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Abstract

The origin of several geochemical parameters in continental arc lavas (e.g., La/Yb,
Ba/Th) is controversial as to whether it is imparted by the slab or acquired in the crust. In
Ecuador, where volcanoes are built over a thick crust (~50 km), this problem is grounded in the
lack of primitive rocks. Here, we use melt inclusions hosted in Fogo.9o olivines to decipher the
slab component signatures that metasomatises the sub-arc mantle. We report major, trace, and
volatile elements analyzed in experimentally heated melt inclusions, which are from primitive
rocks of Cotacachi, Cubilche, Cono de la Virgen, Conos de Licto, and Sangay volcanoes located
in the north and south of the Ecuadorian arc. Based on trace element data and geochemical
modelling, we recognize two types of slab components: one is indicative of aqueous fluids (e.g.,
high Ba/La, Pb/Ce, B/Nb), and the other is indicative of hydrous siliceous melts (e.g., high
La/Nb, Th/Nb). The aqueous fluid signature is recognized in all volcanoes (except for Cono de
la Virgen), and their F/CI are distributed around 0.43+0.07, independent of the distance to the
Benioff zone. We propose a model where hydrous siliceous melts result from the subduction of
a young oceanic crust north of the Grijalva fracture zone. Additionally, we show that the mantle
under Licto and Sangay volcanoes is enriched prior to metasomatism by slab fluids. This study
shows that melt inclusions give valuable insights into the composition of primitive melts that
are rarely accessible as whole rocks.

Key words: primitive magma, subduction zone, trace element, mantle metasomatism, Northern
Volcanic Zone, Andes



1 Introduction

The partial melting to form arc magmas is thought to be triggered by fluids and melts
derived from the subduction slab. Here, the fluids and melts are termed the slab component. The
slab component imparts the incompatible trace element arc signature (Davidson, 1996; Pearce
and Peate, 1995; and references therein), and together with the mantle and the crust, contributes
to the final geochemical character of arc magmas (e.g. Elliot et al., 1997; Streck et al., 2007).
Defining the geochemical slab component signature is a challenging task because magmas
change their compositions during their ascent through the crust, which hinder or overprint the
slab and mantle contributions. Whereas some arc magma trace element characteristics, such as
a depletion in high-field-strength elements (HFSE, i.e. Nb, Ta) and an enrichment in large-ion-
lithophile elements (LILE, i.e. Th, Rb), is often ascribed to the slab component signature (Elliot
et al., 1997; Pearce and Peate, 1995), other geochemical parameters (i.e., high Sr/Y, La/YDb,
Th/La) can be acquired in the crust or imparted by the slab. This geochemical complexity has
led to a long-lasting discussion about the role of the slab and the crust components in the
chemistry of arc magmas (e.g., Elliott et al., 1997; Plank, 2005; Rogers and Hawkesworth,
1989).

When the slab component can be identified, it also gives insight into the dehydration and
melting processes occurring in the subducting slab (e.g., Davidson, 1996). The current
“paradigm” states that aqueous fluids are most probably related to slab dehydration, occurring
principally along low-temperature subduction zones (e.g. Leeman and Sisson, 1996), while
hydrous siliceous melts are likely related to the partial melting of the subducting slab (which
includes both the altered oceanic crust and the overlying sediments) along high-temperature
subduction zones (Elliott et al., 1997, Hermann and Rubatto, 2009).

Recent experimental studies have focused on the determination of the efficiency of the
slab component in moving incompatible elements from the slab to the mantle wedge. These
studies demonstrate that the slab component changes its property depending on the temperature
at which the transport takes place (i.e. Carter et al., 2015; Hermann and Rubatto, 2009; Kessel
et al., 2005). For example, Hermann and Rubatto (2009) and Carter et al. (2015), who analyzed
the hydrous melts produced at high temperature during wet melting of sediments and basalts,
respectively, have shown that the concentration of key trace elements in the melt (i.e. Zr, Y, rare
earth elements (REE)) increases with temperature. However, the degree of enrichment is not the
same for all the elements, because their concentration is controlled by the residual phases that
host such key elements. Thus, if the hosting phase is exhausted during melting, the elements
contained in that phase reach a maximum concentration at the temperature of exhaustion. As a
result, the behavior of some elements during slab melting is controlled by minor and accessory
phases, as for example: light REE (LREE) and Th is controlled by epidote and monazite, Zr by
zircon, Rb by phengite, and Nb and Ta by rutile. Similar to that occurred with melts, the
concentration of some key trace elements also increases with temperature in aqueous fluids
produced by sediments below the solidus (Spandler et al., 2007), although their maximum
concentration is lower than that measured in melts. An additional complexity has been
highlighted by Rustioni et al. (2019), who have shown that the capacity of fluids for transporting
trace elements is not only a temperature-dependent property, but it can also be enhanced by the
presence of large amounts of chlorine (> 5 wt.%) in the slab-derived fluids. The geochemical
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characters of slab components are therefore derived from the composition of lithology (i.e.
sediments, AOC) and the element fractionation between major or accessory minerals and fluid
or melt. Despite such complexity, the trace element abundance in the slab-derived fluids or melts
increase with temperature, and therefore melts are better carriers of trace elements that their low-
temperature counterparts. This study focuses on this first-order characteristic to interpret
geochemical signature of arc magmas, then evaluate contributions of others with quantitative
modelling.

In the Ecuadorian segment of the Northern Volcanic Zone of the Andes— “Ecuadorian
Arc” — the slab contribution recorded in basaltic andesites and andesites with low Ba/Th, high
La/Yb, and high Th/La has been debated for several years. Some studies propose that such
geochemical signatures are imprinted into the sub-arc mantle by hydrous siliceous melts coming
from the slab melting, and these signatures persist until the magmas reach the surface due to low
degrees of crustal contamination (e.g., Ancellin et al., 2017; Hidalgo et al., 2012; Samaniego et
al., 2005). On the other hand, other authors propose that the slab component is an aqueous fluid,
and therefore the high La/Yb and Th/La are acquired in the crust due to hornblende and (or)
garnet crystallization and crustal assimilation (e.g., Chiaradia et al., 2020). In this work, we will
discuss the origin of the slab component, based on the dichotomy fluids and melts. In contrast,
we discard the involvement of saline fluids in the Ecuadorian subduction system because salt
deposits have not been reported in the subducted sediment layer (see below).

In this work, we studied melt inclusions (MI) hosted in Fogo-90 olivines from whole rocks
in which Mg# [defined as molar 100*Mg/(Mg+Fer)] was greater than 55. We selected those
rocks in order to focus our effort on the most primitive melts — those less affected by crustal
processes — from the Ecuadorian arc. The sampled rocks came from Cono de la Virgen (CLV),
Cotacachi, and Cubilche volcanoes that are located in the northern part of the Ecuadorian arc,
and from Conos de Licto (Licto) and Sangay volcanoes, located in the southern part of the
Ecuadorian arc (Fig. 1). We also compiled MI data from the literature from Pan de Azucar
(PDA), Rucu Pichincha (Le Voyer et al. 2008), and Punalica volcanoes (Narvaez et al., 2018,
see Fig. 1). We used ratios of incompatible trace elements in MI to avoid the effect of fractional
crystallization, and we demonstrated: (1) that their chemical variability was not acquired in the
crust, and (2) that MI compositions resulted from melting of mantle that has been metasomatised
by both aqueous fluids and (or) hydrous siliceous melts. Also, we gave some insights about the
composition of the sub-arc mantle beneath Ecuador and interpreted the geochemical MI
signature, for example, F/Cl ratio, in the context of the geodynamical setting of the Ecuadorian
arc.



2 General information on the Ecuadorian arc and sample descriptions
2.1 The Ecuadorian arc: geodynamic setting and geochemical summary

The Andean Northern Volcanic Zone (NVZ) spans from Northern Colombia (~6°N) to
Central Ecuador (~2°S) and results from the oblique convergence of the Nazca and the South
American plates, at a rate of 5-6 cm/year (Nocquet et al., 2014). In Colombia (6°N to 2°N), the
Nazca plate subducts at a 30°-40° dip to the east, while in Southern Ecuador and Northern Peru
(between ~3°S and 8°S), the Nazca plate subducts at a ~10° dip, defining the Peruvian flat slab
(Yepes et al., 2016, and references therein). In Northern and Central Ecuador, the subducting
slab contains two significant structures. The first is the Carnegie ridge (located between 0° and
3°S), which is a 200-250 km-wide, 2 km-high submarine mountain range (Fig. 1a) originating
from Galdpagos hotspot activity. The Carnegie ridge is responsible for the low angle of
subduction (~25° dip) of the Nazca plate at this latitude due to its higher buoyancy (Yepes et al.,
2016). The second structure is the N60°E Grijalva fracture zone (GFZ, Fig. 1a), which consists
of a 500 m-high escarpment separating an older subducting slab (25-30 Ma) to the south, from
a younger oceanic crust (12-20 Ma) to the north (Yepes et al., 2016). One important feature of
Ecuadorian volcanoes is their location with respect to GFZ. Among the volcanoes studied, Licto
and Sangay are the only volcanoes located south of GFZ while the others are located just above
or to the north of GFZ.

