The eruptive pro-
ducts from the Very Low Abundance (VLA)
Mentolat volcano have generally lower Ti
and Rb content than the Low Abundance
(LA) Macá, Cay and the MEC centers. The
glass (open circles color coded to the pu-
mice color) and bulk tephra compositions
(open circles with horizontal line) of the RM
outcrop and MET core tephras have similar
Ti and Rb contents as tephra Q1 from lake
cores near Coyhaique (Weller et al., 2015)
and tephras Q and M from the Río Cisnes
valley (Stern et al., 2015; Weller et al.,
2017). B. SiO2 versus K2O contents (wt. %)
for published whole rock (closed symbols)
and tephra glass (open symbols) from Me-
limoyu, Hudson, Macá, Cay and Mentolat
illustrating the separation into the High
Abundance (HA), Low Abundance (LA), and
Very Low Abundance (VLA) compositional
fields. The glass compositions of the RM
outcrop (large color coded circles) and glass
compositions of tephra Q1 (small color
coded circles) observed in lake cores near
Coyhaique (Weller et al., 2015), are low-to
medium-K2O calc-alkaline compositions.
The published geochemical data are those
of D’Orazio et al. (2003), Futa and Stern
(1988), Gutiérrez et al. (2005), Kratzmann
et al. (2010, 2009), López-Escobar et al.
(1995, 1993), Naranjo and Stern (2004,
1998), Stern et al. (2015, 2016), Weller
et al. (2014). Geochemical classification
division lines are from Ewart (1982). (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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(−45.006567°, −72.145164°). The approximately 6.5 m core from the
MET peat bog was taken using a modified Livingston piston corer
(Wright, 1967). Transmitted x-ray images were taken of the cores to
help in identification of the denser tephra deposits (Fig. 2) that appear
as white layers compared to the less dense organic matter-rich sedi-
ments, which appears as the dark material the tephra are preserved
within.

The tephra deposits were removed from the sediment core and the
outcrop with a knife and washed in water to remove the clay fraction
and organic matter. A portion of the deposit was examined using a
petrographic microscope to identify features such as tephra glass color
and morphology, as well as to determine the abundance and identity of
mineral phases. Material including pumice, mineral phenocrysts, and
distinctive crustal xenoliths were hand-picked from these deposits. A
portion of those components were mounted on petrographic slides and
polished. The other material was prepared for trace element and iso-
topic analysis. Trace element contents of the samples were determined
using two techniques. For the first technique, samples were powdered
using a quartz pestle and mortar and digested in a mixture of HCl, HF,
and HClO4 for trace element analysis using a Thermo Finnigan
Element2 sector field inductively-coupled plasma mass spectrometer
(ICP-MS). Another portion of the deposit was powdered in a moly-
tungsten shatter box, dissolved in a mixture of HF and HNO3 for trace
element analysis using an ELAN D CR ICP-MS. At the concentration
level within these tephra, trace-element compositions are accurate
within±10% based on repeat analyses of internal and external stan-
dards with known compositions (Saadat and Stern, 2011).

Major element glass compositions of the pumice lapilli and mineral
phenocrysts were measured at the University of Colorado at Boulder
using a Jeol JXA-733 Electron Microprobe that was operating at 15 KV
accelerating potential with a 5 nA probe current for the glasses and
15 KV and 20 nA current for the mineral phases. Glass compositions are
normalized to 100% nominally anhydrous basis. Amphibole pheno-
crysts were measured on a Jeol JXA-8230 operating at 15 KV accel-
erating potential and 20 nA current. A defocused beam was used to
obtain the analysis on the glasses and amphibole phenocrysts.

Strontium isotopic ratios were measured on a Finnigan-Mat 261
four-collector static Thermal Ionization Mass Spectrometer. In open
containers, the powdered samples were dissolved in HF and HClO4.
Based on replicate analysis of the SRM-987 standard yielded a mean
87Sr/86Sr of 0.71025 ± 2 (2σ) and the 87Sr/86Sr were corrected to
SRM-987= 0.710299 ± 8. Errors of the 2σ refer to the last two digits
of the 87Sr/86Sr ratio. Further details of the analytical procedure are
outlined in Farmer et al. (1991).

AMS radiocarbon ages determined by DirectAMS Radiocarbon
Dating Services (Brothwell, Washington, USA) on organic matter in the
MET sediment core were converted to calendar years before present (cal
years BP) by applying the ShCal13 curve (Hogg et al., 2013) to the
CALIB 7.0.4 program (Stuiver et al., 1998).

3. Results

Included in the results are the lithostratigraphic information for the
two tephra deposits studied and for other correlative tephra identified
in lacustrine sediment cores from the Río Cisnes valley and from near
Coyhaique (Table 1; Stern et al., 2015; Weller et al., 2018, 2017, 2015),
tephra glass major and trace element compositions (Fig. 4; Tables 2 and
3), tephra strontium isotope ratios (Fig. 5; Table 4), amphibole com-
positions and thermobarometric estimates (Figs. 6–8; Tables 5 and 6,
and S1 of the supplementary material), compositions of the plagioclase,
pyroxenes, olivine, and minerals in the crustal xenoliths (Fig. 7; Table 7
and S2-S4 of the supplementary material), and the new radiocarbon age
determinations from the MET sediment core (Fig. 2; Table 8).

