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Abstract

In the northern Andes, the Ecuadorian arc presents a large number of Quaternary volcanoes, spread over a rather restricted area.
The origin of this volcanic clustering is not well understood, and only a few chronological data older than the Holocene are
available in northern Ecuador to document the arc development stages. In this study, we present new K-Ar ages obtained on lava
flow and pumice samples for Cushnirumi, Mojanda, Fuya Fuya, Imbabura, Cubilche, and Cusin volcanoes, located about 40 km
north of Quito, the Ecuador’s capital city. Our results show that the volcanic activity in the northern part of the Ecuadorian arc
started at least at ~ 1 Ma and that construction of volcanoes mainly occurred during the last 500 ka. Together with the radiometric
data, numerical reconstructions of the paleomorphology of the volcanoes are used to estimate the volume of emitted magmas and
the amount of eroded material in order to quantify their eruptive and erosion rates. Emission rates of Ecuadorian volcanoes range
between < 0.2 and 3.6 + 2.1 km®/kyr. Highest rates are obtained for volcanoes constructed over time periods shorter than 100 kyr
by sporadic eruptive pulses, whereas lowest rates are calculated over longer periods that include quiescence phases. Erosion rates
range between 0.02 +0.01 and 0.14 = 0.09 km®/kyr and highlight that volcanic edifices whose activity ended recently are rapidly
dismantled by physicochemical processes. Finally, the spatial distribution of Quaternary volcanoes as well as the spatio-temporal
evolution of lava geochemistry may reflect the progressive influence of the Carnegie Ridge at depth.
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Highlights

The Quaternary volcanic activity of northern Ecuador started at
least at ~1 Ma.

Volcanoes grew during sporadic activity pulses separated by
quiescence periods.

Erosion processes depend on the exposure duration and on rock weathering.
The volcanism spatial distribution may be related to the Carnegie
Ridge subduction.

Eruptive rates do not seem to be linked to the plate convergence velocity.

Editorial responsibility: R. Cioni; Deputy Executive Editor: J. Tadeucci

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00445-019-1346-1) contains supplementary
material, which is available to authorized users.

<1 Xavier Quidelleur 2 Université Cote d’Azur, CNRS, IRD, Observatoire de la Cote
xavier.quidelleur@u-psud.fr d’Azur, Géoazur, Sophia Antipolis, 06560 Valbonne, France

Laboratoire Magmas et Volcans, Université Clermont Auvergne,

Mathilde Bablon CNRS, IRD, OPGC, F-63000 Clermont-Ferrand, France
mathilde.bablon @ geoazur.unice.fr
Instituto Geofisico, Escuela Politécnica Nacional, Ladron de Guevara

E11-253, Ap, 2759 Quito, Ecuador

! GEOPS, Université Paris-Sud, CNRS, Université Paris-Saclay, Rue 5 Université de Bretagne Occidentale, Domaines Océaniques IUEM,
du Belvédere, 91405 Orsay, France 29280 Plouzané, France

Published online: 06 January 2020 Q) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00445-019-1346-1&domain=pdf
http://orcid.org/0000-0002-1548-4023
https://doi.org/10.1007/s00445-019-1346-1
mailto:xavier.quidelleur@u-psud.fr

11 Page 2 of 23

Introduction

Detailed knowledge of the eruptive chronology of volcanoes
is needed to improve volcanic hazard assessment, and to better
understand the relationship between volcanic activity,
geodynamics, and tectonics. However, the eruptive history
of many potentially active volcanoes remains poorly docu-
mented. For instance, volcanoes, such as Chaitén (2008) in
Chile, Soufriere Hills (1995) in Montserrat, or Pinatubo
(1991) in the Philippines, erupted while they were considered
as inactive and thus not monitored (e.g., Newhall and Solidum
2018). The Ecuadorian volcanic arc consists of more than
eighty Quaternary volcanoes (Hall and Wood 1985; Barberi
etal. 1988; Hall and Beate 1991; Hall et al. 2008), twenty-four
of which experienced at least one eruption during the
Holocene (Hall et al. 2008; Bernard and Andrade 2011;
Fig. 1). Ecuador is also sheared by numerous active continen-
tal crustal faults (e.g., Tibaldi et al. 2007; Baize et al. 2015;
Alvarado et al. 2014, 2016). Consequently, seismic and vol-
canic hazards are high in Ecuador, noticeably in the densely
populated Interandean Valley.

It has been suggested that the spatial distribution of the
Quaternary volcanoes of the Ecuadorian arc is related to the
deep geometry of the slab and tectonics (Monzier et al. 1999;
Bablon et al. 2019), with the presence of the Carnegie Ridge
subducting below the Ecuadorian margin (e.g., Hall and Wood
1985; Barberi et al. 1988; Martin et al. 2014). Quaternary
volcanism in Ecuador seems to start in the northern part of
the arc at least at ~1 Ma (Samaniego et al. 2005; Hidalgo
2006; Opdyke et al. 2006; Robin et al. 2010), while volcanoes
located in the southern termination are younger than ~ 600 ka
(Samaniego et al. 2012; Bablon et al. 2018, 2019). The north-
emn part of the arc coincides with the eastern prolongation of
the subducting Carnegie Ridge, whose influence on both mag-
ma genesis and geochemistry of volcanic products remains
debated (e.g., Gutscher et al. 1999a; Samaniego et al. 2002,
2010; Garrison and Davidson 2003; Bourdon et al. 2003;
Hidalgo et al. 2007, 2012; Chiaradia et al. 2009; Robin et al.
2009).

The present study completes the geochronology data set, as
well as eruptive and erosion rates, available for the northern
part of the Ecuadorian arc, with the aim of improving the
knowledge of the temporal and spatial evolution of the
Quaternary volcanism. For that purpose, we have focused on
a volcanic area north of Quito, lying above the inferred pro-
longation of the Carnegie Ridge (Fig. 1; Gutscher et al.
1999b). We present here, from six volcanic edifices, twenty
new K-Ar ages performed on groundmass, plagioclase crys-
tals or glass shards separated from lava flows and pumices.
Combined with the numerical reconstruction of paleosurfaces
and whole-rock major and trace element analyses, these ages
help to better understand the relationship between arc devel-
opment, magma chemistry and geodynamics, and also to
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Fig. 1 a Geodynamic setting of Ecuador. White arrow indicates the
direction of the Nazca plate motion relative to South America
(DeMets et al. 2010). Dotted lines indicate the slab depth (purple;
Yepes et al. 2016), the inferred prolongation of the Carnegie Ridge
(brown; Gutscher et al. 1999a), and the Grijalva fracture zone
(black). Ecuadorian Quaternary volcanoes are located in the
Western and Eastern Cordilleras (blue and orange, respectively), in
the Interandean Valley (green), and in the back-arc area (red). b
Map of the current Ecuadorian volcanic arc. Active volcanoes (last
eruption <500 years) are represented in black, potentially active
edifices (last eruption <10 ka) in gray, and inactive or extinct
Quaternary volcanoes in white (Bernard and Andrade 2011; igepn.
edu.ec) WC: Western Cordillera (blue field); IV: Interandean Valley
(green); EC: Eastern Cordillera (orange); BA: back-arc area (red).
Notable and mentioned in text volcanoes: A: Antisana; At: Atacazo;
Ca: Cayambe; Ch: Chacana; Cha: Chalupas; Chi: Chimborazo; C:
Cotacachi; Co: Cotopaxi; Cu: Cubilche; Cus: Cusin; Cush:
Cushnirumi; F: Fuya Fuya, H: Huisla; Ig: Igualata; I: Ilalo; II:
Iliniza; Im: Imbabura; Mo: Mojanda; M: Mulmul; Pi: Pichincha;
P: Pufialica; R: Reventador; Q: Quilotoa; Sa: Sagoatoa; S: Sangay;
T: Tungurahua
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further investigate the role of the Carnegie Ridge on the timing
of volcanism in the Ecuadorian arc.