The width (east-west) of the Ecuadorian arc is greater (~120 km) than that of the volcanic
arc in Colombia (40-50 km) and is characterized by more than 80 Quaternary volcanic centers
(Hall et al., 2008) constructed on a heterogeneous, 50-55 km thick continental crust (Koch et al.,
2021). Those volcanoes are distributed along four alignments based on their location with
respect to the two principal mountain ranges (the Western and Eastern Cordilleras, see
topographic profile in Fig. 1d). The frontal and the main arc groups correspond to volcanoes
located above the Western and Eastern Cordilleras, respectively. Volcanoes from the frontal arc
lie upon Meso-Cenozoic volcanic and sedimentary rocks of oceanic affinity (Vallejo et al.,
2009), while those from the main arc are constructed over a continental-like crust that consists
of felsic and intermediate igneous and metamorphic rocks (Litherland et al., 1994). The third
group corresponds to the volcanoes of the Inter-Andean valley, which are constructed above
Miocene and Pliocene volcanic and sedimentary rocks (Winkler et al., 2005). Finally, a few
scarce volcanoes that are further east constitute the Sub-Andean zone group and are in the upper
Amazon basin.

The geochemical studies performed over the last two decades on Quaternary Ecuadorian
volcanic rocks describe the main geochemical characteristic of this arc segment. First of all, the
magma composition changes from the west to the east (across-arc) by an increase in
incompatible trace elements and a decrease in LILE over HFSE ratios further from the trench.
This feature is usually interpreted as resulting from a decrease in the amount of fluids added into
the sub-arc mantle from the subducting slab, and consequently, a decrease of mantle melting
(Barragan et al., 1998; Hidalgo et al., 2012). More recently, significant north-south (along-arc)
geochemical variations have been described and are associated with a change in the slab



component composition (Ancellin et al., 2017), or with a distinctive depth of magma-crust
interactions (Chiaradia et al., 2020). In addition, Ecuadorian magmas broadly display an adakitic
signature, mostly defined by high La/Yb and Sr/Y values. These compositions, mostly
recognized in frontal arc volcanoes located between 0.5°N and 1°S, have been interpreted either
in terms of partial melting of the slab and the subsequent metasomatic reactions in the mantle
wedge (Hidalgo et al., 2012; Samaniego et al., 2005), or as due to lower crustal processes
associated with high-pressure fractionation and (or) melting (Chiaradia et al., 2020).

2.2 Sample locations

Cotacachi volcano (78.34°W, 0.36°N, 4944 m above sea level — asl, Fig. 1b), located in
the Western Cordillera, is a Late Pleistocene stratovolcano formed by two successive edifices
(Cotacachi I and II; Almeida, 2016). The oldest edifice comprises the outermost part of the
present cone and is formed by basaltic andesite and andesitic lavas. Cotacachi II includes a
sequence of andesitic lavas present on the upper part of Cotacachi and four dacitic satellite
domes constructed on the lower Cotacachi I flanks. The three studied samples (17EQ91, MM 1B,
COTAO02) come from Cotacachi I edifice and are calc-alkaline basaltic andesite lavas and one
pyroclastic bomb (Table 1).

Cubilche volcano (78.13°W, 0.23°N, 3826 m asl) is a Late Pleistocene edifice (40-45 ka,
Bablon et al., 2020), located in the Inter-Andean valley, that displays a horseshoe-shaped
amphitheater opened to the north resulting from a sector collapse. It comprises two volcanic
edifices named Old and Young Cubilche (Navarrete et al., 2020). The two studied samples come
from Old Cubilche (17EQ81, 17EQ95) which are black, vesiculated, calc-alkaline andesitic
lavas.

Cono de la Virgen — CLV — (77.91°W, 0.02°N, 3673 m asl) is a recent, Holocene satellite
edifice associated with the Cayambe volcanic complex (Samaniego et al., 2005) and located on
the Eastern Cordillera. This cone has a 250-300 m-thick succession of high-K calc-alkaline
andesite lava flows. We selected three samples from the distal lava flows (CAY45A, CAY45B,
CAY450).

Conos de Licto — Licto — (78.62°W, 1.78°S) are two scoria cones with adjacent lava flows
located in the southern part of the inter-Andean valley. The cones are aligned (N74°W) and are
named Cerro Tulabug and Loma Bellavista. RIO10B was a lava flow sample of basaltic-andesite
composition. This sample comes from a lava related to Cerro Tulabug (3336 m asl) that is dated
at 183 = 9 ka (Bablon et al., 2019).

Sangay volcano (78.34°W, 2.00° S, 5230 m asl) is the southernmost active edifice of the
NVZ and is located on the Eastern Cordillera. It was constructed over the last 500 ka by three
successive edifices (Sangay I, II and III; Monzier et al., 1999), which are separated by two major
sector collapses. Sangay I growth extended from 500 to 250 ka, Sangay II from 100 to 50 ka,
and the present cone has been active for at least 14 ka. The rock compositions span from basaltic
andesites to dacites. One basalt is reported in the Sangay Il sequence, and its olivine-hosted MI



were previously studied by Narvédez et al. (2018). The selected sample for current work,
SAN21B, is from Sangay II edifice, and it is a calc-alkaline basaltic andesite lava.

Compiled MI data are from Rucu Pichincha, PDA, and Punalica volcanoes. Rucu
Pichincha volcano (0.85-0.2 Ma) is one of the two edifices that compose the Pichincha volcanic
complex (Robin et al. 2010) and is located on the Western Cordillera. PDA is a poorly known
stratovolcano from the Sub-Andean zone that is hardly accessible due to its location in the
Amazon jungle. One basaltic andesite from Rucu Pichincha and one basaltic lava from PDA
were studied by Le Voyer et al. (2008). Pusialica is a 300 m-high cone-shape edifice located on
the Western Cordillera. A distal lava flow from this edifice was dated at 18 &+ 3 ka (Bablon et
al., 2019). Four bombs and lavas from Pufialica volcano were studied by Narvaez et al. (2018)
and range from basaltic andesite to andesite in composition.

2.3 Offshore sediment samples

We also analyzed oceanic sediments that were sampled in sedimentary piston cores
collected in the Manglares Forearc Basin (Collot et al., 2019) on the North Ecuador margin slope
and subduction trench (Ratzov et al., 2010) (Fig. Ic). These sediments are related to the
Esmeraldas submarine canyon, which is located immediately north of the Carnegie ridge
collision zone. This submarine canyon incises the continental shelf and serves as a conduit for
particle transport from the continent to the trench. The sediment contribution is probably
recurrent since the beginning of the incision of this canyon (~5.3 Ma ago, Collot et al., 2019).
These sediments were collected during the AMADEUS oceanographic cruise at water depths
ranging between 606 m below sea level (bsl) and 3797 m bsl (Table 2). These data were crucial
for magma genesis discussion and geochemical modeling. The samples included both (1)
hemipelagic deposits mainly composed of greenish brown-silty clay, with few fragments of
wood and foraminifera, and (2) coarser silty turbidites that reflect the erosion of the arc and
forearc by major rivers, or submarine slope failures of the margin sedimentary cover during
earthquakes (Ratzov et al, 2010). Additionally, for the discussion of magma genesis we used the
bulk sediment composition reported by Plank (2014), which corresponds to siliceous nannofossil
ooze of pelagic origin. This sediment was sampled ~400 km off the coast of Ecuador during the
deep-sea drilling project (leg 62 site 504, Cann et al., 1983) and represent an additional sediment
type that is subducted in front of Ecuador.