3.1. Tephra components

Both tephras contain pumice lapilli with a diversity of colors and
morphologies. These different components include a small proportion
of black scoria, dark grey pumice with abundant plagioclase microlites,
and a larger proportion of vesicle-rich light grey and white pumice
lapilli with abundant phenocryst of plagioclase and amphibole. In both
tephras the white pumice occurs in greater abundance near the base of
the deposit (Fig. 3), but otherwise the different tephra components are
randomly mixed within the deposits and show no other distinct vertical
stratification within either the MET lake core or RM outcrop. These
tephra also contain separated and fragmented crystals of plagioclase,
amphibole, orthopyroxene and clinopyroxene, and a small proportion
of Fe-Ti oxides and olivine, as well as a minor proportion of distinctive
crustal xenoliths that range in texture from unfoliated to foliated and
consist of pale green amphibole, Na-rich plagioclase, biotite, Fe-Ti
oxides, and minor titanite (Fig. 9; Table 5, S1, S2, and S4).

On the basis of their color, a dark grey, light grey and white group of
pumice were selected for major and trace element analysis. Crustal
xenoliths were also hand-picked and powered together for trace and
isotopic analysis. Glass major element contents of the selected pumice
components range from 59 up to 76wt. % SiO2 and are low-to medium-
K2O calc-alkaline volcanic products which plot between the composi-
tional fields defined by previous published analysis of lava and glasses
from Mentolat (López-Escobar et al., 1993; Stern et al., 2016), Macá
and Cay (D'Orazio et al., 2003; Futa and Stern, 1988; López-Escobar
et al., 1993; Naranjo and Stern, 2004). The different colored pumice
components span nearly the entire range of glass compositions with the
white pumice occupying a narrow interval at higher silica contents,
while the dark grey and grey pumice groups overlap in their compo-
sitions. The glass composition are similar to glasses from tephra Q1,
which has a similar age, collected from lake cores near the town of
Coyhaique (Fig. 4, Tables 1–3; Weller et al., 2018, 2015). The trace
element contents of the dark grey, light grey, and white pumice lapilli
are consistent with the dark grey pumice being the most mafic com-
ponent having higher concentrations of Sr, Ti, Mn, Sc, V, Cr, Co, Ni and
lower concentrations of Rb, Ba, Zr, and Nb than either the light grey or
white pumice (Table 3). The trace element contents of these tephras are
similar to the bulk trace element contents of tephra Q of a sediment
core from Laguna Las Mellizas (LLM in Fig. 1; Table 1), tephra M in a
sediment core from Lake Shaman (LS in Fig. 1) in the Río Cisnes valley
(Stern et al., 2015; Weller et al., 2017), and tephra Q1 from lake cores
from near Coyhaique (Weller et al., 2015). The trace element contents
of the selected components fall within the compositional field for both
lavas and tephra derived from the southernmost SSVZ centers (Fig. 4B)
with the white and light grey pumice components plotting within the
compositional field for previous published analysis of Mentolat eruptive
products, while the darker, more mafic components fall within the
compositional fields of Macá, Cay and the MEC (Fig. 4A).

The Sr isotopic ratios (Table 4) of the white pumice from the RM
outcrop deposit (87Sr/86Sr= 0.704174 ± 12) and the bulk tephra Q
from Laguna Las Mellizas (87Sr/86Sr= 0.704171 ± 9) are similar to
each other and to the eruptive products of a number of volcanoes of the
southernmost SSVZ, including Mentolat (Fig. 5), but clearly lower than
those for samples from Hudson volcano. The xenolith data, which re-
presents numerous different grains selected from the teprhas, have
lower Sr isotope ratios (87Sr/86Sr= 0.703928 ± 9) than any lavas or
teprhas from the SSVZ centers and also lower than isotopic ratios
measured from metabasalts located on Isla Magdalena where Mentolat
is located (Fig. 5; Hervé et al., 1995, 1993).

3.2. Mineral chemistry

The analyzed minerals in the tephras occur as either phenocryst
embedded within glass and others that have become dislodged from the
glass and were hand-picked from the deposit. Amphibole phenocrysts
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are an abundant phase and occur as euhedral to subhedral grains that
are dark brown in color and lack oxidation rims. The amphibole phe-
nocrysts are present in all the different colored pumice lapilli indicating
amphibole stability in the entire chemical range of erupted material.
Table 5 presents representative analyses of amphiboles from the MET
and RM tephras, and other samples from Mentolat, Melimoyu and Cay
volcanoes. All of the amphibole geochemical data are included in Table
S1.

Amphiboles from Mentolat-derived tephras are embedded within
the pumice or they occur as loose phenocrysts that were hand-picked
from tephras B2, D1, Q3, and MENo observed in lacustrine sediment
cores near Coyhaique (Weller et al., 2015), and tephra I from the Río
Cisnes valley (Weller et al., 2017). The amphibole phenocrysts from
Mentolat are large euhedral to subhedral grains that are dark brown in
color, show no core to rim variation, and lack oxidation rims. Amphi-
boles from Cay volcano were analyzed from samples of a volcanic plug
near the summit that is dacitic in composition (Futa and Stern, 1988)
and contains phenocrysts of plagioclase, orthopyroxene, amphibole,
and Fe-Ti oxides (Fig. 10). These amphiboles occur as small subhedral
to euhedral grains that are brown in color and commonly have fine-
grained opacitic oxidation rims (Fig. 10). The amphiboles analyzed
from Melimoyu occur in rhyolitic pumice from the MEL1 and MEL2
eruptions (Naranjo and Stern, 2004). They are euhedral to subhedral
and range from dark green to brown and do not have oxidation rims.