The Ecuadorian volcanic arc
General background of the Ecuadorian Andes

The Ecuadorian Andes originate from the ongoing Late
Triassic to Early Jurassic subduction of the oceanic Nazca
plate beneath South America (James 1971; Aspden et al.
1987; Pindell and Kennan 2009). The oblique (~N81° E;
Kendrick et al. 2003; DeMets et al. 2010) convergence veloc-
ity is currently ~ 6 cm year ' (Trenkamp et al. 2002; Kendrick
et al. 2003; Nocquet et al. 2014). The growth of the current
volcanic arc probably started in the Mio-Pliocene in Ecuador
(Barberi et al. 1988; Lavenu et al. 1992). During the
Quaternary, volcanism continued north of 2° S, where the slab
presents a complex subducting pattern with a flexure zone that
accommodates variations of the oceanic crust thickness and
change of the margin geometry (Fig. 1; Yepes et al. 2016).
The Quaternary Ecuadorian arc constitutes the southern
half of the Northern Andean Volcanic Zone, which includes
volcanoes from Ecuador and Colombia. Ecuadorian volca-
noes are distributed along the Eastern and Western
Cordilleras, in the Interandean Valley, and in the back-arc
region (Fig. 1; e.g., Hall and Wood 1985; Barberi et al.
1988; Hall and Beate 1991; Hall et al. 2008). Their products
are mainly calc-alkaline andesites and dacites, with some rare
alkaline compositions in the back-arc (e.g., Hall et al. 2008;
Hoffer et al. 2008; Hidalgo et al. 2012; Ancellin et al. 2017;
Garrison et al. 2018). Time and space evolution of the arc has
been studied on a regional scale (e.g., Hall and Wood 1985;
Barberi et al. 1988; Hall and Beate 1991; Opdyke et al. 2006;
Hidalgo et al. 2012; Ancellin et al. 2017; Bablon et al. 2019),
while several studies focused on specific volcanoes (e.g., Hall
etal. 1999; Robin et al. 2009; Samaniego et al. 2012). Atacazo
(Hidalgo 2006), Pichincha (Robin et al. 2010), and Cayambe
(Samaniego et al. 2005) volcanic complexes seem to have the
oldest activity of the current arc, which began at 1.3, 1.1, and
1.1 Ma, respectively. Moreover, geochemical studies have
shown that some of these volcanoes, such as Atacazo,
Cayambe, Iliniza, Mojanda-Fuya Fuya, and Pichincha
(Samaniego et al. 2002; Bourdon et al. 2003; Hidalgo 2006;
Hidalgo et al. 2007; Robin et al. 2009; Samaniego et al. 2010),
experienced geochemical changes from older typical calc-
alkaline to younger adakitic signatures. The interpretation of
such evolution is still debated. Garrison and Davidson (2003),
Bryant et al. (2006), and Chiaradia et al. (2009) consider that
the adakitic signature was acquired by assimilation or by frac-
tional crystallization of amphibole and/or garnet-rich cumu-
lates occurring in the thick arc crust. Alternatively, the adakitic
signature could originate from the slab partial melting and the

subsequent interaction of such melts with the mantle wedge
(Samaniego et al. 2002, 2005, 2010; Bourdon et al. 2003;
Hidalgo et al. 2007, 2012). Such scenario may be related to
the increase of the slab thermal gradient induced by the sub-
duction of the Carnegie Ridge (Fig. 1). Recently, Ancellin
et al. (2017) and Narvaez et al. (2018) proposed that the sub-
duction of the young Nazca plate and the Carnegie Ridge
north of the Grijalva fracture zone (Fig. 1) could favor slab
melting, while south of the Grijalva fracture zone, where the
subducting plate is older, magmas mainly originate from the
partial melting of the mantle wedge induced by the slab dehy-
dration. In addition, Monzier et al. (1999) and Bablon et al.
(2019) inferred that changes in the slab geometry at depth and
activation of major crustal faults induced by the increase of
mechanical stresses in front of the Carnegie Ridge could have
favored magma genesis and rise, and a southward migration of
the volcanic activity during the last ~ 600 kyr.

Northern Ecuadorian arc volcanoes

We present below a brief summary of the current knowledge
of northern arc volcanoes studied here (Figs. 1b and 2), from
the Western to the Eastern Cordillera.

The Mojanda-Fuya Fuya-Cushnirumi complex

About 40 km northeast of Quito, the Mojanda-Fuya Fuya-
Cushnirumi (MFFC) volcanic complex is located in the
Interandean Valley (Fig. 1) and lies upon oceanic-like
Cretaceous-Paleogene volcanic formations covered by thick sed-
imentary deposits (Litherland et al. 1993; Jaillard et al. 2009).
The ~20-km-wide Mojanda edifice (4263 m a.s.l.; Lat. 00° 07’
N; Long. 78° 16" W) is one of the largest volcanoes of the
Northern Volcanic Zone in terms of basal circumference and
volume. Its morphology presents regular flanks with gentle
slopes that appear similar to those of the 400-100 ka old
Igualata volcano from the southern termination of the arc
(Bablon et al. 2019). Mojanda volcano is made up of two edifices
composed of calc-alkaline andesite lava flows with plagioclase,
pyroxene, magnetite and rare amphibole, biotite or olivine crys-
tals (Robin et al. 2009). Lower Mojanda is made of andesite and
high-silica andesitic lavas and ended with the formation of a
caldera, filled by basaltic andesite to andesite products of
Upper Mojanda (Robin et al. 2009). Its activity ended with high
magnitude phreatomagmatic eruptions, producing the summit
depression presently occupied by lakes (Fig. 2b), and a ~30-m-
thick regionally distributed pyroclastic sequence of ash and lapilli
fallout deposits (Robin et al. 1997, 2009). This latter marks the
end of the main construction of Mojanda and is covered by the
Pifo pumice fallouts (Robin et al. 2009), which could have been
emplaced about 165 ka (Hall and Mothes 1997) based on fission
track ages of obsidian lava flows from the Chacana caldera that
range between 150 £20 and 220+20 ka (Bigazzi et al. 1992).
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Fuya Fuya volcano (4279 m a.s.l.; Lat. 00° 08’ N; Long. 78° 18’
W) was constructed west of Mojanda in at least three main
stages. Its activity started before the end of Lower Mojanda con-
struction (Robin et al. 2009). The Lower Fuya Fuya activity is
characterized by emplacement of viscous andesite lava flows and
extrusion of dacite domes, associated with block-and-ash flow
deposits, interbedded with pyroclastic flows and rhyolitic fallout
deposits of plinian eruptions, mainly represented by the 3—4-m-
thick “R1” and “R2” layers (Robin et al. 1997, 2009). The
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second construction stage of Fuya Fuya was prevalently effusive,
and corresponds to the construction of the San Bartolo andesitic
cone (Fig. 2b). This stage was contemporaneous with the last
period of Upper Mojanda activity, and ended with a sector col-
lapse that affected the San Bartolo cone and the southwestern
flanks of Lower Fuya Fuya and Mojanda edifices (Robin et al.
2009). The resulting amphitheater was then filled by andesite to
dacite lava flows and dome extrusions that constitute the Upper
Fuya Fuya sequence. The Panecillo and Colangal summit domes
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lack glacial erosion (Robin et al. 2009) and could have been
emplaced after the Last Glacial Maximum (LGM; 30-14 ka,
Clapperton 1990). Few geochronological data are available to
constrain the period of construction of both volcanoes, since
there is only one whole-rock K-Ar age of 590+ 60 ka (Barberi
et al. 1988), obtained for a lava flow from Mojanda, whose
location is not available. Cushnirumi volcano (3776 m as.L;
Lat. 00° 11" N; Long. 78° 20" W) is located northwest of the
Mojanda-Fuya Fuya edifices, on the eastern edge of the
Western Cordillera. Only a curved ridge remains from this edifice
(Fig. 2b) highly dismantled by erosion and a sector collapse that
could have destroyed its southern flank (Robin et al. 1997). The
collapse probably occurred before the construction of Upper
Fuya Fuya, since the floor of the resulting amphitheater is cov-
ered by the debris avalanche deposits of the San Bartolo cone
(Robin et al. 2009).

Imbabura and Cubilche volcanoes

North-northeast of the MFFC complex, Imbabura volcano
(4621 m a.s.l.; Lat. 00° 16’ N; Long. 78° 11’ W; Fig. 2¢) has
a characteristic concave downward profile with steep flanks
incised by deep glacial valleys in its upper part. This volcano
is made up of two edifices and experienced at least one major
northward-directed sector collapse (Ruiz 2003; Le Pennec
et al. 2011; Andrade et al. 2019), whose scars were erased
by erosion or covered by younger products from the terminal
edifice, which includes the current summit complex called
Taita Imbabura. The oldest “’Ar/*’Ar age obtained for this
edifice is 47 + 6 ka (Le Pennec et al. 2011). The construction
of the older Imbabura edifice was characterized by the emis-
sion of andesitic lava flows containing plagioclase, pyroxene,
amphibole, Fe-Ti oxides, and accessory olivine phenocrysts,
followed by an explosive activity and the generation of block-
and-ash flows about 35 ka (Le Pennec et al. 2011). The south-
western flank experienced a small sector collapse about 30 ka,
immediately followed by a lateral blast (Fig. 2¢) and construc-
tion of the Huarmi Imbabura dome complex (Le Pennec et al.
2011). Activity of Taita Imbabura resumed with the construc-
tion of the El Artezon dome on its northern flank, and has
continued until Early Holocene times (Ruiz 2003; Le Pennec
et al. 2011) with the emplacement of block-and-ash flows, as
well as thick lava flows on the southeastern flank (Fig. 2c¢).
Cubilche volcano (3828 m a.s.l.; Lat. 00° 14’ N; Long. 78° 08’
W) is located southeast of Imbabura. Lava flows from both
Imbabura and Cubilche volcanoes range from low silica an-
desites to dacites and belong to the medium-K calc-alkaline
series. The mineralogy mainly consists of tabular plagioclase,
clino-orthopyroxene and destabilized amphibole crystals, and
accessory minerals such as Fe-Ti oxides and olivine (Andrade
2009; Le Pennec et al. 2011). Although no geochronological
data are available, Hall and Beate (1991) proposed that this
volcano results from an eastern migration of Imbabura

activity, while, based on rock composition data, Andrade
(2009) suggested that both Cubilche and Imbabura volcanoes
are fed by the same magmatic system. The northern flank of
Cubilche collapsed (Fig. 2c; Roverato et al. 2018), followed
by the construction of a younger cone within the resulting
amphitheater. As block-and-ash flows from Imbabura dated
at~9 ka cal BP (Le Pennec et al. 2011) lie upon the avalanche
scar and post-collapse lava flows from Cubilche, the Cubilche
collapse occurred before 9 ka. The well-preserved Cunrru
dome complex (also called Cunro; Hall and Beate 1991,
Fig. 2¢) lies on the eastern flank of the volcano.