3 Methods
3.1 Olivine-hosted melt inclusion preparation

We crushed 9 lavas and one volcanic bomb and separated the 0.4-1.5 mm fraction. We
picked olivine crystals under a binocular microscope. Then, we selected olivines with MI bigger
than 25 pm in diameter. MI were typically sub-spherical to elongate, rounded, and between 25-
300 um in diameter (detailed dimensions were noted in extended Table 3 available on
EarthChem library, https://doi.org/10.26022/IEDA/111625). All MI were partially crystalized
and presented bubbles; therefore, we performed a heating procedure using a Vernadsky-type



microscope heating stage at 1-atm (Sobolev et al., 1980) following the method described by Le
Voyer et al. (2008). The heating procedure followed these steps: an increase in the temperature
of an olivine crystal (containing one or more MI) from a room temperature up to the temperature
for melting crystals inside the MI, in order to reverse the crystallization that occurred after MI
entrapment. For each experiment, the temperature was increased at a rate of 80°C/min until the
heating stage reached the Au melting point (1064 °C), then at 10-30°C/min. The oxygen fugacity
was kept below 10710 bars at 1200°C (nickel-nickel oxide buffer of -7.5) to avoid oxidation of
the host mineral. Once we observed the disappearance of all minerals inside the MI, we kept the
temperature constant for 5 min and quenched the experiment by turning off the electric current
to the heater. The whole procedure was completed in less than 30 minutes. The MI were visually
monitored during the entire heating procedure with a microscope (cf. Sobolev et al., 1980).
Generally, one or more bubbles were present inside the MI at the beginning of the experiments.
Bubbles moved and often coalesced during heating, and they remained after quenching. After
the experiment, the bubble sizes ranged from 10 to 100 um, and on average represented 8 vol.%
of MI. We polished 67 olivines with silicon carbide papers to expose the quenched MI, and we
used alumina powder for the final polish.

3.2 Analytical methods

Major and trace element compositions of olivine crystals and MI were analyzed at
Laboratoire Magmas et Volcans (LMV, Clermont-Ferrand, France) using a CAMECA SX100
electron microprobe and a Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-
ICP-MS), respectively. We performed the volatile element analysis by secondary ion mass
spectrometry (SIMS) before the LA-ICP-MS but after the electron microprobe analysis.

For major elements, the standard analytical procedure was reported in detail in Le Voyer
et al. (2008). Olivine analyses were performed with a focused beam, at 15 kV accelerating
voltage, a current of 15 nA, and 10 seconds counting time for each element. Glasses were
analyzed with a beam of 5-20 um in diameter (depending on the diameter of the MI), a low
current (8 nA) for major elements, and 80 nA for Cl, S, and F (Rose-Koga et al., 2014). No alkali
loss was detected on the natural basaltic glass VG-A99 (supplementary material table S1) under
these beam conditions, and alkalis of all MI (except for three MI from CLV) plotted along
expected liquid lines of descent, which suggest no alkali loss.

For trace elements, we used a laser ablation system (193 nm Eximer Resonetics M-50E)
coupled with an inductively coupled plasma mass spectrometer (Agilent 7500 cs) following the
procedure outlined in previous studies (Rose-Koga et al., 2014). To summarize, we used a pulse
energy of ~3 mJ, a spot diameter between 15 and 33 pum, and a laser pulse frequency of 2-3 Hz
depending on the inclusion size, ensuring a fluence at sample surface of ~4 J/cm™2. The
background was measured for 40 seconds before ablation, and the analysis time was
approximately 100 seconds. Data reduction was performed using GLITTER software. We used
BCR-2G and NIST SRM 612 basaltic glasses (for details see supplementary material
supplementary table S2) as standard samples and Ca as the reference element. Typical errors on



the MI (16 error of mean, 1/4/n where n is the number of cycles) were less than 15% for all trace
elements, except for Ta (<25%), and B (<40%).

We measured volatiles (F, S, CI) in the MI using the CAMECA HR 1280 housed at Centre
de Recherches Pétrographiques et Géochimiques (CRPG, Nancy, France). We used SIMS
settings similar to those detailed in other studies (e.g., Rose-Koga et al., 2014) and summarized
below. We used a Cs* primary ion beam with a current of 1 nA, a 10 kV secondary accelerating
voltage, a -80 V offset, and a projected beam size of 10-20 um. The instrument was operated
with the contrast aperture at 400 um, the energy aperture at 40 eV, the entrance slit at 52 pm,
and the exit slit at 173 um for a mass resolution power of 7007, enough to separate all mass
interfering signals. The standard basaltic glasses used during SIMS analysis were KL2G, VG2,
and 47963-b (for details see supplementary material table S3), and the relative standard
deviations on MI were, in general, <20% for Cl; and <10% for F and S.

Lava samples from Cotacachi and Cubilche volcanoes, as well as five samples of
sediments from the Ecuadorian subduction trench and Manglares forearc basin were analyzed
following the analytical procedure detailed in Cotten et al. (1995). Rock samples were crushed
in agate grinder. Major and trace elements were measured by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) using a Horiba Jobin Yvon® Ultima 2 spectrometer, at the
Université de Bretagne Occidentale (Brest, France). For major elements, the relative standard
deviations were <1% for SiO2, <2% for other major elements, and <5% for trace elements.

4 Results

The following description of major, trace, and volatile elements only concern new data.
MI data from Rucu Pichincha, PDA, Pufialica and Sangay (SAN20B shown in pink triangles in
figures) are extensively compared with the new data, but they are not reported in this section.
The details are found in Le Voyer et al. (2008) and Narvaez et al. (2018).

4.1 Major and trace elements

The MI are mostly low in silica (41.6-53.9 wt.% SiO», Fig. 2), and range from sub-alkalic
to alkalic, with K>O ranging widely, from medium-K calc-alkaline to shoshonitic compositions.
In general, for all MI compositions, MgO, FeOr, CaO and TiO; produce a negative correlation
with Si0,, while Na>O, K>O and AL,Os display a positive trend (Fig. 2b, d).

All the studied MI display a typical arc signature based on their trace element abundance
pattern (Fig. 3) and are characterized by an enrichment in LILE (e.g., Ba, Sr) relative to HFSE
(e.g., Nb, Ta). It is noteworthy that all MI have similar compositional ranges to their host-lavas,
except for MI from CLV that show higher concentrations than its host lava.

The fractionation between LREE and heavy REE (HREE) is weak in Cotacachi and
Cubilche M1, and the element abundances normalized to a primitive mantle display relatively



flat or low-slope REE patterns (Fig. 3a, b). Such a feature is represented by low values of
(La/Yb)n (normalized to the primitive mantle values of McDonough and Sun (1995), Table 4).
On the other hand, CLV MI show very steep REE patterns with high (La/Yb)n values (up to
140) and correspond to the highest values so far reported in olivine-hosted MI in the Ecuadorian
arc (cf- Le Voyer et al., 2008; Narvéez et al., 2018). The REE patterns of all the other MI (Licto,
Pudialica, Sangay, PDA) display intermediate concentrations. CLV MI also show the highest
concentration in trace elements (Fig. 3e) compared to other MI from this arc segment (except
for Ta, Ti, Y, Yb and Lu).

Trace element compositions from Cotacachi and Cubilche MI showed several
similarities. For instance, MI from both volcanoes are enriched in fluid-mobile elements
compared to HFSE (e.g., B/Nb, Table 4) and LILE relative to LREE (e.g., Ba/La and Pb/Ce),
and they are richer in Ti, Eu, and poorer in Th compared to whole-rock compositions of their
host lavas (Fig. 3b, c).

Sangay and Licto MI display intermediate (La/Yb)n values, and their trace element
composition is very similar to one another (Fig. 3g). This set of MI has lower Ba/La and Pb/Ce
values than MI from Cubilche and Cotacachi but higher than those from CLV (see Table 4). A
remarkable feature of Sangay and Licto MI are their Nb-enrichment, represented by a less
prominent negative Nb-anomaly (Fig. 3c, d), yielding a higher Nb/Nb* value between 0.1 and
0.17 [log(Nb*) = ((log(U)+log(K))/2), normalized to NMORB], compared to Cubilche,
Cotacachi, and CLV MI with Nb/Nb* ranging from 0.03 to 0.1.

4.2. Volatile elements

MI from all volcanoes, except for CLV, have similar Cl (503-1991 ppm), F contents
(283-491 ppm) and S (0.052 to 0.26 wt.%). MI from CLV have lower Cl (305-1018 ppm) and
display the highest F contents (1703-2969 ppm) reported so far in Ecuadorian MI (Fig. 4). As in
the case for F, MI from CLV show the highest concentrations of S (0.3 to 0.65 wt.%). In general,
S in MI are partitioned in the fluid phase (bubble, e.g., Bucholz et al., 2013), therefore the
reported MI concentrations of S are different from those present in the melt at the time of
entrapment and must be considered as minimum values. On the contrary, F and CI
concentrations in MI are better preserved at the time of entrapment, because they are less
affected by diffusion (Bucholz et al., 2013), because they have low degassing pressure (100 and
10 MPa, respectively, Spilliaert et al., 2006), and because a small amount of fluid exsolution
from melt (degassing) does not change F and Cl concentration in melt (e.g. SolEx model,
Witham et al., 2012; natural degassing trend Spilliart et al., 2006).