Geochemically, amphiboles from the MET and RM tephras range in
K2O from 0.20 to 0.37 wt. % and TiO2 from 1.5 to 3.8 wt. % (Fig. 6) and
are similar to the Mentolat derived phenocryst that range in K2O from

0.14 to 0.43 wt. % and TiO2 from 1.9 to 2.4 wt. % (Fig. 6; Table 5 and
S1). Amphiboles from Melimoyu have higher K2O (0.39–0.52 wt. %)
and TiO2 (2.8–4.5 wt. %) while the amphiboles from Cay have similar
TiO2 (2.4–3.1 wt. %) but higher K2O (0.47–0.55 wt. %; Fig. 6, Table 5
and S1). Amphiboles from the crustal xenoliths in the MET and RM
tephras are pale green in color and have much lower TiO2 content<
0.51 wt. % and a much wider range of K2O contents (0.13–0.9 wt. %)
than any amphiboles from the southernmost SSVZ centers (Figs. 6 and
7).

Thermobarometric formulations of Ridolfi et al. (2010) are used to
estimate the conditions during the formation of amphibole phenocrysts
(Fig. 8, Table 6 and S1), which are utilized as a tool to distinguish
between the amphiboles derived from the SSVZ centers and to identify a
potential source volcano for the MET core and RM outcrop tephras. The
amphiboles in the MET core and RM outcrop tephras formed over a
wide range of temperatures (834–969 °C), pressures (154–406MPa),
and host magma H2O water contents (4.9–7.0 wt. %) with oxygen fu-
gacity slightly below the NNO+1 buffer (Nickel-Nickel oxide; Fig. 8;
Table 6). Amphiboles from the other Mentolat-derived tephras formed
over a similar range of pressures (128–579MPa), temperatures
(832–1014 °C), and host magma water contents (4.4–7.8 wt. %). The
amphiboles from Melimoyu and Cay formed over a more restricted
range of conditions with temperature estimates from 898 to 967 °C for
Melimoyu and 870–917 °C for Cay, pressures of 198–376 for Melimoyu
and 193–264MPa for Cay, and host melt water contents of 4.1–5.8 wt.
% at Melimoyu and 5.1–5.6 wt. % at Cay (Fig. 8, Table 6 and S1).

The MET core and RM outcrop tephras also contains abundant

Table 2
Major element compositions (wt. % oxide) of selected components from the MET and RM tephras and the correlated tephra Q1 (Weller et al., 2015) from cores near
Coyhaique (Table 1).

Tephra RM RM RM RM RM RM RM RM RM RM RM RM RM RM RM

Material Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass

Color White White White White White White L. Grey L. Grey L. Grey L. Grey L. Grey L. Grey L. Grey D. Grey D. Grey

Location RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV RMV

SiO2 75.12 75.33 76.38 75.89 75.84 75.60 74.59 68.72 67.20 63.75 68.67 65.64 71.15 67.00 67.94
TiO2 0.23 0.13 0.11 0.09 0.13 0.08 0.16 0.74 0.40 0.36 0.30 0.22 0.40 0.42 0.49
Al2O3 14.11 14.49 13.53 13.67 14.10 14.14 14.08 12.47 17.37 13.49 17.00 20.21 13.06 18.89 17.71
FeO 1.32 1.19 1.31 1.32 1.44 1.23 1.67 5.97 2.86 7.20 2.72 1.77 4.17 1.55 1.44
MnO 0.00 0.14 0.02 0.19 0.00 0.14 0.21 0.41 0.00 0.37 0.00 0.02 0.35 0.02 0.12
MgO 0.18 0.12 0.15 0.14 0.14 0.12 0.21 1.93 0.64 5.41 0.86 0.35 1.30 0.15 0.13
CaO 1.12 0.92 0.84 1.02 1.02 0.95 1.29 2.59 4.10 4.18 3.11 4.79 2.00 4.32 3.76
Na2O 5.30 4.82 4.79 4.81 4.64 4.98 5.25 4.44 5.65 3.94 5.66 5.69 5.17 5.93 6.29
K2O 2.61 2.70 2.86 2.86 2.70 2.77 2.54 2.07 1.46 1.10 1.64 1.11 2.27 1.28 1.58
P2O5 0.00 0.16 0.02 0.00 0.00 0.00 0.00 0.65 0.31 0.20 0.04 0.20 0.13 0.45 0.55
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Tephra RM RM RM aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1 aQ1

Material Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass

Color D. Grey D. Grey D. Grey L. Grey L. Grey D. Grey D. Grey D. Grey D. Grey D. Grey D. Grey D. Grey D. Grey D. Grey D. Grey