Cusin volcano

South of Imbabura and Cubilche volcanoes, Cusin volcano
(3989 m a.s.l.; Lat. 00° 10" N; Long. 78° 09" W) is an andesitic
heavily eroded edifice, whose morphology is characterized by
a straight corridor with a flat floor towards the northwest
(Fig. 2d). No geochronological nor geochemical data are
available for this edifice. However, since the Imbabura blast
deposits crop out at the foot of its western flank (Fig. 2¢), the
construction of Cusin should have ended before ~29 ka
(calibrated 14C determinations; Le Pennec et al. 2011), and
its morphology has therefore been carved by the glacial ero-
sion associated with the LGM.

Cayambe volcano

Cayambe volcano (5790 m a.s.l.; Lat. 00° 01’ N; Long. 77° 59’
W), located in the Eastern Cordillera (Figs. 1 and 2a), is one of
the highest Ecuadorian volcanoes and is still considered ac-
tive. The volcano was constructed in two stages, separated by
a ~600 ka quiescence period (Samaniego et al. 2005). Viejo
Cayambe volcano was active between 1.1 and 1.0 Ma, where-
as the Nevado Cayambe activity onsets at ~400 ka
(Samaniego et al. 1998, 2005).

Construction and destruction processes of volcanoes

During their history, volcanoes experienced alternating pe-
riods of construction and destruction. Eruptive rates corre-
spond to the volume of volcanic products emitted over a given
time period, and allow to investigate magmatic processes, and
to improve hazard assessments and forecasts of eruptive dy-
namics. Construction of arc volcanoes occurs during sporadic
activity phases characterized by high eruptive rates, separated
by quiescence periods of variable duration (e.g., Hildreth and
Lanphere 1994; Samaniego et al. 2016; Grosse et al. 2018).
Erosion results from weathering of surface rocks by chemical
or physical processes. The weathering rate depends on the
climatic conditions and the nature of the exposed rock
(Meybeck 1987; Bluth and Kump 1994), and is higher in
tropical and equatorial regions, where rainfall and temperature
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are high and where the soil is covered by a luxurious vegeta-
tion (e.g., Gaillardet et al. 1999; Ruddiman 2001; Rad et al.
2011). Physical weathering is a mechanical process that
breaks down rocks into smaller fragments and particles, by
volume variation during temperature changes, eolian
weathering processes, mass wasting, collapse events, or dur-
ing glacial abrasion. These processes dominate in cold and dry
areas (Hallet et al. 1996). As physical weathering favors water
circulation and increases the surface area of the particles, it
accelerates chemical weathering. Consequently, each type of
weathering favors the other (e.g., Louvat and Allégre 1997;
Gaillardet et al. 1999; Rad et al. 2013). We will thus refer to
physicochemical erosion further on. In volcanic context, ero-
sion is favored by several processes, such as rapid construction
of the volcano, deposition of unconsolidated material, as well as
steep slopes (Karatson et al. 2012). Erosion affects the volcano
flanks until they reach their equilibrium profile, and erosion rates
are therefore related to the exposure duration (e.g., Taylor and
Blum 1995; Karatson et al. 2012; Rad et al. 2013).

In Ecuador, eruptive and erosion rates are poorly docu-
mented. Eruptive rates calculated for Pichincha,
Chimborazo, and Tungurahua volcanoes (Fig. 1) range be-
tween 0.1 and 2.5 km®/kyr, and highlight that the highest rates
are obtained for construction phases that occurred over short
time periods compared to the lifespan of these edifices (Robin
et al. 2010; Samaniego et al. 2012; Bablon et al. 2018). Data
on erosion rate are rare, and only the rate 0of 0.2 + 0.1 km3/kyr,
obtained for the oldest stage of Tungurahua volcano, is avail-
able (Bablon et al. 2018).

Materials and methods
K-Ar dating and geochemical analysis procedures

Twenty-nine lava flows, pumice fallouts, and juvenile blocks of
pyroclastic flow deposits from Mojanda, Fuya Fuya,
Cushnirumi, Imbabura, Cubilche, and Cusin volcanoes were
sampled during field campaigns between 2013 and 2017
(Fig. 2a), with the purpose of sampling oldest and youngest units
of each volcano, whenever possible, to constrain their activity
periods. Twenty samples, selected for their freshness and low
vesicle content (thin sections are shown in ESM 1), were dated
using the potassium-argon (K-Ar) method with the unspiked
Cassignol-Gillot technique (Cassignol and Gillot 1982). This
technique is well suited for Quaternary volcanic products, which
contain low radiogenic argon (*°Ar*; Gillot et al. 2006). It has
been successfully applied to Ecuadorian volcanoes (Bablon et al.
2018, 2019), as well as in other subduction zones worldwide
(e.g., Samper et al. 2009; Germa et al. 2010, 2011; Ricci et al.
2015b; Grosse et al. 2018). Description of the method rationale,
sample preparation, analytical procedures, standards used, and
uncertainties calculation are provided in Bablon et al. (2018).
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Both potassium and argon measurements were performed on
the separated groundmass for lava flows and for the juvenile
block of pyroclastic flow deposit of Fuya Fuya volcano
(17EQ71), on plagioclase crystals for the juvenile block of the
Huarmi Imbabura blast deposit (17EQ73), or on the glass shards
for the pumice fallout sample of Fuya Fuya volcano (G-0001;
Fig. 2a). These measurements were carried out at the GEOPS
laboratory at Orsay (Paris-Sud University, France), and were
performed at least twice to check their reproducibility within their
uncertainty range, given at the 1-o confidence level. Results are
provided in Table 1.

Whole-rock major and trace element contents of all sam-
ples are available in ESM 2. They were measured at the
Laboratoire Géosciences Océan of the Université de
Bretagne Occidentale (Brest, France) by ICP-AES
(Inductively Coupled Plasma-Atomic Emission
Spectrometry), following the procedure detailed in Cotten
et al. (1995). Only for samples IMB54A and IMB71, major
elements were measured at the Laboratoire Magmas et
Volcans (Clermont-Ferrand, France). Relative uncertainties
are <2% for major elements and < 5% for trace elements.

Sampling

Twelve lava flows were sampled in the Mojanda-Fuya Fuya-
Cushnirumi complex. Sample 17EQ61 is from a columnar
jointed lava flow located at the southern foot of Mojanda. It
lies on the sedimentary filling of the Guayllabamba basin
(Fig. 2a), and, based on its stratigraphic position, corresponds
to the oldest activity of Mojanda. Sample 17EQ62 is a mas-
sive lava flow that belong to the upper part of Lower Mojanda
(Robin et al. 2009; Fig. 2a, b). Samples 17EQ68 and 17EQ69
are distal autobrecciated lava flows from the northern flank of
Lower Mojanda. Sample 17EQ63 is a summit lava from
Upper Mojanda (Fig. 2b). Samples 17EQ70 and 17EQ72 be-
long to the San Bartolo unit of Fuya Fuya (green unit; Fig. 2b).
17EQ71 is a juvenile block from a pyroclastic flow deposit
covered by the lava flow of 17EQ70, and belongs to the upper
part of Lower Fuya Fuya. Sample 17EQ64 corresponds to a
summit lava flow from the Colangal terminal dome of Upper
Fuya Fuya (Fig. 2b). Both 17EQ65 and 17EQ66 are proximal
lava flows located in the summit area of Cushnirumi volcano,
while 17EQ67 is a northern distal lava flow, mapped as San
Jorge dome (Fig. 2b; Robin et al. 2009). We also sampled a
pumice fallout deposit in the Guayllabamba basin (G-0001;
Fig. 2a), which may correspond to the R2 fallout deposit that
has been emplaced during the Lower Fuya Fuya plinian activ-
ity (Robin et al. 2009).