S Discussion
5.1 Limitations of post-entrapment modification corrections

Major and volatile element concentrations measured in MI rarely represent the
composition of the melt at the time of entrapment because they change during cooling of host
lavas and during experimental heating. The heating stage homogenization is considered to bring
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the MI closer to the composition of entrapment (Le Voyer et al., 2008) by reversing
crystallization. However, there are other processes that modify MI composition after its
entrapment. For example, Fe and Mg can be modified due to re-equilibration with the host
olivine via diffusion of Fe out of and Mg into the MI (Danyushevsky et al., 2000). Also, Si
depletion in MI can be caused by incorporation of silica and H* in the olivine structure through
crystallization of metal-defect olivine (Portnyagin et al., 2019). Such MI-olivine interactions are
potentially significant during magma cooling in the crust over a time period that is several orders
of magnitude longer than the laboratory heating procedure. After careful examination of
proposed corrections of these Fe, Mg, and Si modifications, it was not possible to reconstruct
the major element composition of our MI accounting for post-entrapment modifications (PEM)
without making assumptions on the initial FeOr and SiO; concentrations, values that in our case
are not known. We concluded that the data presentation would be less biased using the measured
MI data as is, without any correction for PEM. We chose to present uncorrected data in this
paper and consider such data presentations to negligibly affect the following discussions of
geochemical systematics of trace elements ratios, as incompatible trace elements have lower
diffusion coefficients (i.e., REE) compared to Mg, Fe, and water (Cherniak, 2010).

5.2 Composition of Ecuadorian primitive magmas
5.2.1 The primitive magmas beneath Ecuador and the magmatic processes affecting them

Quaternary rocks from the Ecuadorian arc typically display silica contents higher than
52 wt.% (cf. database from Ancellin et al., 2017 and Hidalgo et al., 2012). Among this large
database (~1500 rock analyses), few magnesian rocks (Mg#>55) bearing high-forsterite olivines
(Fo-g0) have been reported. The most common minerals are plagioclase, orthopyroxene,
clinopyroxene, and amphibole, with biotite and some rare quartz present in evolved rocks (Hall
et al., 2008). Rocks from the sub-Andean zone are mainly basanites and tephrites showing Na-
pyroxene and hauyne (Barragan et al., 1998; Hoffer et al., 2008). Here, we stress that, for this
study, we selected rare high-forsterite olivines (Foso-90) hosted in rocks with Mg#>55 from the
frontal arc, the inter-Andean valley, and the main arc. They are therefore a small subset
representing the most mafic olivine-bearing lavas found in Ecuador, and thus the MI sampled in
such mafic lavas allowed us to study the most primitive magmas of the Ecuadorian arc that are
not otherwise accessible.

We calculated the olivine compositions in equilibrium with their host-rocks using
olivine-melt equilibrium model of Ford et al. (1983) and compared them to natural olivine
compositions. Thus, we confirmed that olivine phenocrysts from Cotacachi (Fogs-gs) and Sangay
(Fogi-s4) are in equilibrium with their host-rock (forsterite content of equilibrium-olivine is 85.9
and 82.8, respectively). On the contrary, olivine phenocrysts from Cubilche, CLV and Licto are
not. Olivines from Cubilche and CLV have higher forsterite content (84-88 and 86-90,
respectively) than the expected equilibrium-olivines (83.4 for Cubilche and 86.0 for CLV) which
means that such olivines crystalized from a more primitive magma. On the other hand, olivine
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phenocrysts from Licto show lower forsterite content (83-86) than expected olivine (87-89),
meaning that their host lava composition is the result of olivine accumulation. However,
Cubilche, CLV and Licto MI show similar trace element patterns and similar trace element
concentrations to their host lavas (Fig. 3). Because of this, olivines from Cubilche, CLV and
Licto must be considered antecrysts, which are crystals coming from a magma genetically
related to the one they are found.

Magmatic processes such as fractional crystallization, assimilation, and magma mixing
could affect trace element composition of magmas after their formation in the mantle prior to
entrapment in olivine crystals. To identify the main process affecting trace elements, we used
an approach similar to that of Allégre and Minster (1978), which aims to rule out the effect of
fractional crystallization and discuss the significance of partial melting and magma mixing in
primitive magmas. For this, we plotted MI in a diagram of Cu/Cwm versus Cu, where Ch and Cm
are the concentrations of a highly incompatible (e.g., Rb, Th, U, Ta) and moderately
incompatible (e.g., Nd, Zr) element, respectively. Compositions that plot along a straight line
with a slope greater than zero are consistent with a partial melting process, while those that plot
along a horizontal line are consistent with fractional crystallization. In this diagram, magma
mixing process lie along a hyperbolic curve, rendering discrimination between partial melting
and magma mixing a challenging task. In any case, we would stress that both processes (partial
melting and magma mixing) are more effective in changing Cu/Cwm than fractional
crystallization.

In Fig. 5 we plotted the MI for the studied volcanoes together with the corresponding
whole-rock (WR) fields. All MI (except for CLV) plot along two different straight lines of
positive slope, corresponding to Cotacachi-Cubilche and Sangay-Licto trends. Pufialica MI have
higher Th and Rb values than Sangay-Licto trend and probably form an independent group
towards CLV MLI. It is worth noting that WR for these volcanoes extend the MI fields toward
greater Th and Rb, with the Sangay-Licto samples extending Th and Rb in a greater way than
those of the Cotacachi-Cubilche for a given (Th, Rb)/Nd values. We stress that the differences
observed in WR are also present for MI, indicating that such geochemical systematics is a
characteristic of primitive melts (represented by MI). Given that these trends display a positive
slope, we conclude that fractional crystallization is not the main process controlling their trace
element geochemistry. Therefore, these systematics must be explained by other processes such
as partial melting or magma mixing. The partial melting of a mantle source of similar
composition produces melts that plot along a single line, which is the case of Cotacachi and
Cubilche or Sangay and Licto MI. The difference in Th and Rb of Cotacachi-Cubilche compared
to Sangay-Licto trends (Fig. 5a, b) therefore must indicate a difference in the composition of the
metasomatized mantle source. We should also stress that other additional geochemical
parameters are similar in MI as in WR (i.e., Zr/Nb, Rb/Nb, La/Nb, supplementary material text
S1 and Fig. S2) which indicates that some characteristics of primitive melts can be preserved in
evolved magmas.

CLV, in comparison to other MI, shows extreme enrichment in Th and Rb, creating a
horizontal tendency in Fig. 5a, b that could be erroneously interpreted as related to fractional
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crystallization. Such Th variation of ~20 ppm can only be reproduced after ~40% of fractional
crystallization (considering a bulk partition coefficient for Th of 0.01), which is unreasonable
given that CLV MI are hosted in Foss.go olivines. Therefore, the observed CLV trend must be
explained by a process different to that of fractional crystallization.

In summary, we observe that MI and WR display different trends (Cotacachi-Cubilche,
Punalica, Sangay-Licto; Fig. 5) and that these differences cannot be related to a single fractional
crystallization process. CLV MI and WR display a different behavior characterized by an
extreme enrichment in Th and Rb. We propose that the positive-slope trends are related to partial
melting processes, whereas the geochemical variation of CLV results of partial melting process
of a heterogeneous mantle source characterized by an extreme enrichment of incompatible
elements (Th, Rb).

5.2.2 Clues for CLV melt inclusion source given by alkali and volatile elements

Compositions of CLV MI are distinctively different from other Ecuadorian MI. We
consider most MI to be classified as high-alumina basalts (HAB, Sisson and Grove, 1993)
broadly within the calc-alkaline series because of their low K>O, high Al>O3, and intermediate
composition of CaO (Fig. 2b-d). The potential modifications of Fe, Mg, Si, and H concentrations
due to PEM, would not alter this classification, as corrections are expected to be minor based on
our test calculations (Fig. S3). However, CLV MI were clearly richer in KO and lower in Al,O3
(Fig. 2b-d). These differences suggest that different magma genesis mechanisms are present in
the Ecuadorian arc system.