Locaiotn RMV RMV RMV LTr LTr LTr LTr LTr LTr LTr LTr LTr LTr LTr LTr

SiO2 63.43 61.47 60.47 63.44 63.19 62.08 62.54 62.78 62.94 62.72 62.69 61.98 60.43 60.43 58.41
TiO2 1.64 0.77 1.28 1.19 1.13 1.31 1.06 1.29 1.01 1.20 1.45 1.06 0.84 0.90 0.76
Al2O3 13.34 17.74 17.58 16.61 16.34 16.60 16.24 15.29 16.32 16.22 14.35 17.48 18.03 17.80 18.63
FeO 8.52 5.76 6.63 6.12 6.57 6.41 5.55 7.02 6.54 6.69 8.14 5.75 6.29 5.99 6.26
MnO 0.16 0.00 0.00 0.00 0.25 0.16 0.18 0.02 0.32 0.12 0.07 0.19 0.25 0.20 0.25
MgO 1.22 2.04 1.22 1.41 1.84 1.95 2.36 1.94 1.70 1.99 2.73 1.50 1.85 2.19 2.84
CaO 3.86 5.28 5.30 4.27 4.22 4.34 5.33 3.95 4.18 4.23 4.04 5.11 5.85 5.86 6.69
Na2O 4.92 5.44 5.79 5.32 4.74 5.41 5.45 5.60 5.42 5.03 4.86 5.38 5.04 5.37 5.27
K2O 2.36 1.21 1.32 1.30 1.49 1.41 1.02 1.67 1.37 1.49 1.42 1.28 0.99 1.01 0.69
P2O5 0.55 0.29 0.42 0.34 0.22 0.33 0.26 0.43 0.20 0.30 0.25 0.27 0.44 0.24 0.19
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

RMV-Río Maniguales valley.
a Weller et al.(2015).
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orthopyroxene and clinopyroxene and they occur as large euhedral
grains with inclusions of apatite and Fe-Ti oxides. The clinopyroxene
phenocryst occupy a narrow compositional range of En44-41, Wo45-40,
Fs17-13 (Fig. 7A; Table 7 and S3) and the orthopyroxenes occupy a
wider compositional range of En72-59, Wo3-2, Fs39-26 (Fig. 7A;
Table 7 and S3). Olivine is a minor constituent in these tephras and it is
observed as small subhedral grains within the dark grey pumice. The
olivine phenocrysts occupy a narrow compositional range of Fo78-71
and Fa29-22 (Fig. 7A; Table 7 and S3).

Plagioclase is another abundant phenocryst phase in the MET core
and RM outcrop tephras and they occur as large euhedral to subhedral
grains and typically have complex zonation patterns and contain small
inclusions of amphibole, apatite, Fe-Ti oxides, and pyroxenes. The
plagioclase phenocryst range in An39-26, Ab72-59, Or2-1 and one core
to rim pair show normal zonation pattern with the core composition
having a higher An, and lower Ab and Or contents than the outer rim
composition (Table 7 and S2). The plagioclase from the crustal xeno-
liths in these tephras are homogenous and show no core to rim variation
and are slightly more evolved with a compositional range of An32-22,
Ab78-67, Or< 1 (Fig. 7B; Table 7 and S2).

Titanite is only observed in the crustal xenoliths and it is commonly

found as small anhedral grains. They are commonly associated with Fe-
Ti oxides. Geochemically, the titanite from the xenoliths are similar to
titanite measured from xenoliths within lavas from Hudson volcano
(Table S4; Gutiérrez et al., 2005).

3.3. Tephra correlation

A radiocarbon age determination done on the organic matter-rich
lacustrine sediments directly above the ∼13 cm tephra in section T10
of the MET sediment core constrains its age to ≥11,728 cal years BP
(10,109 14C yr BP; Fig. 2; Table 8; Hogg et al., 2013; Stuiver et al.,
1998). Tephra M of the upper Río Cisnes valley is constrained in age to
11,140 cal years BP by interpolating the age between stratigraphically
older and younger radiocarbon age estimates and assuming a constant
sedimentation rate (Stern et al., 2015). Tephra Q1 of Lake La Trapa-
nanda from near Coyhaique is constrained in age to 11,142 cal years BP
that is estimated using a Bayesian statistical method (Weller et al.,
2018). The age estimates for tephra Q1 observed in lake cores near
Coyhaique and tephra M of the upper Río Cisnes valley are ∼600 years
younger than the radiocarbon age determination from just above the
tephra in the MET sediment core (Fig. 2). Radiocarbon ages determined

Table 3
Trace element in parts-per-million (ppm) of selected MET and RM tephra components and for other correlated tephras.