As the recent activity of Imbabura volcano has already
been reconstructed by '*C ages (Le Pennec et al. 2011), we
focused on its older units. Samples IMB71 and 17EQS82 are
lava flows from the western and eastern flanks, respectively.
Sample 17EQ100 is from the distal part of the southeastern



138uradg @

Table1 K-Ar ages obtained in this study. All ages were measured on separated groundmass, except those marked with asterisks, that were carried out on plagioclase crystals (*) or on pumice glass shards
(**). Column headings indicate sample name, outcrop location and the corresponding eruptive stage, sample coordinates projected using the Universal Transverse Mercator (UTM) coordinate system (Zone
17), potassium content in percent, radiogenic argon content in percent and atoms per gram, age obtained for each measurement, and weighted mean age in ka, given with 1-o uncertainty. FF: Fuya Fuya

Sample Location and description Longitude (m) Latitude (m) K (%) YOArE (%) Art x 10! (at/g) Age+1lo (ka) Mean age (ka)
Cushnirumi volcano
17EQ67  Distal lava flow, NE flank 797,677 10,026,602 1.382 85 5.9784 414 £ 8 411 £ 8
6.4 5.8658 406 £ 9
17EQ65  Proximal lava flow, summit part 793,134 10,022,847 1411  20.6 5.6981 387 £6 383+ 6
224 5.5799 379+ 6
Fuya Fuya volcano
G-0001 Distal pumice fallout deposit from Lower Fuya Fuya 792,301 9,993,157 2018 1.1 10.126 480 + 43%* 476 + 38%*
1.4 9.9617 473 + 34%*
17EQ71  Juvenile block from a pyroclastic flow deposit, SW flank, Lower Fuya Fuya 797,608 10,010,801 1.559 84 5.6870 349 £ 6 347 £ 7
5.0 5.5963 344 £ 8
17EQ72  Lava flow, SW flank, San Bartolo unit 798,438 10,010,195 1.734 5.1 5.8031 320 £ 8 316 £7
5.4 5.6547 3127
17EQ70  Lava flow, SW flank, San Bartolo unit 796,935 10,011,374 1.291 4.0 4.0595 301 +£9 298 + 8
4.7 3.9734 295 +£8
17EQ64  Summit lava flow from the Colangal terminal dome of Upper Fuya Fuya 803,556 10,013,449 1.687 0.6 0.5022 29+5 28+5
0.5 0.4769 27+5
Mojanda volcano
17EQ61  Distal lava flow, S flank, “pre-Mojanda” unit 801,800 10,001,323 1.702 1.4 18.523 1042 + 78 1038 + 87
1.1 18.379 1034 + 97
17EQ68  Distal autobrecciated lava flow, N flank, Lower Mojanda 803,543 10,020,365 2332 102 6.3479 261 +4 260 + 4
12.2 6.3045 259 £ 4
17EQ62  Massive lava flow, NNW flank, upper part of Lower Mojanda 801,286 10,018,766 1.987 3.9 4.0450 195 +£6 194 £ 6
4.1 3.9988 193+5
Imbabura volcano
IMB71 Lava flow, SW flank 811,806 10,028,317 1.052 1.0 0.3396 31 +3 30+3
0.9 0.3241 29 +£3
17EQ100 Lava flow, S flank, Angaraloma unit 814,241 10,025,832 1232 03 0.3205 25+ 8 21 £8
0.2 0.2122 19+ 8
0.3 0.2475 16 +7
17EQ82  Lava flow that partly cover the collapse scar of Cubilche, E flank 817,527 10,027,245 1212 <0.1 -0.0075 —-1+25 0+27
<0.1 0.0034 0+28
17EQ73  Fresh and juvenile block from the blast deposit of the Huarmi dome 810,022 10,020,360 0.821 0.2 0.1328 15+ 7% 15+ 7%
0.2 0.1173 14 + 7%
Cubilche volcano
17EQ9%4 Summit lava flow from the post-collapse edifice 819,350 10,025,548 1.006 1.0 0.4905 47 £5 45 +£5
0.8 0.4480 43 +£5
IMB54A  Lava flow from the northeastern edge of the scar that belongs to the pre-collapse edifice 821,064 10,028,009 1.075 09 0.4518 40+ 4 40+5
0.7 0.4348 39+5
Cusin volcano
17EQ74  Distal lava flow, N flank 819,076 10,020,622 1.366 189 7.4582 523 £ 8 517 £ 8
14.7 7.2684 509 £ 8
17EQ98 Summit vitreous lava flow 817,756 10,017,890 2733 11.7 14914 522+9 515+8
14.6 14.526 509 £ 8
17EQ75 Proximal lava flow near a waterfall, NE flank 819,302 10,018,413 1.313 145 7.0068 511 +8 509 £8
15.1 6.9469 506 + 8
17EQ97  Distal lava flow, S flank 816,533 10,013,110 1.257 4.6 6.5152 496 + 13 495 £ 12
5.0 6.4898 494 + 12
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lava flow sequence of Angaraloma unit, and corresponds to a
reawakening of Imbabura activity during, or following, the
construction of the Huarmi Imbabura dome (Le Pennec et al.
2011; Andrade et al. 2019). Unfortunately, we were unable to
sample a proximal lava flow of the southeastern flank, due to
the strong alteration of all outcrops. 17EQ99 is a juvenile
block from a pyroclastic flow deposit from the northeast flank,
which may have been emplaced between ~30 and 8 ka (Le
Pennec et al. 2011). This deposit, as well as the lava flow of
17EQ82 whose levees are still preserved, partly cover the
collapse scar of Cubilche, and are therefore younger than the
avalanche event. We also sampled a fresh and juvenile block
from the Huarmi blast deposit (17EQ73), which crops out in
the northern foot of Mojanda volcano (Fig. 2c).

Seven rocks were sampled from Cubilche volcano. Sample
IMB54A is from a lava flow from the northeastern edge of the
scar (Fig. 2a, c) that belongs to the pre-collapse edifice, and
17EQ9%4 is a summit lava flow from the post-collapse cone.
Samples 17EQ76, 17EQ77, 17EQ7S8, and 17EQS80 are distal
terminations of lava flows located in the southern foot of the
pre-collapse edifice, and 17EQ96 is from a massive block that
crops out on the top of the Cunrru cone (Fig. 2a).

Finally, we sampled four lava flows from Cusin volcano.
Samples 17EQ74 and 17EQ97 are distal lava flows, from the
northern and the southern flanks, respectively. Sample 17EQ75
is a proximal lava flow from the eastern flank, and 17EQ9S is a
glassy lava flow from the summit, which may represent the last
activity of Cusin.

Numerical reconstructions of paleomorphologies

Although basal surface of volcanoes can be roughly
used as a proxy for their volume (Grosse et al. 2009),
the numerical reconstruction of the paleomorphology of
each volcano allows us to approximate the volume of
proximal material emitted during the construction of the
volcanic edifices. Furthermore, it is also possible to cal-
culate the volume of eroded products since their last
activity. Considering the duration of activity and quies-
cence periods for each volcano, we can then quantify
their output and erosion rates, respectively.

The surface elevation models prior to the construction of the
edifices were obtained using a kriging interpolation method with
ArcGIS software, based on the present basement elevation
around the volcanoes extracted from a 90-m SRTM Digital
Elevation Model (DEM). Since it is not possible to precisely
know the topography below each volcano before their construc-
tion, it should be kept in mind that this may introduce an error to
the volume calculation. The surface elevation model of each
edifice at the end of their construction was extrapolated using
the present elevation data that are considered as non-eroded, such
as crests or smooth plateaus (e.g., Germa et al. 2015; Ricci et al.
2015a; Bablon et al. 2018). The constructed volume then
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corresponds to the difference between the modeled surface at
the end of the construction and the extrapolated basement topog-
raphy, whereas the eroded volume corresponds to the difference
between the modeled surface before the erosion and the present
elevation of the volcano. Consequently, the bulk output rate cor-
responds to the volume of proximal material emitted during the
construction period of the volcano, whereas the erosion rate is the
quantity of material removed since the end of its activity. Since
our reconstructions take into account both dense and pyroclastic
materials, our results are expressed as bulk erupted volumes in-
stead of dense rock equivalent (DRE) volumes. It is important to
mention that a significant part of the erupted magma might not
have remained on the volcano itself (loose material either eroded
soon after deposition, dispersed over wide areas as tephra fall-
outs, or displaced during sector collapse). Estimates of the emit-
ted volumes and eruptive rates must therefore be considered as
minimum values. Eruptive and erosion rates can also be biased
by our non-exhaustive sampling, which may not cover the entire
period of activity of the volcano. Finally, note that sector col-
lapses, which are extremely short-lived processes that trigger
debris avalanches and large volume transfer from the flank to
the foot of the volcano, have not been considered for erosion rate
calculations. In order to compare the surface erosion affecting the
flanks of the Ecuadorian volcanoes, we have only considered the
flanks non-affected by a sector collapse to calculate both eroded
volumes and erosion rates. The total constructed (Vc) or eroded
(V) volume corresponds to the integration of the elevation dif-
ference between the upper and the lower surface (Az), over the
area of the edifice. The volume uncertainty is defined as oy = V

.2—;, where the uncertainty of the elevation (0, is

0, = \/Oi ur® + 07 quy?, with 0; y,rand o7, rthe uncertainty
of the initial and final surface elevation, respectively. The latter is
estimated to 200 m, based on the standard deviation of the ele-
vation dispersion of the points selected around the surface model,
and on the error map of the kriging interpolation method gener-
ated by the ArcGIS software (Germa et al. 2015; Ricci et al.
2015a). The volume is then divided by the activity or quiescence
period of the volcano (AT, and AT,, respectively) to calculate
their apparent magmatic output (OR) and erosion (ER) rates, with

OR = zf-and ER = ALTeq. The rate uncertainty is defined as oy

=R/ (% )2 + (& )2 where R is the rate, V the volume, and

o7 the uncertainty of the duration of the activity or quiescence
period, calculated from K-Ar ages uncertainties.