CLV MI, which are hosted in Fosgs.oo olivines, were not (petrologically) related to HAB.
In addition to lower AlO3; and high KO concentrations, they were distinctively high in
K>0/NayO values (~1.9 while the other MI ~0.3; Table 4), which indicate a different source for
CLV ML In fact, K-rich lavas are common in the Ecuadorian arc and have been reported in
volcanoes belonging to sub-Andean group (i.e., Sumaco volcano and Puyo cones), located to
the south-east of CLV (Barragan et al., 1998; Hoffer et al., 2008). Based on the two following
arguments, we concluded that a phlogopite- (phl-) lherzolite is the source of CLV. (1) The high
K>0/NaO values of CLV MI were comparable to those measured in small-degree (less than
5%) experimental melts of a phl-lherzolite in the garnet stability field (~3 GPa) reported by
Condamine et al. (2016; K2O ~6.4 wt.% and (K20/Na20)<2). (2) The high F (0.17-0.3 wt.%)
measured in the MI indicated the presence of a mineral rich in F in the source. In fact,
experimentally derived-melts of phl-bearing rocks can have F concentrations of between 0.3 to
0.5 wt.% (with phl and foiditic melts in equilibrium; Condamine et al., 2015). Fluorine
concentration is controlled by the presence of phlogopite during mantle melting, similar to K,O
(De®PPVm~2 LaTourrette et al., 1995). Olivine-hosted MI from a phl-bearing mantle source show
high F/Cl values of up to 5.1 (lava cones from Western Trans-Mexican Volcanic Bellt,
Vigouroux et al., 2008), while typical MI from continental arcs have F/CI between values of
0.1-1 (Fig. 4). MI from CLV were the highest F/CI (~5.2, Table 4) values reported so far in MI
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for the Ecuadorian arc, and even higher than those reported by Vigouroux et al. (2008). This
model of partial melting of a phl-lherzolite source for the K-rich CLV magmas agrees with that
proposed for the rear-arc Conos de Puyo magmas (Hoffer et al., 2008).

5.3 Mantle and slab contributions, the constraints from trace elements systematics

5.3.1 Constraining the subducted sediment contribution and the mantle source
composition

Plank (2005) showed that arc primitive basalts form linear “source” mixing arrays
between mantle and sediment compositions in a diagram of Sm/La vs. Th/La. Following the
approach, we have reproduced the diagram with Ecuadorian melt inclusion compositions and
two sediment bulk compositions (Fig. 6a, b): (1) the newly analyzed compositions of sediments
sampled along the Ecuadorian subduction trench and Manglares forearc basin; and (2) a siliceous
nannofossil ooze of pelagic origin, sampled ~400 km off the coast of Ecuador during the deep
sea drilling project (leg 62 site 504, Cann et al., 1983) which is also reported by Plank (2014).
Before this work, the low Th/La (~0.08) of the sediments reported by Plank (2014) was used as
an argument to state that Ecuadorian lavas with high Th/La (0.28-0.36) was acquired in the crust
(Chiaradia et al, 2020). Here in the plot, the high Th/La of the newly analyzed sediments (up to
0.27) are higher than those of MI, suggesting that subducting sediments alone can impart the
high Th/La of MI. The same conclusion can be reached from the diagram Th/La vs. Ba/Th (Fig.
6¢) where MI plot between the composition of the two sediments and that of the mantle field
represented by the composition of the Carnegie ridge basalts (Harpp et al., 2005). Because Ba
(and Th) is a highly incompatible element, Ba/Th is expected to remain unchanged during mantle
melting, and therefore the ratio measured in MI should be indicative of the melt sources,
reflecting the composition of the slab component. Ba/Th is very low (~250) in the newly
analyzed sediments but very high in that from Plank (2014). Geochemical variability of the
Ecuadorian MI expressed on Fig. 6a-b can be explained by the involvement of two types of
sediments into the mantle wedge. Thus, the crust contribution is unnecessary to explain the
variation of Th/La and Ba/Th in primitive Ecuadorian MI. The distinction of two sediments
based on Ba/Th has been recognized also in the Central American arc (Patino et al., 2000).

The whole rock field shown in Fig. 6 b-c correspond to rocks with variable silica content
from the studied volcanoes (from 50 to 68 wt.% SiOz). Some rocks that plot in this field (mainly
those rich in silica, Si02>58 wt.%) have Th/La greater than the Th/La of the newly analyzed
sediments. This geochemical signature can be acquired by processes occurring in the crust (i.e.
crustal assimilation of high Th/La lithologies from Eastern Cordillera Fig. 6b) as proposed for
some volcanoes in Ecuador (i.e. Chiaradia et al., 2020; Monzier et al., 1999). However, it is
noteworthy to remember that the newly analyzed sediment samples correspond to terrigenous
sediments of continental origin, and therefore its geochemical imprint is difficult to untangle
from crustal contribution if the Th/La of crustal rocks is similar to that of the sediments. In any
case, we based our reasoning in the following arguments to conclude that the slab component is
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the main cause of the high Th/La of Ecuadorian MI and that the crust has a minor influence.
Firstly, MI from CLV, with the highest Th/La are hosted in the most magnesian olivines (Foss-
90) which indicates that the high Th/La is a feature of primitive magmas. Second, MI from
Pufialica and Cubilche volcanoes have similar Th/La to MI from CLV, although they are
constructed over different crustal rocks with contrasting Th/La. Pufialica and Cubilche are
constructed over oceanic rocks from the Western Cordillera that depict low Th/La (Fig. 6d)
while CLV is built over continental rocks from the Eastern Cordillera with high Th/La values
(Litherland et al., 1994).

Figure 6 a-b also illustrates the potential presence of variable composition of the pre-
metasomatised mantle because a mixing with a single mantle composition with sediments does
not explain the entire variability. We have purposely plotted the composition of Sangay and
Licto MI in a separate diagram because trace element systematics led us to conclude that the
pre-metasomatized mantle below Sangay and Licto volcanoes was enriched. The principal
characteristic that points towards an enriched pre-metasomatized mantle below the two
volcanoes is their Nb-enrichment (represented by Nb/Nb* in Table 4) compared to other MI.
Nb/Nb* in Licto and Sangay MI varies from 0.10 to 0.62, while in other MI, it varies from 0.03
to 0.10. Furthermore, Zr/Nb and Hf/Nb, which are low in OIB compared to MORB (Davidson,
1996; Dupuy et al., 1992) are also low in Sangay and Licto MI (Fig. 6e). Coming back to Fig. 6
a-b, the end-member mantle source for the Cotacachi, Cubilche, and Pufialica M1 array intersects
with the MORB region at a mid-point of Sm/La variation, indicating that the mantle source is
mostly depleted (i.e., MORB-like), whereas the end-member mantle source for the Sangay and
Licto (Fig. 6b) array is placed at a lower Sm/La, indicating an enriched mantle source with
Sm/La values more similar to those of ocean island basalts (OIB).

Therefore, using the Plank (2005) trace elements systematics, we can demonstrate that
the geochemical diversity of the Ecuadorian MI requires the involvement of two different
sediment compositions. We also concluded that the mantle end-member for Licto and Sangay
MI was more enriched, compared to the mantle end-member of MI from northern volcanoes and
Punalica.

5.3.2 Two types of slab components

The addition of incompatible elements via slab component to the mantle wedge gives arc
magmas their archetypical trace element signature. The slab-related elements that enrich the
mantle are referred to as non-conservative (Pearce and Peate, 1995). On the contrary, elements
with no detectable slab contribution are referred to as conservative. Nb, for instance, can be
considered analogous of conservative elements in Ecuadorian MI because they show the Nb
negative anomaly when normalized to N-MORB with respect to La and Th (Fig. 3a-e). In Fig.
7a, MI are shown in a diagram of Nb/Yb vs. Th/Yb, and all MI plot above the MORB and OIB
array, indicating that Th behaves as a non-conservative element (Pearce and Peate, 1995). The
main characteristic that stands out in Fig. 7a is the two trends parallel to the MORB-OIB array,
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one with high Th/Nb values (between 1.5 and 3) represented by MI from Pufalica and CLV,
and the other with low Th/Nb (between 0.15 to 0.72) represented by MI from Cotacachi,
Cubilche, Licto, and Sangay volcanoes (no data for Rucu Pichincha and PDA are available).
Three Punalica MI from one evolved lava (CAR83A, c¢f- Narvéez et al. 2018) plot in the low
Th/Nb trend unlike most MI from this volcano. The two trends of Fig. 7a, are also observed with
other elements (e.g., with Ce, Nd as a numerator in the y-axis, Fig. S4). It should be noted that
Fig. 7 is advantageous for deciphering the non-conservative slab inputs from non-conservative
elements in a volcanic arc with different geochemical signals of mantle enrichment (or
depletion) because both MORB (depleted mantle derived melt) and OIB (enriched mantle
derived melt) plot along almost the same Th/Nb trend.