Sample RM RM RM RM MET MET aQ bQ1 cM RM

Location RMV RMV RMV RMV Mallín el Toqui Mallín el Toqui LLM – LS RMV

Lab ID DJW-19 DJW-20b DJW-21 DJW-18 CS0017 CS0018 DJW-60 Avg. CS5063 DJW-57

Material Pumice Pumice Pumice Bulk Bulk Pumice Bulk Bulk Bulk Xenoliths

Color White L. Grey D. Grey – – L. Grey – n=3 – –

Sc 10.1 13.4 22.7 24.5 – – 21.3 – – 26.9
Ti 3408 4082 6820 7265 5265 5699 6639 5478 5380 9185
V 88 94 183 193 153 141 144 190 - 201
Cr 3 2 26 14 5 2 7 16 - 80
Mn 1136 1213 1279 1766 1359 1402 1153 1092 956 1204
Co 13 17 38 27 17 16 15 27 - 26
Ni 10 17 23 15 17 13 3 34 - 29
Cu 14 18 22 115 16 13 49 120 - 11
Zn 78 90 127 150 121 122 92 117 - 215
Rb 25 20 14 15 13 17 21 19 21 17
Sr 396 472 518 442 625 573 448 409 418 436
Y 20 22 26 29 21 25 29 22 17 28
Zr 122 98 92 66 64 97 158 104 79 16
Nb 5.7 4.0 3.2 4.7 DL DL 4.4 4 4 10.3
Cs 1.0 0.5 0.8 0.4 1.6 1.2 1.0 0.9 0.8 0.9
Ba 329 239 271 198 238 258 322 231 267 180
La 13.53 14.05 13.54 13.51 10.4 11.65 13.20 11.07 10.5 14.50
Ce 33.24 35.62 32.81 33.61 25.9 28.46 32.82 25.55 24.0 40.27
Pr 4.13 5.10 4.59 4.60 3.5 3.98 4.28 3.47 3.9 4.90
Nd 17.37 22.34 19.08 20.10 16.3 19.05 18.45 16.00 16.3 20.08
Sm 4.37 5.63 4.96 5.40 4.00 4.37 4.54 3.77 3.43 5.03
Eu 1.44 1.99 1.71 1.79 1.63 1.60 1.53 1.21 1.10 1.75
Gd 4.07 5.93 5.39 5.93 5.0 5.42 4.85 4.59 4.3 4.91
Tb 0.63 0.84 0.79 0.92 0.65 0.76 0.75 0.52 0.55 0.78
Dy 4.10 5.34 5.21 5.82 4.08 4.32 4.90 3.62 3.72 4.55
Ho 0.80 1.09 1.03 1.15 0.75 0.87 0.99 0.67 0.58 0.92
Er 2.34 3.33 3.03 3.23 2.37 2.72 2.85 2.25 2.00 2.48
Tm 0.36 0.51 0.45 0.47 0.27 0.32 0.43 0.24 0.27 0.38
Yb 2.60 3.29 3.04 3.17 2.18 2.54 2.94 2.07 1.99 2.28
Lu 0.39 0.53 0.44 0.46 0.26 0.31 0.41 0.25 0.20 0.33
Hf 3.6 4.0 3.3 2.4 1.7 2.6 5.3 2.7 2.3 0.6
Pb 9.7 8.9 8.6 8.5 4.8 6.1 9.4 8.0 8.9 5.5
Th 4.6 2.9 3.2 2.5 0.6 0.8 3.7 1.8 2.1 2.0
U 1.0 0.7 0.8 0.7 0.3 0.4 0.9 0.5 0.6 0.3

Letters in italics were measured on ELAN D CR ICP-MS.
RMV-Río Maniguales valley, DL-Detection limit.

a Weller et al. (2017).
b Weller et al. (2015).
c Stern et al. (2015).
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on bulk sediments have been shown to be older than their true age due
to the input and deposition of older organic matter into the lacustrine
system (Bertrand et al., 2012). Age discrepancies of this magnitude can
be expected for radiocarbon age determinations of bulk lacustrine se-
diments.

The MET and RM tephras share similar tephra geochemistry (Fig. 4),
petrography, and have similar ages as other tephras previously de-
scribed from the region including the amphibole-bearing tephra Q and
tephra M from the lower and upper Río Cisnes valley respectively
(Table 1; Stern et al., 2015; Weller et al., 2017), and also tephra Q1
from multiple lake sediment cores near Coyhaique (Table 1; Weller
et al., 2018, 2015). Thus, these likely correspond to the same eruptive
event and we correlate the MET and RM tephras with these other de-
posits previously described from the region which will be termed the
∼11.7 ka MEN tephra.

The tephras are ∼13 cm thick deposits in both the MET sediment
core (Fig. 2) and the RM tephra outcrop (Fig. 3; Table 1). In the MET
core, the coarsest pumice grains occur at the base of the deposit and
have a maximum diameter of 7.1 mm, while in the outcrop the max-
imum pumice diameter is 13.0 mm (Table 1) and there is less apparent
grain size sorting. The maximum grain diameter of tephras Q and M of
the lower and upper Río Cisnes valley respectively, are lower than those
observed in the MET the RM outcrop tephra (Table 1) and the max-
imum grain size decreases with distance from Mentolat. Tephra Q1 of
the lake cores from near Coyhaique (Fig. 1) also show a decrease in the
maximum grain size diameter away from the RM and MET tephra sites.
The tephra lithostratigraphic data indicate that the eruption plume and
the locus of tephra deposition was likely located south of the Río Cisnes
valley and north of the lake cores located near Coyhaique (Fig. 11) and

that the eruptive material was dispersed predominately to the southeast
reaching a thickness of ∼13 cm 95 km from the source vent.

Using the tephra lithostratigraphic data, tephra isopachs of 10-, 2-,
1-, and 0.5-cm have been estimated for the ∼11.7 ka MEN eruption
(Fig. 11). It should be noted that the isopachs are conservative and
loosely constrained, especially in the lacustrine sediment cores from
near Coyhaique where subtle tephra thicknesses variations exist be-
tween the lake cores (Fig. 1) that may be related to modification by
processes within the lacustrine system (Bertrand et al., 2014). Using
these isopachs (Fig. 11), an estimated volume of ∼1.8 km3 of erupted
material was derived from this event. Assuming a bulk tephra density of
900 kg/m3, the eruption magnitude (Pyle, 2015) is estimated to be 5.2.