Results

K-Ar dating

Twenty new K-Ar ages are presented in Table 1 and Figs. 2
and 3. The average K content is 0.8, 1.5, and 2.0 wt.%, for the
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separated plagioclase crystals, groundmass, and glass shards
fractions, respectively. The highest radiogenic Ar content is
22.4% for sample 17EQ65, a lava flow from Cushnirumi vol-
cano (Table 1).

The oldest age of 1038 =87 ka obtained from the Mojanda-
Fuya Fuya-Cushnirumi complex is for the termination of a lava
flow south of the complex (sample 17EQ61; Fig. 2a, b) and
could correspond to a “pre-Mojanda’ activity. We obtain 260 +
4 and 194 £6 ka (17EQ68 and 17EQ62, respectively) for sam-
ples from the upper part of Lower Mojanda. These ages are
younger than those obtained for Lower Fuya Fuya (476 +£38
and 347+7 ka, G-0001 and 17EQ71, respectively; Fig. 2a, b)
and for the San Bartolo unit (316+7 and 298 + 8 ka, 17EQ72
and 17EQ70, respectively; Fig. 2b). The terminal domes of
Upper Fuya Fuya are significantly younger, since the construc-
tion of the Colangal dome occurred at 28 +5 ka (17EQ64).
Finally, despite a greater apparent erosion, we obtain 383 +6
and 411 £8 ka (17EQ65 and 17EQ67, respectively; Fig. 2a, b)
for Cushnirumi lava flows, considering that, based on the crest
morphology, the lava flow of sample 17EQ67 is related to
Cushnirumi instead of Lower Fuya Fuya (Robin et al. 2009).

Regarding Imbabura volcano, we obtain an age of 21 +
8 ka (sample 17EQ100) for the lava flow from the
Angaraloma unit (Fig. 2c). We obtain 0+27 ka (i.e., <27 ka
taking into account the 1-o uncertainty) for a lava flow from
the eastern flank (17EQS82) that could also belong to the same
eruptive stage, and 30 £ 3 ka for IMB71, a lava flow from the
western flank of Taita Imbabura. Finally, as the juvenile block
from the Huarmi Imbabura blast deposit is almost entirely
crystallized (17EQ73; ESM 1), we failed at isolating enough
quantity of groundmass. We thus performed analyses on

plagioclase crystals and obtain an age of 15+ 7 ka (17EQ73;
Fig. 2c¢).

The new ages obtained for Cubilche lava flows provide
new temporal constraints for its sector collapse. Indeed, we
obtain 40 + 5 ka for the older, pre-collapse edifice, and 45 =
5 ka for the summit of the recent cone (Fig. 2¢), constructed
inside the collapse amphitheater. Taking into account 1-o un-
certainties, the collapse event is thus constrained between 40
and 45 ka. The amphitheater was then rapidly filled by the
recent cone products. These results also show that Cubilche
activity occurred during the main construction stage of Taita
Imbabura, before the LGM period.

For the lava flows sampled from three different flanks and
the summit area of Cusin volcano, we obtain four results in a
remarkably narrow age range, from 495+12 to 517+8 ka
(Fig. 2d). This edifice was therefore constructed in a relatively
short period of time. Since its summit has the same age as the
flanks and no debris avalanche deposit from Cusin have been
documented in the Interandean Valley, the semi-circular de-
pression seems to be rather related to erosion processes than
sector collapse.

Whole-rock geochemical analyses

Results of major and trace element content analyses are avail-
able in ESM 2. Most samples plot in the andesite field in the
K50 vs. SiO, diagram (Fig. 4a), with some basaltic andesite
and dacite rocks, and one rhyolite composition. The K,O con-
tent ranges between 0.9 and 2.7 wt.%, for the summit lavas of
Mojanda and Cusin volcanoes (17EQ63 and 17EQ98, respec-
tively), and the silica content extends from 53.6 to 74.5 wt.%,
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Fig. 3 Summarized stratigraphy of Cushnirumi, Fuya Fuya, Mojanda,
Imbabura, Cubilche, and Cusin volcanoes. Same colors as Fig. 2. White
stars: ages obtained in this study (Table 1). Gray stars: * whole-rock K-Ar

age obtained by Barberi et al. (1988), ** 14C and “Ar*°Ar ages obtained
by Le Pennec et al. (2011), *** Bigazzi et al. (1992); Hall and Mothes
(1997). Lav. pyr. dep: lavas and pyroclastic deposits
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for the summit of Mojanda (17EQ63) and the G-0001 pumice
sample from Fuya Fuya, respectively. Our samples mainly be-
long to the medium-K calc-alkaline series (Fig. 4a). They dis-
play significant enrichment in Large-Ion Lithophile Elements
(LILE; Rb, Ba, and K) and Light Rare-Earth Elements (LREE)
relative to Heavy Rare-Earth Elements (HREE; Dy, Er, Yb;
Fig. 4b, c), as well as depletion in Nb, Ti, and occasionally
Ewu, typical of arc magmas. However, the summit lava flow of
Cusin (17EQ98) and the oldest lava flow of “pre-Mojanda”
(17EQ61) are enriched in alkali elements and belong to the
high-K calc-alkaline series (Fig. 4a).

Lava flows and pumice samples from Mojanda and Fuya
Fuya plot in the fields defined by Robin et al. (2009), except
the summit of Mojanda (17EQ63), which is a slightly less
differentiated, and the ~1 Ma “pre-Mojanda” lava flow
(17EQ61; Fig. 4a), whose data fall away from the whole
Mojanda trend, supporting the fact that this lava flow belongs

to an early Mojanda system. Furthermore, it can be noted that,
compared to others, this sample is significantly enriched in
most incompatible and Rare Earth elements (Fig. 4a, b).
Samples 17EQ62, 17EQ68 and 17EQ69 clearly belong to
the Mojanda series, although sample 17EQ69 is enriched in
most incompatible and Rare Earth elements (Fig. 4b, c). The
G-0001 pumice fallout is a rhyolite that plots in the Fuya Fuya
composition field. Noticeably, the geochemical compositions
of the three samples from Cushnirumi volcano are rather sim-
ilar to Fuya Fuya samples for both major (Fig. 4a) and trace
(Fig. 4b, c) element concentrations.

The composition of samples from /mbabura and
Cubilche volcanoes is rather similar, with a homogeneous
K5O content of about 1 wt.% (Fig. 4a). All samples plot in
the field previously obtained by Bryant et al. (2006),
Andrade (2009), Andrade et al. (2019), and Le Pennec
et al. (2011). They show no clear compositional change

Fig. 4 a K,O vs. SiO, diagram
(Peccerillo and Taylor 1976) for
samples from this study. Symbols
are the same as used in Fig. 2.
Colored composition fields show
the range of values previously
obtained for Mojanda (blue;
Robin et al. 2009), Fuya Fuya
(green; Robin et al. 2009),
Imbabura (orange; Bryant et al.
2006; Le Pennec et al. 2011;
Andrade et al. 2019), as well as
Cayambe (red; Samaniego et al.
2005) and Cotacachi (purple;
Almeida 2016), located east and
west of our study area, respec- L1
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between older and younger samples, nor between pre and
post-collapse events. Lava flows from Cubilche are slightly
poorer in incompatible elements than those of Imbabura
(Fig. 4b, c), with higher depletion in Nb for the summit
sample (17EQ94), and in Sm for the distal southeastern lava
flow (17EQ80; Fig. 2a). Similar compositional and geo-
chronological signatures suggest that both edifices should
belong to the same magmatic system.

Finally, despite close ages (Table 1), lava flows from
Cusin volcano have a rather heterogeneous composition.
Compared to andesite lava flows from the flanks, the
summit dacite sample (17EQ98) is enriched in the most
incompatible and Rare Earth elements (Fig. 4b, c).