Fig. 7b shows that the fractional crystallization of two high-pressure mineral phases, able
to fractionate Yb (hornblende and garnet), do not modify the Th/Nb value significantly and are
unable to change the value from the low to the high Th/Nb trend. The assimilation-fractional
crystallization (AFC) process was also unable to increase the Th/Nb from Cotacachi to CLV MI
values. The assimilation of metamorphic rocks from the Eastern Cordillera (Th/Nb = 1.1,
Litherland et al., 1994) using the DePaolo (1981) equation with a value of r=0.2, increases Th/Nb
from 0.33 (mean value for Cotacachi MI) to 0.7 after 50% crystallization (bulk Drock/magma yged
for Th and Nb was 0.1 and 0.3, respectively, based on mineral partition coefficients from Green,
1994). Th/Nb values for Pufalica and CLV are even higher than 1.5; therefore, intracrustal
processes (AFC or FC) cannot be the main process responsible for the high Th/Nb trend (Fig.
7). With these quantitative evaluations, we concluded that these two trends were due to a change
in the metasomatic agent, one with low Th/Nb, and the other with high Th/Nb, added to the
mantle wedge.

To identify the nature of the slab components, we compared trace element ratios that
characterize the amount of material from the slab (St/Nb) to ratios indicative of its nature (B/Nb,
La/Nb; either it is an aqueous fluid or a hydrous siliceous melt). Thus, two different trends were
observed in a plot St/Nb vs. B/Nb (Fig. 8), in agreement with Th/Nb systematics. Because B is
highly soluble in aqueous fluids (Leeman and Sisson, 1996), one trend rich in B/Nb (up to 22)
corresponding to MI from Cotacachi, Cubilche (and to a lesser extent, Sangay and Licto) was
considered to have a stronger “fluid” signature than those poor in B/Nb from CLV, Pufalica,
and PDA (B/Nb: up to 4.4). Contrarily, in Fig. 8b, and given that La is an element preferentially
partitioned into melts (Elliott et al., 1997), MI from CLV and Punalica are considered to have a
hydrous siliceous melt signature. PDA MI (orange filled circles) belong to the hydrous siliceous
melt trend because of their lower B/Nb and higher La/Nb than the MI of the aqueous fluid trend,
and because Le Voyer et al. (2008) concluded that their B isotopes signatures were correlated
with this metasomatic agent. MI from Licto and Sangay clearly belong to the aqueous fluid trend
in Fig. 8b but plot at low values of B/Nb in Fig. 8a because these MI have higher Nb than the
MI of northern volcanoes (Nb/Nb*, Table 4) and Punalica. The two trends observed in Fig. 8a,
b are also seen when other fluid-immobile elements were used (i.e., Ce and Th; see Fig. S5).

Therefore, the Ecuadorian primitive MI demonstrate that the Ecuadorian sub-arc mantle
was metasomatised by aqueous fluids and (or) hydrous siliceous melts. This change of the nature
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of the slab flux implies a variation of physical conditions at the slab surface, as dehydration
reactions occur at lower temperature conditions than melting reactions (Kessel et al., 2005).

5.3.3 Geochemical modelling of primitive melt inclusions

In the present section, we modelled the magma genesis of primitive Ecuadorian arc
magmas using representative MI from each studied volcano following three successive steps.
First, we calculated the composition of the slab component using Arc Basalt Simulator 3
spreadsheet (ABS; Kimura et al., 2010). Second, we used a bulk mixing equation to mix the slab
component with the peridotite composition, and lastly we melted the metasomatised mantle
source using a batch melting equation. We considered the following geochemical constraints
established in previous sections. First, the slab component for CLV, Punalica, and PDA was set
as a hydrous siliceous melt, while for the others, it was an aqueous fluid (section 5.3.2). Second,
the mantle composition was considered as enriched for Pufalica and Sangay volcanoes
compared to other volcanoes (section 5.3.1).

ABS tracks the residual mineral proportion during mantle melting and the mineral
proportion during dehydration or melting of altered oceanic crust and sediment, following the
information determined by pMELTS and Perple X simulations for different mantle, altered
basaltic oceanic crust (AOC), and terrigenous sediment (SED) compositions. The equilibrium
mineral assemblages for the AOC and SED were calculated at 3.6 GPa (~120 km) for CLV,
Punalica, Licto, and Sangay, and 2.5 GPa (~80 km) for Cotacachi and Cubilche, roughly
corresponding to the pressure at the surface of the subducted slab under each volcano (Fig. 1).
The temperature of the slab surface was taken from the P-T trajectories determined by Syracuse
et al. (2010) model for the Colombia/Ecuador subduction zone (911°C at 3.6 GPa, and 780°C at
2.5 GPa), where the oceanic crust is young (i.e. 15 Ma) and correspond to the subduction
segment north of GFZ. Under such P-T conditions, Perplex X simulations included in ABS,
calculated that the subducting slab dehydrates at depths of the Cotacachi and Cubilche locations,
and it melts beneath CLV and Pufalica. For the subduction segment south of GFZ, where the
subducted oceanic crust is older (i.e. >30 Ma) compared to the north of GFZ, no thermal model
exists. However, from the work of Syracuse et al. (2010), we conclude that the subduction of
older oceanic crust should render lower temperatures at a given pressure along the subduction
zone. Therefore, the slab surface temperature below Licto and Sangay volcanoes should be lower
to that obtained beneath CLV and Pufalica, that are located at similar distance to the slab (Fig.
1b). This is consistent with the conclusion reached in section 5.3.3 where we identified that the
slab component under Licto and Sangay volcanoes was an aqueous fluid, which correspond to
a lower temperature. Therefore, we ran the ABS calculations with a temperature lower by 40°C
for these two volcanoes, thus fullfilling the subsolidus condition of altered oceanic crust and
sediments.

Having defined the degree of melting or dehydration and the mineral proportion of the
residue for each reservoir (i.e., AOC, SED), ABS calculates the partition coefficient
(DyMineralimeltiluid)) petween fluid (or melt) and minerals. ABS uses T-dependent partition
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coefficients for garnet and clinopyroxene (Kessel et al., 2005); fixed partition coefficient for
lawsonite, chloritoid, phengite, zoisite, lawsonite, olivine and rutile (several authors; ¢f. Kimura
et al., 2010); and for other minerals the partition coefficients are obtained by extrapolation of
Dmineral/mineral ygino natural rocks. For partition coefficients for mantle melting, ABS uses the
values of Green et al. (2000). In addition, in supplementary material Fig. S6, we compare the
partition coefficients calculated with ABS at the conditions of interest for AOC with those of
Kessel et al. (2005) and Rustioni et al. (2019) to show that ABS returned partition coefficients
that are expected in subduction zones. For AOC and SED, we used the mean basalt composition
from the Carnegie ridge (Harpp et al., 2005) and that of the newly analyzed sediments on the
Ecuadorian subduction system (Table 2), respectively. No carbonates were used as the sediment
composition because carbonates have not been sampled in front of the subduction trench. For
Licto and Sangay, we used a primitive mantle composition (Sun and McDonough, 1989) —with
an extraction of 1% of MORB— and that of a depleted mantle composition (Workman and Hart,
2005) for all the other volcanoes. These compositions therefore accounted for the heterogeneity
of the subarc mantle (Fig. 6¢). Finally, we used a batch melting equation for mantle melting
considering an arbitrary melting degree of 5% (or 10%), and an initial composition resulting
from mixing between the slab component and the mantle. For each simulation, we added an
amount of slab component until we obtained a good fit between the natural and the modelled
compositions (Fig. 9a for CLV and Cotacachi and Fig. S7 for other volcanoes, see Table 5 for
modeling details).