4. Discussion

The petrographic observations and geochemical characteristics of
the MET and RM tephras, suggest that it was derived from Mentolat
volcano. All of the previously analyzed lavas and tephras from Macá
and Cay have LA-type geochemistry and at a given SiO2 content, have
higher concentrations of K2O, HFSE, LILE, and REE, while Mentolat has
produced lavas and tephra with VLA-type geochemistry and lower
concentrations of K2O, HFSE, LILE, and REE (Fig. 4). The glass major
and trace element geochemistry of the MET sediment core and RM

Fig. 5. 87Sr/86S vs Sr content in part-per-million (ppm) for the volcanic pro-
ducts of the Southernmost SSVZ centers. The Sr isotopic ratios for the white
pumice from the RM tephra, and for bulk tephra Q of the Río Cisnes valley
(Weller et al., 2017) which are similar to each other, fall within the range for
both lavas and tephra from Mentolat and other SSVZ centers including Meli-
moyu, Macá, and Cay (D'Orazio et al., 2003; Futa and Stern, 1988; Notsu et al.,
1987; Weller et al., 2017) but clearly lower than the eruptive products from
Hudson (Futa and Stern, 1988; Naranjo and Stern, 1998; Notsu et al., 1987;
Stern, 2008; Weller et al., 2014). Also shown are the isotopic composition of the
crustal xenolith, which have higher Sr contents but lower Sr isotope ratios than
metabasalts from the Isla Magdalena region (Hervé et al., 1995, 1993).

Table 4
Strontium isotopic ratios and the Sr content (ppm) for the RM tephra and other Mentolat-derived tephras from the region.

Tephra Name Location Material 87Sr/86Sr Sr (ppm) Lab # Reference

RM RMV White Pumice 0.704174 ± 12 396 PC-3 This study
Q LLM Bulk 0.704171 ± 9 448 DJW-59 Weller et al. (2017)
Q3 LLT Bulk 0.704229 ± 12 616 DJW-58 Weller et al. (2018)
RM RMV Xenoliths 0.703928 ± 9 436 PC-4 This study

RMV-Río Maniguales valley.

Fig. 6. K2O versus TiO2 (wt. %) of amphiboles phenocrysts from the ∼11.7 ka
MEN tephra compared to amphiboles analyzed in other tephras derived from
Mentolat and Melimoyu and lavas from Cay. The geochemistry of the amphi-
bole phenocrysts from the ∼11.7 ka MEN tephra occupy a wide compositional
range and are most similar to Mentolat-derived amphiboles. The pale green
amphiboles from the crustal xenoliths in the MET and RM tephras are clearly
compositionally distinct (less 1 wt. % TiO2) from any of the igneous amphiboles
derived from the southernmost SSVZ centers. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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outcrop tephras have VLA-type character of both lavas and tephra de-
rived from Mentolat volcano (Fig. 4). The relative abundance of am-
phibole in these tephras is consistent with the observations of other
tephras derived from Mentolat (Weller et al., 2017, 2015). The am-
phibole geochemistry (Fig. 6; Table 5) and thermobarometry (Fig. 8;

Table 6 and S1) estimates are most similar to amphiboles from the
Mentolat-derived tephras and are compositionally distinct from Meli-
moyu and Cay amphiboles (Fig. 6).

The tephra glass and mineral chemistry of the MET and RM tephras,
supports Mentolat volcano as the likely source. Although the more

Fig. 7. A) Ca-Mg-Fe compositional classification diagrams for pyroxenes, amphiboles and olivines of the MET and RM tephras, including the compositional clas-
sification of the amphibole phenocryst observed in tephras derived from Mentolat and Melimoyu and in lavas from Cay. Clinopyroxenes are augites and ortho-
pyroxenes are hypersthene. Small inset box shows amphibole compositions with the majority of the centers having overlapping compositions except the pale green
amphiboles from the xenoliths with have a much wider range of Fe component. B) Or-Ab-An classification diagram for plagioclase from the ∼11.7 ka MEN tephra
and the crustal xenoliths they contain. Plagioclase from the tephras and the crustal xenoliths are both rich in the albite component, but the plagioclase crystals from
the crustal xenoliths have lower orthoclase component compared to plagioclase phenocrysts and microlites in the RM outcrop tephra. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Physiochemical conditions, calculated from the formulations of Ridolfi et al. (2010), during the formation of the amphiboles for lavas from Cay and tephras
from explosive eruptions of Melimoyu and Mentolat. The amphiboles from the MET and RM tephras are formed over a wide range of temperatures, pressures, melt
H2O content (wt. %), and oxygen fugacity between the NNO (Nickel-Nickel oxide) and NNO+1 buffer, and fall in a range of physical and chemical characteristics
similar to amphiboles derived from other explosive eruptions from Mentolat (Weller et al., 2015, 2017).
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mafic glass compositions are similar to the previous published eruptive
products from Mentolat, with increasing SiO2 they form a distinct trend
towards higher K2O compared to other felsic compositions previously
reported from this volcano (Fig. 4B; López-Escobar et al., 1993; Stern
et al., 2016; Weller et al., 2017). Nevertheless, they do maintain their
VLA character with respect to trace element concentrations (Fig. 4A).
These results indicate that there is greater diversity in glass composi-
tions from Mentolat than have been previously reported and that
magmas formed beneath Mentolat may follow distinct diversification
pathways leading to greater chemical diversity in the evolved material
from this center.