Volumes, eruptive and erosion rate results

Volumes, eruptive and erosion rates calculated for the studied
volcanoes are summarized in Table 2. Estimated volumes of
erupted magmas range between 13 +6 and 132 +48 km’, for
Cubilche and Mojanda volcanoes, respectively, and the eroded
volumes between 1+ 1 and 47+ 12 km?>, for Cubilche and
Cushnirumi, respectively (Table 2). The eruptive rates vary sig-
nificantly between ~0.2 and >3.6+2.1 km’/kyr, for Mojanda
and Imbabura volcanoes, respectively. Eruptive rates for
Cushnirumi, Fuya Fuya and Imbabura are given as minimum
values since we do not accurately know the extent of their period
of activity (Fig. 3). The eruptive rate of Mojanda volcano has
been calculated considering that its activity started at least at ~
1.04 Ma (Fig. 3), and we have included age data obtained by
Samaniego et al. (2005) and Le Pennec et al. (2011) to calculate
Cayambe and Imbabura eruptive rates, respectively. Finally, the
erosion rates range between 0.02+0.01 (Cusin) and 0.14 £
0.09 km*/kyr (Mojanda; Table 2). We present Cushnirumi and
Cubilche erosion rates as approximate values since their respec-
tive activity may have continued after the youngest age we ob-
tained for these volcanoes (Fig. 3), and their quiescence period
could therefore be slightly overestimated.

Discussion
Comparison between new and previous ages

Our new ages are in good agreement with the published data
from Mojanda, Fuya Fuya, and Imbabura volcanoes (Robin
et al. 2009; Le Pennec et al. 2011; Andrade et al. 2019).

The only available age for Mojanda-Fuya Fuya-
Cushnirumi complex is a whole-rock K-Ar age of 590 +
60 ka obtained for a lava flow of Mojanda (Barberi et al.
1988), for which neither the location nor the geological unit
are mentioned. The oldest age that we obtained for this com-
plex is 476 + 38 ka (G-0001 from Fuya Fuya; Table 1; Fig. 3).
Although the reliability of whole-rock K-Ar ages have been
questioned (e.g., Samper et al. 2007; Bablon et al. 2018,
2019), if we assume that the age of 590 = 60 ka is not biased
by any argon contamination or potassium loss inherent to
whole-rock measurements, we infer this age may correspond
to the activity of Lower Mojanda, as suggested by Robin et al.
(2009). Our new ages indicate that the San Bartolo sector
collapse occurred after 194 + 6 ka (17EQ62; Table 1), at the
end of Upper Mojanda activity (Robin et al. 2009). As debris
avalanche deposits are covered by the Pifo ash-fall layer
(Robin et al. 2009), the youngest limit for this collapse is ~
150-200 ka based on fission track age constraints (Bigazzi
et al. 1992; Hall and Mothes 1997).

Our results obtained for Imbabura lava flows (30+3, 0+
27 ka, and 21+ 8, for the southwestern flank, southeastern
flank, and the Angaraloma unit, respectively; Table 1;
Fig. 2¢) are in agreement with *°Ar/*’Ar and '*C ages obtain-
ed by Le Pennec et al. (2011). Barberi et al. (1988) obtained a
whole-rock K-Ar age of 1.76+0.18 Ma for an andesite lava
flow attributed to Imbabura. As the sampling location is not
specified, their sample could either have been collected in the
basement, or the result is erroneous due to whole-rock con-
cerns. This age therefore will not be further considered.
Finally, we obtained an age of 15+7 ka (Table 1) for the
plagioclase phenocrysts separated from a juvenile block from

Table 2 Results of volumes, eruptive and erosion rates calculations obtained from the numerical paleosurfaces and given at 1-sigma accuracy. Rate
obtained of <35 ka products of Imbabura volcano are from Le Pennec et al. (2011). A: andesite, D: dacite, R: rhyolite
Volcano Stage Magma Construction Erosion
type
Volume  Period (ka) Duration  Eruptive rate Volume Period Duration Erosion rate
(km®) (kyr) (km® kyr ') (km’) (k) (kyn) (km’ kyr )
Cayambe Vigjo A-D-R 115+5 ~1108-1050 ~58+12 ~1.5 25+ 14 1050-0 1050+ 5 0.02 £ 0.01
Nevado A-D-R 150+20  409-0 409 +4 ~0.39
Cubilche Whole A 13+6 45—~40 ~5+7 2.6+39 1+1 ~40-0 ~40<£5 ~0.02 £0.02
Cushnirumi ~ Whole A 53+25 >411—~383  >28+10 >19+1.1 47 + 12 ~383-0 ~383+6 ~0.12+0.03
Cusin Whole A 43+17 517495 22+14 20+1.5 8+5 495-0 495 +£ 12 0.02 +0.01
Fuya Fuya  Lower FF. A-D 3119 >476-347 >129+39 >0.2+02
Imbabura Pre-Huarmi ~ A-D 61+24 >47-30 >17+7 >3.6+2.1
Post-Huarmi ~ A-D >4.6 35-0 35 >0.13 4+4 30-0 30+4 0.1 £0.2
Mojanda Whole A 132+48  ~1038-194 ~844+87 ~0.2+0.1 27 +18 194-0 194 + 6 0.14 = 0.09
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Huarmi blast deposits (17EQ73), previously dated by '“C on
two charcoal samples at 29.2-30.5 and 31.1-31.5 ka cal BP
(Le Pennec et al. 2011). Ages agree only at the 2-0 level, but
our K-Ar result should be considered with caution since the
measurement conditions were not ideal, due to the lack of
groundmass of this sample, the low potassium content of pla-
gioclase crystals analyzed, and the resulting low radiogenic
argon content (0.8 and 0.2%, respectively; Table 1).

Eruptive history of the northern segment

Figure 5 shows the evolution of the Ecuadorian arc morphol-
ogy within our study area during the late Quaternary.

Before ~ 1.2 Ma, the landscape was shaped by the basement
constituting the two Cordilleras and the Interandean Valley in
between (Fig. 5a). Only the Chacana volcanic complex, located
south of our study area (Fig. 1), was active since at least ~2.6 Ma

(Opdyke et al. 2006). Thick sequences of volcanoclastic deposits,
the Angochagua formation, which covers the Eastern Cordillera,
as well as Pisque and San Miguel formations in the Interandean
Valley, could have been emplaced between the Late Miocene and
the Early Pleistocene (e.g., Boland et al. 2000; Andrade 2009;
Alvarado et al. 2014). The construction of the current arc seems
to have started at about 1.1-1.0 Ma (Table 1; Samaniego et al.
2005) with the coeval activity of Viejo Cayambe in the Eastern
Cordillera (red; Fig. 5b) and the “pre-Mojanda” edifice in the
Interandean Valley (turquoise; Fig. 5b). Following an apparently
long period of quiescence and erosion, volcanic activity resumed
with the rapid construction of Cusin volcano (pink; Fig. 5¢) be-
tween 550 and 450 ka, in the eastern side of the Interandean
valley. The onset of Lower Mojanda construction could have
occurred during this period. Then, the rather coeval construction
of the main edifices of Lower and Upper Mojanda (blue), Fuya
Fuya (green) and Cushnirumi (yellow; Fig. 5d) occurred, since at

Fig. 5 Synthesis cartoons of the
paleotopography evolution of the
E-W segment located between
Cotacachi and Cayambe volca-
noes, north of the Ecuadorian arc
(Fig. 1), between 2.5 and 1.5 Ma
(a), 1.2 and 1 Ma (b), 550 and
450 ka (c), 400 and 350 ka (d)
350 and 200 ka (e), 200 and

100 ka (f), 100-10 ka (g), and for

"Pre-Mojanda”

Viejo Cayambe

\M

the past 10 ka (h) . Note that both

landscape morphology before the ﬂ
construction of volcanoes and
evolution of their erosion are
speculative, and subjectively de-
duced from present elevations

i g r/ 2
a ;“
P %
2.5-1.5Ma 1.2-1.0 Ma
Cusin d] Lower — Lower — Neyado
Cushnirumi Fuya Fuya Mo%a?c«i’ar Cayambe

o

550-450 ka 400-350 ka
e Upper Mojanda Nevado ] Cotacachi Nevado
San Bartolo Cayambe Cayambe

350-200 ka 200-100 ka

Imbabura

ﬂ Upper
Fuya Fuya

Cubilche Cayambe

Nevado Nevado

Cayambe

Imbabura

Cuicocha

100-10 ka <10ka
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least 476 ka for Fuya Fuya and 411 ka for Cushnirumi volcano
(Table 1). The period of activity of Cushnirumi may have been
short and ended about 383 ka (Table 1). In the Eastern Cordillera,
Nevado Cayambe (dark red; Fig. 5d) started its growth with the
so-called Angureal edifice (450 ka), followed by the construction
of the Nevado Cayambe main summit (<250 ka; Samaniego
et al. 2005). Constructions of both San Bartolo cone (~350—
290 ka) and Upper Mojanda (~250-190 ka; Table 1) followed
Cushnirumi activity (Fig. 5e) and experienced a major westwards
sector collapse at about 160 ka (Robin et al. 2009).