Fig. 9b shows the composition of the aqueous fluid component calculated by ABS for
Cotacachi to illustrate the effect of adding different proportions of this component into the
mantle wedge in the Nb/Yb vs. Th/Yb space. Because the figure is a ratio-ratio plot, an addition
of fluid significantly offsets the initial Th/Nb values from the OIB-MORB trend, although a
fluid is known as less effective metasomatic agent compared to a melt. Also, the figure shows
the effect of the abundance of garnet in the mantle residue. Fig. 9c displays in the same diagram
Nb/Yb vs. Th/YDb, the results of modeling for varying degrees of mantle melting and mantle
compositions. From Fig. 9b-c, we concluded that the magma compositions of the low Th/Nb
array were reproducible with combinations of the following parameters with an aqueous fluid
input from the slab: vol.% of garnet left in the residue (dotted lines in Fig. 9b, causing large
variation of Th/Nb), percentage of slab component added (solid lines in Fig. 9b, causing
variation along a constant Th/Nb), degree of mantle melting (Fig. 9c, variation to low Th and
Nb with constant Th/Nb), and mantle composition (Fig. 9¢, variation to high Th and Nb with
mantle enrichment, constant Th/Nb).

The change in Th/Nb due to melting of an aqueous fluid-metasomatised mantle is
insufficient to reproduce the magma compositions of CLV and Pufalica (Fig. 9b, c). No
combination of parameters resulted in an observed Th increase over Nb. An obvious alternative
explanation was the change in the nature of the slab component to a silicate melt, instead of an
aqueous fluid. In fact, the presence of the slab melt beneath CLV and Pufialica was expected
from the PT condition (Syracuse et al., 2010) and trace element systematics (section 5.3.2). ABS
simulations therefore provide a test that examines the full spectrum of trace elements with this
scenario. According to Kimura et al. (2010), ABS calculates the slab melt with a set of D, that
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are different from those of aqueous fluid by a factor of 2 to 10, similar to the values reported by
Moyen and Stevens (2006) for amphibolite melting. The results of this calculation are shown in
Fig. 9d (solid line), where CLV and Pufialica magmas are reproduced with 5% mantle melting
after the addition of 5 to 20 wt.% of a hydrous siliceous melt. Also shown in Fig. 9d are the
results of the phlogopite-lherzolite melting model developed to explain the CLV primitive
magma diversity (see section 5.2.2). For this, we used phlogopite partition coefficients from
Halliday et al. (1995), and we assigned 7% residual phlogopite to the mantle, which is similar
to the values reported by Condamine et al. (2016) for phlogopite-lherzolite melting experiments
at 3 GPa. In summary, the high Th/Nb array is only attainable by adding a hydrous siliceous
melt to the mantle wedge given that a siliceous melt component is enriched in most trace
elements compared to an aqueous fluid component.

5.4 Geochemical signatures of melt inclusions in the geodynamic context of Ecuadorian
continental arc

The across-arc geochemical variations are conventionally explained by compositional
changes of slab component due to continuous devolatilization during slab subduction, which in
turn controls the extent of partial melting of the mantle (e.g., Tatsumi, 1986). In their pioneering
work on the Ecuadorian arc, Barragan et al. (1998) interpreted that the amount of fluids added
to the mantle wedge decreases from west to east resulting in a high LILE over HFSE or LREE
ratios (e.g., Ba/La, Ba/Nb) in volcanoes of the frontal arc (i.e., Atacazo volcano), and low ratios
in those from the sub-Andean group in the east (i.e. Sumaco volcano). In general, MI show
similar tendency to whole-rocks (Fig. 10a-c): Cotacachi and Rucu Pichincha being among the
volcanoes with the highest LILE over HFSE or LREE ratios, and PDA showing the lowest
values. The results of this study confirm the variations of slab component across the arc.

More recently, Ancellin et al. (2017) and Chiaradia et al. (2020) recognized a north-south
(along-arc) geochemical zonation among the lavas from the frontal arc. Both studies show that
Ba/Th was maximum around the equator and decreases towards the north and south. Ancellin et
al. (2017) proposed that such geochemical zonation is due to a change in the slab component
composition, while Chiaradia et al. (2020), who also reported a north-south variation of other
elements (i.e., Nd, Sm, Nb), argue that it is due to magma-crust interactions at a distinctive
depth. Our data are unable to confirm the origin of this geochemical zonation reported in
volcanoes from the frontal arc, as Cotacachi and Rucu Pichincha volcanoes are the only front-
arc volcanoes in this study, and Th concentration data is not available for Rucu Pichincha MI.
However, we found an along-arc variability of trace elements in MI from volcanoes that are
located at approximately 120 km above the subducting slab (i.e., CLV, Puifalica, Licto, and
Sangay). CLV and Puiialica MI are relatively enriched in fluid-immobile elements (high La/Nb,
Th/Nb), while Licto and Sangay MI show a preference for fluid-mobile elements (high Ba/La,
Pb/Ce, and B/Nb). We concluded that such variation was due to a change in the slab component
composition. Such systematics are therefore consistent with the interpretation of Ancellin et al.
(2017). We stress that these previous studies reported whole-rock geochemical data, and it would
have been difficult to separate geochemical signals from crustal or slab components.
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To account for the change in the slab component along the Ecuadorian arc, we propose
that the thermal regime along the subduction zone is hotter to the north of GFZ compared to the
south. Thus, a higher temperature at a given pressure would allow the slab to melt and produce
the hydrous siliceous melt component under CLV, Pufialica, and PDA volcanoes. We consider
that the age difference of the oceanic crust in the north and south of the GFZ is the main cause
that controls the thermal regime. North of the GFZ, the oceanic crust is younger (12-20 Ma) than
to the south (25-30 Ma, Yepes et al., 2016). In this model, the location of the GFZ under the
Ecuadorian arc is a crucial dividing line of the arc thermal regime and thus slab geochemical
components. It should be noted that the prolongation of GFZ into the volcanic arc was identified
under Puifialica volcano based on an anomalous chlorine enrichment of Pufialica MI (Fig. 4;
Narvaez et al., 2018). Greater interactions between the oceanic water and the oceanic crust along
the fracture zone was attributed as the cause of Cl enrichment and imparts its signature to
Pudialica MI. In conclusion, we interpret that the subducting slab to the north of Pufalica
introduces greater thermal energy into the sub-arc zone than to the south, and this difference in
the subducted slab thermal regime produces the along-arc geochemical variations.

The high CI content and low F/C1 (0.14 + 0.02) of Pufialica MI are indicative of the GFZ
location under Pufialica volcano. On the contrary, other Ecuadorian MI with aqueous fluid
signatures have a F/ClI value of around ~0.43+0.07 that is independent of the depth to the Benioff
zone (i.e., Cotacachi, Cubilche, Licto, Sangay, and Rucu Pichincha, Fig. 10d), making it a
contrasting geochemical signature from Ba/Nb and Ba/La, which negatively correlated with the
Benioff zone depth, probably related to the amount of fluids released. We speculate that the
almost constant F/Cl value represents the composition of the aqueous fluids released during
metamorphic dehydration reactions occurring in the subducting slab and provides a reference
value to identify the involvement of fluid in its source. A constant F/Cl value is possible if the
fluid composition is buffered by the mineral assemblage during dehydration reactions. Finally,
we consider that the F/Cl of CLV (5.2+1.7), PDA (0.83+0.24), and Sangay-SAN20B
(0.42+0.05) do not represent that of the fluids or melts coming from the subducting slab, as the
mantle source of these MI was in equilibrium either with phlogopite (CLV) or hornblende (PDA,
Le Voyer et al., 2008; SAN20B, Narvaez et al., 2018) capable of fractionating F/CI.

In a previous section, we argued that the low Zr/Nb and Hf/Nb in Sangay and Licto MI
(Fig. 6d) were indicative of a mantle enrichment under those volcanoes. The southern location
of Sangay and Licto volcanoes led us to think that there was an along-arc variation of
composition of the sub-arc mantle. However, the presence of geochemical heterogeneity of the
Ecuadorian sub-arc mantle is less clear when whole-rock data are examined. For example,
primitive whole rocks (Mg#>55, using Ancellin et al. 2017 database) from volcanoes located in
the north, and some from the sub-Andean zone, also show low Zr/Nb values (Hf is not available
for whole-rocks). Therefore, we conclude that low Zr/Nb (and most probably low Hf/NDb) is not
only a feature of southern volcanoes, and that local heterogeneities of the sub-arc mantle may
occur all along the Ecuadorian arc. We note that Chiaradia et al. (2020) proposed that the
variability of Nb in volcanoes from the frontal arc was related to variable rutile fractionation in
the crust. This explanation can be applied to silicic hydrous magma in which rutile can be
saturated at several hundred ppm of TiO2 (Gaetani et al., 2008). However, it would not apply to
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the primitive basalt study presented here. Rutile saturation in basalt requires several wt.% of
TiO2 (Ryerson and Watson, 1987). Based on these studies, the Nb variations in our primitive MI
cannot be derived from rutile crystallization or from dissolution in the crust but rather represent
the variable composition of the parental magmas.