The morphological characteristics of the volcanic edifice also sup-
ports Mentolat as the source of the ∼11.7 ka MEN tephra as opposed to
Cay volcano which has also produced geochemically evolved amphi-
bole-bearing eruptive material (Fig. 10). Cay lacks a summit crater and
was heavily eroded during the last glaciation (Naranjo and Stern, 2004)
suggesting that this center has had a quiescent eruptive history since

glacial retreat from the region and throughout the Holocene. In contrast
Mentolat, has a large ice-filled summit crater (Naranjo and Stern, 2004)
and has produced numerous amphibole-bearing explosive eruptions
during the Holocene and as far back as the late-glacial time (Stern et al.,
2016, 2015; Weller et al., 2015, 2017, 2018).

The spatial distribution of the ∼11.7 ka MEN tephra indicates that
the axis of dispersion for this eruption was directed to the southeast
(Fig. 11) reaching a maximum thickness of ∼13 cm at a distance of
95 km from the source vent. The thickness of this tephra in Lake
Tranquilo (LTr in Fig. 1; Weller et al., 2015), located another 50 km to
the southeast, is ∼9 cm, much greater than the surrounding lake cores
which are all 2 cm or less in thickness (Fig. 1; Table 1). Reworking
could have led to thickening of this deposit compared to the original air
fall thickness. Alternatively, Lake Tranquilo is located on the lee side of
a topographic barrier, and Watt et al. (2015) demonstrated that tephra
deposition can be enhanced when eruption plumes pass over regions
with complex topography.

Fig. 9. Photographs and photomicrographs
of crustal xenoliths within the MET sedi-
ment core and RM outcrop tephra deposits.
These xenoliths have both unfoliated (A and
B) and foliated metamorphic fabrics (C and
D), all containing pale green amphibole,
Na-plagioclase, biotite, Fe-Ti oxide and ti-
tanite. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 5
Representative electron microprobe analyses (wt. % oxide) of amphiboles from the MET and RM tephras and from lavas and tephras derived from Mentolat and other
southernmost SSVZ centers.

Volcano Tephra Material SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 F Cl Total Ca Mg Fe

Mentolat RM, MET Tephra 42.47 2.59 11.10 13.83 0.38 12.91 10.70 2.60 0.30 0.01 0.05 0.16 97.1 27.1 45.5 27.4
Mentolat B2 Tephra 45.78 2.34 8.56 11.87 0.41 14.97 10.77 2.08 0.15 0.01 0.03 0.09 97.0 26.4 51.0 22.7
Mentolat D1 Tephra 41.82 2.78 14.08 10.19 0.12 14.80 11.90 2.54 0.19 0.00 0.01 0.01 98.4 29.4 50.9 19.7
Mentolat I Tephra 42.69 2.12 11.61 12.34 0.31 14.16 11.32 2.42 0.19 0.02 0.00 0.04 97.2 27.9 48.5 23.7
Mentolat Q3 Tephra 42.55 2.32 12.41 11.08 0.15 14.90 11.25 2.51 0.16 0.00 0.02 0.07 97.4 27.7 51.0 21.3
Mentolat MENo Tephra 41.91 2.36 12.79 11.14 0.14 14.39 11.31 2.65 0.18 0.00 0.02 0.01 96.9 28.3 50.0 21.7
Melimoyu MEL1, MEL2 Tephra 42.19 4.35 11.05 11.89 0.29 13.59 10.84 2.73 0.41 0.02 0.04 0.24 97.6 27.8 48.4 23.8
Cay C12 Lava 44.05 2.69 9.26 14.66 0.32 12.63 10.74 2.13 0.53 0.01 0.08 0.33 97.4 27.0 44.2 28.8
Mentolat RM, MET Xenolith 44.76 0.49 12.05 16.76 0.25 10.24 11.19 1.49 0.32 0.03 0.00 0.02 97.6 29.0 37.0 34.0
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In the ∼11.7 ka MEN tephra, amphiboles are observed in the dark
grey, light grey, and white pumice lapilli indicating amphibole stability
throughout the entire range of erupted material. This observation is
supported by the wide range of pressures, temperatures, and melt H2O
contents, during amphibole crystallization (Fig. 8; Table 6). These es-
timates are wider than ranges for either Melimoyu or Cay, but are si-
milar to the conditions during amphibole crystallization determined for
other Mentolat-derived tephras. The presence of amphibole in the more
mafic, dark grey compositions of the ∼11.7 ka MEN tephra, and the
formation of amphibole at relatively high pressures and temperatures,
that are similar to amphiboles from other Mentolat-derived tephra,
supports the suggestion of Weller and Stern (2018), that primitive
magmas at Mentolat have higher volatile contents than the other SSVZ
centers, which may be the result of the heightened delivery of water
and other volatiles into the source region due to the subducting
Guamblin Fracture Zone beneath this center. The presence of amphi-
bole phenocrysts which lack oxidation textures in these tephras is dis-
tinct from those within the Cay dacite, which only has a minor pro-
portion of small amphibole phenocrysts all with oxidation rims
(Fig. 10B). One of the interesting distinctions between the amphiboles
from the ∼11.7 ka MEN tephra compared to those from the other
Mentolat-derived tephras is the small difference in the estimated fO2

(Fig. 8) with the majority of the amphiboles from Mentolat forming at
an fO2 just above the NNO +1 oxygen buffer and the amphiboles from
the ∼11.7 ka MEN tephra having somewhat lower oxygen fugacity just
below the NNO+1 buffer.