Between 195 and 100 ka, the volcanic activity seems to have
migrated north-westward with the construction of Upper Fuya
Fuya within the Mojanda and Lower Fuya Fuya collapse amphi-
theater (Robin et al. 2009), and Cotacachi volcano in the Western
Cordillera (purple; Fig. 5f; Almeida 2016; Bablon 2018). The
western and eastern flanks of this latter volcano could have also
collapsed during this period, covering a part of the Interandean
Valley north of Mojanda volcano. In the Eastern Cordillera,
Nevado Cayambe was still active (Samaniego et al. 2005).

In the Interandean Valley, onset of Imbabura (orange;
Fig. 5g) and Cubilche (brown) activities have occurred at least
since 47 + 6 ka (Le Pennec et al. 2011) and 40 + 5 ka (Table 1),
respectively. However, few ages are available for Taita
Imbabura, and its construction period is still poorly
constrained. The northern flank of Imbabura volcano experi-
enced at least one sector collapse, whose scars have been

Fig.6 Summary maps of eruptive 7802_qu 7?°

progressively erased by subsequently emitted material that
filled the amphitheaters. The northern flank of Cubilche also
collapsed most likely between 40 and 45 ka (Table 1), and the
resulting amphitheater was partly filled by a new cone. The
summit domes of Upper Fuya Fuya (dark green; Fig. 5g) grew
shortly before the Last Glacial Maximum (28 + 5 ka; Table 1),
as well as the Huarmi Imbabura dome complex (~30 ka; Le
Pennec et al. 2011), followed by both El Artezon cone in the
north and Angaraloma unit on the southeastern flank. In the
Eastern Cordillera, the Nevado Cayambe main summit was
still active. Lastly, during the Holocene (< 10 ka), pyroclastic
flow deposits were emplaced east of Imbabura about 9 ka (Le
Pennec et al. 2011), and the Cuicocha caldera-forming erup-
tion took place at 3 ka on the southern foot of Cotacachi
volcano (dark green; Fig. Sh; Hillebrandt 1989). Nevado
Cayambe is presently the most active edifice of this area,
and its eastern summit, not affected by Holocene glaciations,
has been constructed during the last 4 kyr (Samaniego et al.
1998).

Eruptive rates

Eruptive rates obtained at the Ecuadorian arc scale, including
those calculated following the present approach for Mulmul,
Huisla and Igualata volcanoes from the southern termination
of the arc (Bablon et al. 2019), are shown in Fig. 6a. As
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mentioned before, eruptive rates could be biased by sector
collapses, as well as the dispersed pyroclastic material, the
volume of which could be much higher than that of lava flows
emitted (Erlund et al. 2010). As it depends on eruptive dynam-
ics, it is therefore not possible to determine the proportion of
pyroclastic material involved, and each eruptive rate must be
considered as a minimum. Incomplete sampling could also
lead to erroneous determination of eruptive and erosion rates.
For instance, as it is possible that oldest ages obtained for
Cushnirumi, Lower Fuya Fuya and Imbabura do not corre-
spond to the beginning of their construction (Fig. 3), leading
to overestimation of their eruptive rate. At a first glance, there
are no significant difference between rates from the northern
part of the arc and its southern termination, as well as no
strong correlation between the eruptive rates and the proxim-
ity of the active crustal faults (Fig. 6a), whose identification
and mapping require refinements. Note that eruptive rates ob-
tained for both Igualata and Mojanda volcanoes could be
overestimated as the onset of their activity is not well
constrained (Bablon et al. 2019; Table 1).

We show in Fig. 7a the eruptive rates obtained in this
study (colored circles), as a function of the activity dura-
tion used to calculate these rates. The figure highlights that
eruptive rates can significantly vary over intervals shorter
than 100 kyr, ranging between 0 and 6 km?*/kyr, whereas
they are systematically lower than 1 km?®/kyr for intervals
larger than 100 kyr. Figure 7a shows that eruptive rates
obtained for other worldwide Quaternary arc volcanoes
(Table 3) display a trend similar to that of Ecuadorian vol-
canoes. Our results therefore strongly support the hypoth-
esis that emission rates are characterized by sporadic activ-
ity phases separated by quiescence periods of variable du-
ration (Hildreth and Lanphere 1994; Lewis-Kenedi et al.
2005; Bacon and Lanphere 2006; Samaniego et al. 2016;
Bablon et al. 2018; Grosse et al. 2018). In other words,
many andesitic volcanoes are constructed by activity spurts
with variable and relatively high emission rates over time
periods usually shorter than 100 kyr (Fig. 7a), whereas
longer time periods systematically include long quiescence
periods that lower the averaged apparent eruptive rate.
Note that eruptive rates reported for Ecuadorian volcanoes
by Martin et al. (2014; between 0.13 and 2.2 km>/kyr) are
higher than those obtained in Chile, Mexico and in the
Cascades range (between 0.05 and 0.2 km?®/kyr).
However, this can be explained by the short activity period
of ~2 to 35 kyr used for Ecuadorian volcanoes while erup-
tive rates for other volcanoes are much larger (~0.1 to
1 Myr) and probably include quiescence  periods that
reduce the averaged apparent eruptive rates (Fig. 7a).

Eruptive rates are controlled by magma production rates.
However, we note that the trend of eruptive rates (Fig. 7a) is
similar for both fast (~6—-10 cm year_l; e.g., Andes, Cascade
arc, Alaska, Japan) and slow (~2 cm yearfl; Lesser Antilles)
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Fig. 7 a Eruptive rates as a function of the timespan used to calculate the
rates. Results obtained for Ecuadorian volcanoes are represented by
circles with bold outlines. Colors are the same as used in Fig. 6a.
Previously published data obtained for other volcanoes associated with
subduction are represented by turquoise squares (Crisp 1984; Hildreth
and Lanphere 1994; Feeley and Davidson 1994; Thouret et al. 2001;
Harford et al. 2002; Hildreth et al. 2003a, 2003b; Le Friant et al. 2004;
Ownby et al. 2007; Frey et al. 2004; Lewis-Kenedi et al. 2005; Bacon and
Lanphere 2006; Hora et al. 2007; Singer et al. 2008; Klemetti and
Grunder 2008; Germa et al. 2010; Karatson et al. 2012; Labhitte et al.
2012; Ricci et al. 2015a, 2015b; Germa et al. 2015; Samaniego et al.
2016; Grosse et al. 2018). b Erosion rates as a function of the exposure
duration of rock, i.e., the end of the volcanoes activity. Published data
obtained for other arcs are represented by turquoise squares (Ricci et al.
2015a, 2015b; Germa et al. 2015). Colors are the same as used in Fig. 6b.
Details of the volcanoes considered, periods, and volumes are given in
Tables 2 and 3

convergence subduction zones. Consequently, eruptive rates
do not seem to be directly linked to the convergence velocity
of the subducting plate. Output rates are also controlled by the
magma viscosity and volatile content (White et al. 2006;
Zellmer et al. 2015) and the crust thickness (Hawkesworth
et al. 2004), whereas magma rise could be favored by sector
collapses (Presley et al. 1997), ice retreat at the end of glacial
periods (Bacon and Lanphere 2006), mafic magma recharge
in the chamber (Rampino et al. 1979), or large earthquakes.
Eruptive rates could therefore be controlled by several factors,
which could explain the large difference in rates observed for
time periods shorter than 100 ka (Fig. 7a), but the time interval
considered for eruptive rate calculations appears as a key
parameter.
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Table 3  Results of eruptive and erosion rates obtained for other volcanoes, from subduction or hot-spot contexts
Volcano Stage Agemax. Agemin. Duration  Volume Eruptive rate Erosion rate Reference
total
ka ka kyr km® km?/kyr mm/yr km?*/kyr mm/yr  T/km?/kyr
Tungurahua I 293+10  81+3 212410  124+74 0.6+£03  3.6+22 Bablon et al. (2018)
81+3 0 81+3 16+4 02+0.1 24+0.6 6.5+1.7
I 29+2 2.96+0.03 26+2 2444 0.8+0.2 17.8+34 Bablon et al. (2018), from Hall et al.
(1999)
11 2.96+0.03 0 296+0.03 7+3 25+1 41.5+17 Bablon et al. (2018), from Hall et al.
(1999)
Whole 293+10 0 293+10  108+30 0.4=+0.1 24+0.7
Mulmul Whole 174+3 145+4 39+12 22+7 0.6+0.3 From Bablon et al. (2019)
145+4 0 145+4 742 0.02+0.01
Igualata Main edifice >376+10 3377 >39+£12 217445 <5.6 From Bablon et al. (2019)
337+7 0 337+7 19+14 0.06+0.04
Huisla Whole 612+10  492+9 120£13  25+11 0.2+0.1 From Bablon et al. (2019)
492+9 0 488 2+2 0.01+0.01
Sagoatoa Whole 799+12 0 799+ 12 8+3 0.01£0.00 From Bablon et al. (2019)
Antisana 1 > 400 > 400 ~54 <0.01 From Hall et al. (2017)
I >400 15 > 385 ~33 <0.09
I >15 15 ~2.2 ~0.15
Pichincha Lower Rucu 850 600 250 ~160 ~0.64 Robin et al. (2010)
Basal Guagua 60 47 13 ~29 ~22
Main Guagua 60 11 49 32+1 ~0.63
Toaza 11 4 7 4+1 0.6+0.1
Cayambe Viejo ~1110 1045 > 65 115+£5 <lS5 From Samaniego et al. (2005)
1045 0 1045 25+ 14 0.02+0.01
Nevado 409 0 409 150+20  ~0.39
Chimborazo I 120 60 60 52+7 0.9+0.1 Samaniego et al. (2012)
I 60 35 25 14+4 0.6+0.1
111 35 0 35 4+1 ~0.1
Parinacota (Chile) Whole 163 0 163 46+5 0.28+0.03 Hora et al. (2007)
Young cone ~5 0 ~5 15+4 0.99+0.24
Puyehue-Cordon Caulle Whole 314+13 0 314+13 131 >0.42 Singer et al. (2008)
(Chile)
Aucanquilcha (Chile) Azufrera 1040 920 120 21 0.16 Klemetti and Grunder (2008)
Whole 1040 0 1040 38 0.04
Ollagiie (Chile-Bolivia) Whole ~130 3.6 ~0.03 0.11 From Karatson et al. (2012)
Whole <1000 ~85 <0.09 From Feeley and Davidson (1994)
Maricunga (Chile) Whole ~14,600 23 0.007
El Misti (Peru) Whole 112 0 112 70-83 0.63 Thouret et al. (2001)
Peak eruption rates ~10 2.1
Payun Matra (Argentina) ~ Whole 2725 261 +4 ~11 ~40 ~4 Germa et al. (2010)
Ceboruco (Mexico) Whole ~100 0 ~100 51+2.5 ~0.51 From Frey et al. (2004)
Tancitaro (Mexico) Whole >793+£22 >97+3 ~0.12 From Ownby et al. (2007)
Tequila (Mexico) Whole ~ 1000 0 ~ 1000 106-149  ~0.13 ~0.79 From Lewis-Kenedi et al. (2005)
Cerro Tomasillo 66 +20 58+10 8+22 19+02 >024
Arenal (Costa Rica) Whole 0.5 0.26 0.55 Crisp (1984)
Fuego (Guatemala) Whole 57 50 2.1 Crisp (1984)
Ampato-Sabancaya Whole A. 450 10 440 38-42 0.08-0.09 Samaniego et al. (2016)
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Table 3 (continued)

Volcano Stage Age max. Agemin. Duration  Volume Eruptive rate Erosion rate Reference
total
ka ka kyr km® km¥kyr  mm/yr  km¥kyr  mm/Ayr  T/km?/kyr
(Peru) Basal S. 10-6 3 3-7 5-8.1 1.5-2.7
Whole S. 10-6 0 10-6 6-10 0.6-1.7
Incahuasi Whole 1570 +100 350+30 1220+130 62+6 0.04-0.06 Grosse et al. (2018)
(Argentina-Chile)
Falso Azufre Quaternary pulse  910£220 530+90  380+£310 75+13 0.1-1.3
El Condor Condor stage 130£20  20+30 110+40  41+15 0.2-0.7
Mt. Fuji (Japan) Whole 80 400 5 Crisp (1984)
Asama (Japan) Whole 30 37 1.3 Crisp (1984)
Sakurajima (Japan) Whole 14 25 1.8 Crisp (1984)
Hanoke (Japan) Whole 400 150 0.37 Crisp (1984)
Mt. Baker (Cascades) Whole 1290 990 300 0.17-0.27 Hildreth et al. (2003a)
1180 990 190 0.27-0.43
900 500 400 0.02-0.04
280 50 230 0.03-0.07
~43 15+3 ~03
Mt. Adams (Cascades) Whole 940 0 940 ~315+84 0.25-04 Hildreth and Lanphere (1994)
940 520 ~420 0.015-0.04
400 125 ~275 0.05-0.1
125 100 ~25 12-24 0.5-1
Hellroaring cone ~25 75-125 3-5
Late Pleistocene ~25 39-52 1.6-2.1
cone
Mt. Mazama (Cascades) Whole 420 0 420 176 0.42 Bacon and Lanphere (2006)
420 30 390 112 0.29
Katmai (Alaska) Whole 100 70 0.5-1.2 Hildreth et al. (2003b)
Mt. Griggs 35+5 ~0.0
Mt. Katmai 70+18 ~0.1
280 50 230 ~0.2
~43 15+3 ~03
Martinique Island Mt Pelée 550 0 550 72.2 0.13 Germa et al. (2015)
25 0 25 1.2+0.5 0.05+£0.02 1.4+0.2
Montserrat Island Soufriere Hills 170 0 170 ~20 0.15 Harford et al. (2002)
174 0 174 0.17 Le Friant et al. (2004)
Silver Hills 1200 0 1200 0.0125
Guadeloupe Island Grande 250 150 100 4+1 0.04+0.01 Labhitte et al. (2012)
Découverte
Old Axial Chain 1000 650 350 189+30  0.54+0.09
Monts-Caraibes 472 0 450 1+1 0.23+£0.20 Ricci et al. (2015a)
Beaugendre Valley 712+12 0 700 8=£3 1.35+0.55
MMC massif 681 +£12 509+10 170 441 0.7 Ricci et al. (2015b)
Sans-Toucher 451+13  412+8 40 10+4 0.3+0.1 03+0.1 094+0.38
La Réunion Island Cilaos and Mafate 180 0 180 >214+62 >1.2+04 Salvany et al. (2012)
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Erosion rates
Comparison of erosion rates from different volcanic contexts

Considering that the youngest age obtained for each volcano
(Table 1; Hall and Mothes 1997; Samaniego et al. 2005; Le
Pennec et al. 2011) marks the end of its activity and conse-
quently the beginning of an erosion period during which the
volume of eroded material is significantly higher than the
volume of material being emitted, erosion rates calculated in
Ecuador vary between 0.010 £0.004 and 0.27 £ 0.04 km®/kyr
(Tables 2 and 3; Figs. 6b and 7b). There is no clear correlation
between these rates and the presence of the main active faults
(Fig. 6b), but a geographical relation can be inferred. Highest
erosion rates are obtained for Cotacachi, Carihuairazo and
Tungurahua volcanoes, located in both Western and Eastern
Cordilleras (Fig. 1), whereas lowest rates are obtained for
volcanoes located in the Interandean Valley (Fig. 6b), where
the climate is drier and the surrounding relief gradients are
smaller. Indeed, mean annual rainfall in the Eastern and
Western Cordilleras vary between 1000 and 3000 mm/year,
while they only reach 200-800 mm/year in the Interandean
Valley (Clapperton 1990; www.inamhi.gob.ec). Moreover, the
present-day equilibrium line altitude (ELA) of glaciers varies
between 4150 and 5100 m a.s.l. for volcanoes from both
Cordilleras, such as Chimborazo, Cayambe, Tungurahua,
Antisana and Altar (Fig. 1; e.g., Clapperton 1990; Cadier
et al. 2007; Caceres 2010), and between 4400 and 5000 m
for Cotopaxi volcano in the Interandean Valley. Moraine de-
posits indicate that the ELA could have reached 3500 m dur-
ing the LGM for the eastern side of Chimborazo volcano
(Clapperton 1990; Samaniego et al. 2012). Higher erosion
rates associated to volcanoes located in the Cordilleras could
therefore be related to orographic rainfall patterns and the
presence of glaciers, the respective contribution of which can-
not be accurately distinguished based on our data.

Although few data are available for other arc volcanoes,
the erosion rates obtained in Ecuador are higher than those
obtained in the Lesser Antilles (turquoise squares; Fig. 7b),
despite similar annual rainfall regimes. Higher rates ob-
tained in Ecuador can be related to the Quaternary glacia-
tions and the strong abrasion that occurred during glacier
retreats.

Erosion rates calculated in Ecuador are significantly lower
than those obtained at La Réunion Island (> 1.2 km®/kyr;
Salvany et al. 2012). The high erosion rate of La Réunion
Island could be due to significantly stronger rainfall, which
varies there between 1000 and 12,000 mm/year. In addition,
La Réunion Island is mainly made of basaltic lava flows
(Salvany et al. 2012), whose erosion appears more efficient
than for more evolved products from subductio