The ∼11.7 ka MEN tephra represent a significant event in the
eruptive history of Mentolat because of its relatively large size with an
estimated eruptive volume of 1.8 km3 (Fig. 11) and an eruption mag-
nitude of 5.2 (Pyle, 2015). This event was larger than the May 2008
Chaitén eruption (Alfano et al., 2011; Watt et al., 2009) but was smaller
than the Ho, H1, H2 and the 1991 AD events of Hudson volcano
(Naranjo and Stern, 1998; Scasso et al., 1994; Stern, 1991; Weller et al.,
2014) and the 1932 eruption of Quizapu volcano (Hildreth and Drake,
1992).

Throughout the late Pleistocene and Holocene, Mentolat has

produced approximately eighteen explosive eruptions (Stern et al.,
2016, 2015; Weller et al., 2018, 2017, 2015). These eruptions include
the∼7700 cal years BP MEN1 event that was dispersed primarily to the
south and is observe in lacustrine sediment cores and subaerial soil
sequences near the town of Cochrane (McCulloch et al., 2016; Stern
et al., 2016) and in proximal soil exposure near Puerto Aisén (Naranjo
and Stern, 2004), and the ∼18,672 cal years BP MENo tephra that is
observed in lacustrine sediment cores near the town of Coyhaique
(Weller et al., 2018, 2015). The MEN1 and MENo events, were likely as
large, if not larger than the eruption that produced the ∼11.7 ka MEN
tephra.

5. Conclusion

The tephras in the Mallín el Toqui (MET) lacustrine sediment core
and the Río Maniguales (RM) outcrop preserve evidence for a large
explosive eruption of Mentolat volcano that is constrained in age at
≥11,728 cal years BP. These tephras are composed of pumice lapilli
that ranges in color from dark grey to white containing abundant
phenocrysts of amphibole, plagioclase, orthopyroxene, clinopyroxene,

Fig. 10. Photomicrographs illustrating the
phenocryst identity, the abundance of the
mineral constituents and the textural fea-
tures of the amphibole phenocrysts from the
dacite which forms a small volcanic plug
near the summit of Cay volcano. A) The
dacite is relatively crystal-poor. It contains
small phenocrysts of plagioclase (Plg), or-
thopyroxene (Opx), amphibole (Amph), and
unidentified Fe-Ti oxides (Oxd), but not
olivine and/or clinopyroxene as do the te-
phras from the ∼11.7 ka MEN event. The
groundmass contains abundant small mi-
crolites of plagioclase. B) The amphibole
phenocrysts are scarce, typically small and
have disequilibrium rims composed of fine-
grained Fe-Ti oxides and plagioclase.

Table 6
Summary of the physical and chemical conditions of amphibole crystallization from the ∼11.7 ka MEN tephra and others derived from Mentolat and the other
southernmost SSVZ centers.

Volcano Tephra Material n T (°C) P (MPa) ΔNNO H2Omelt (wt.%)

Mentolat RM and MET Tephra 38 834–969 154–406 0.3-1.2 4.9-7.0
Mentolat B2, D1, I, Q3, and MENo Tephra 58 832–1014 128–579 0.6-1.6 4.4–7.8
Melimoyu MEL1 and MEL2 Tephra 20 898–967 198–376 −0.1-0.8 4.1–5.8
Cay – Lava 8 870–917 193–264 0.5-0.7 5.1–5.6

Table 7
Summary of the phenocryst geochemistry from the ~11.7 ka MEN tephra and
the crustal xenoliths.

Phase Material n

En Wo Fs

Clinopyroxene Phenocrysts 7 41.0 – 43.7 39.8 – 44.6 13.1 – 16.5
Orthopyroxene Phenocrysts 8 59.0 – 71.8 1.7 – 2.7 25.5 – 39.3

Fo Fa

Olivine Phenocrysts 5 70.9 – 77.8 22.2 – 28.8
An Ab Or

Plagioclase Phenocrysts 7 26.1 – 38.9 59.4 – 71.9 1.24 – 2.39
Plagioclase Xenolith 6 21.8 – 32.2 67.4 – 77.6 0.38 – 0.76
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and minor olivine, Fe-Ti oxides, and crustal xenoliths. The pumice la-
pilli range from 58 up to 76wt. % SiO2 are medium-to low-K2O calc-
alkaline compositions. The pumice components have the Very Low
Abundance (VLA)-type character similar to tephra and lava derived
from Mentolat. The amphiboles from these tephras are similar compo-
sitionally and formed over a wide range of temperatures (834–969 °C),
pressures (154–406MPa), and melt water contents (4.9–7.0 wt. %) that
are similar to amphiboles from other Mentolat tephras.

Based on its age and geochemistry, the MET and RM tephras are
correlative with other Mentolat-derived tephras of similar age described
from the region and is termed the ∼11.7 ka MEN eruption. Mentolat
has produced numerous (> 18) large explosive eruptions since glacial
retreat and future eruptions from this center could impact local popu-
lation centers and the agricultural industry in Chile and Argentina.
Furthermore, this eruption represents an import chronological tephra
marker for future paleoclimate, paleoecologic, and archeological stu-
dies in this region.
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