6 Conclusions

In order to decipher the slab components that metasomatise the sub-arc mantle, we
studied 83 olivine-hosted MI that represent the most primitive melts from the Ecuadorian arc.
Together with the dataset published by Le Voyer et al. (2008) and Narvaez et al. (2018) from
other Ecuadorian volcanoes, we identified two types of slab components. On the basis of a
systematic trace element analysis, we identified a slab component that is rich in fluid-mobile
elements (Ba/La: 30-110 and Pb/Ce: 0.1-0.5, B/Nb: up to 22) and poor in fluid-immobile
elements (La/Nb: 2.2-4, Th/Nb: up to 0.7), indicating an aqueous fluid. The second slab
component that is relatively enriched in fluid-immobile elements (La/Nb:7.2-15.5, Th/Nb: up to
3.2), and has low contents of fluid-mobile elements (Ba/La: 15-36, Pb/Ce: 0.02-0.1, B/Nb: up
to 4.4) is indicative of a hydrous siliceous melt. We distinguished the aqueous fluid signature in
most MI, except for those coming from CLV, Punalica, and PDA volcanoes. In addition to this
systematics, almost all MI with an aqueous fluid-like signature show a similar F/Cl value of
around 0.43 + 0.07, potentially indicating the aqueous fluid component in the Ecuadorian arc.

The geographical limit separating the production of aqueous fluids and hydrous siliceous
melts at the surface of the slab depends on the location of the GFZ, which is below Puifialica
volcano. This oceanic structure separates a young and probably hotter oceanic crust to the north
from an older and likely colder oceanic crust to the south. Thus, the hotter thermal regime to the
north of the GFZ would allow the subducting slab to melt.

We also showed that Ecuadorian MI compositions are indicative of the mantle
composition and mineral stability in the sub-arc mantle. For instance, we correlated the high
Nb/Nb* and low Zr/Nb, Hf/Nb, Sm/La of Conos de Licto and Sangay MI with the melting of an
enriched mantle. Such enrichment is not correlated with the slab component addition and shows
that the sub-arc mantle is heterogeneous under the Ecuadorian arc. Finally, we consider that the
high K2O/Na;O (~1.9) and F/Cl (5.2+1.7) are indicative of the phlogopite stability in the mantle
source of CLV ML

This MI study of Ecuadorian volcanoes achieved the identifications of primitive magmas
in each of the studied volcanoes. With minimum influence from crustal modifications, these data
illustrated the variation of thermal state below the arc crust and furthermore identified the
location of the geographical divide between hot and cold regimes. In addition, we reported
potential indications of mantle heterogeneity below the arc. Presence of slab melting was
geochemically identified, as well as the involvement of phlogopite and amphibole as a residual
phase during mantle melting.
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Figure 1 (a) Geodynamic setting of Ecuadorian arc. Shown in black triangles are volcanoes located along the Inter-
Andean valley and Sub-Andean zone, and in grey triangles are volcanoes located on the Western and Eastern
cordillera. GSC and GFZ stands for Galapagos spreading center and Grijalva fracture zone, respectively. 5-6 cm/y
is the convergence rate between the Nazca and South American plate. (b) Schematic map of the main geological
units in Ecuador [modified from Ancellin et al. (2017) showing Quaternary volcano locations. Analyses of MI were
performed in rock samples from Cotacachi, Cubilche, Cono de la Virgen (CLV), Conos de Licto and Sangay. Also
shown are Rucu Pichincha, Pan de Azacar (PDA), and Puiialica volcanoes, whose MI were studied by Le Voyer et
al. (2008), and Narvaez et al. (2018). The dashed black line is the surface inland projection of the Grijalva fracture
zone (GFZ). Slab depth contours are from Yepes et al. (2016). (¢) Map of Northern Ecuador showing the location
of sediments analyzed for this study. Kama 01, 03, 17, and 20 are the names of sedimentary piston cores studied
by Ratsov et al. (2010). (d) Topographic profile across A-A’ in Fig. 1b. WC: Western Cordillera. IAV: Inter-
Andean valley. EC: Eastern Cordillera. SAZ: Sub-Andean zone. The color codes for volcanoes shown in this figure
are used in subsequent figures to show the provenance of MI.
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Figure 2 (a) SiOz vs. Na2O + K20 classification diagram (Le Bas et al., 1986) of olivine-hosted MI compositions
from the Ecuadorian arc. MI are divided in two groups. MI hosted in Fo>85 olivines are shown with larger colored
symbols, while those hosted in Fo<85 olivines are depicted with small colored filled circles to show potential
compositional variations related to magma evolution. The colors are the same as the volcano color codes in Fig. 1.
Sangay MI shown with pink triangles and Pufialica MI compositions from Narvaez et al. (2018), PDA, and Rucu
Pichincha MI from Le Voyer et al. (2008). The area labeled “Tb” corresponds to trachy-basalt field. The gray shade
without a black border is the entire compositional variation of Ecuadorian Quaternary volcanoes rocks (database
from Ancellin et al., 2017). (b) SiO2 vs. K20 classification diagram from Peccerillo and Taylor (1976). (c-d) Harker
diagram of silica versus CaO and Al.O3 wt.%. Plotted MI data are uncorrected for post-entrapment modifications,
and are normalized for an anhydrous basis.

27



1Q00
1000

‘ Cotacachi (@) i Cubilche (b)
S 8l
m "E = Melt mTE
% === inclusions g
s e Host rocks >
2 ol z ol
2 2
£ E
© ©
%) w
,_.Cls Ba U K CePr P Zr SmCd Dy Yb ,_Cs Ba U K CePr P Zr SmGd Dy Yb
© RbThNb LaPo SrNd Hf Eu Ti Y Lu S Ao Th Nb La Po SrNd Hf Eu i ¥ L
g 8
g Licto (0 i Sangay (d)
o o
o4 o+
g “F g:J T Melt inclusions
o I ] SAN21B
= ¢ = TR A, |- SAN20B
Z - = o
3 St T ot
¥e! E Q.
5 £
& &
,_CsBaU K Ce Pr P Zr SmGd Dy Yb ,_CsBaU K Ce Pr P Zr SmGd Dy Yb
S HbThNb (aPo SrNdHf EuTi Vv W S HbThNb LaPb &rNd Af Bu Ti V Lo
o =
ST =F
i : other volcanoes (f)
o
o] ol TR
E SF g TE Melt inclusions
o f o f Pufalica
S [ = [ ---- PDA
z o = = Rucu Pichincha
= E—— 32t LIRS C LU IL
Q. £ rof E
E €
B &
~GsBa Y K GePr P zr SmGd Dy Yb ~[gsBa Y K GeRr P 2rsmGd Dy VD
S HbThNo (aPo SrNaHf Euti V W S HbTh Nb Ua Pb &r Nd fif £u Ti V L
S 8
SE ) Melt inclusions Sk h Melt inclusions
[ g - Cotacachl [ ( ) 7' Pan de Azucar
o V % [ I Punalica
< o Rucu Pichincha
o
g oS- —
2 £
E £
& 3
3 22,
Q.
& 3
]

CeNdSmGdDyErTmYb

Figure 3 (a-e) Spidergram plot of MI (black and colored lines) and hosted-lava (gray and thick solid lines)
compositions from Cotacachi, Cubilche, Licto, Sangay and CLV volcanoes, normalized to N-MORB (Sun &
McDonough, 1989). MI labelled SAN20B in (d) from Narvéez et al. (2018). (f) Spidergram plot similar to (a-¢) of
MI from Puialica, PDA, and Rucu Pichincha studied by Le Voyer et al. (2008) and Narvaez et al. (2018). (g) REE
diagram — showing subset of elements used in panels (a)-(f) — for MI compositions of this study normalized to
primitive mantle (Sun & McDonough, 1989). (h) REE diagram similar to (g) for MI from Pufalica, PDA, and Rucu
Pichincha.
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Figure 5 (a-b) Cu vs. Cu/Cwm diagram where Cu (e.g., Th and Rb) is a highly incompatible element and Cm a
moderately incompatible (e.g., Nd) element following the method of Allégre and Minster (1978) to discriminate
partial melting or magma mixing from fractional crystallization. Sangay and Pufalica MI compositions from
Narvéez et al. (2018). Th compositions are not available for PDA and Rucu Pichincha MI. We also show the
whole-rock fields for the studied volcanoes.
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Figure 6 (a-b) Sm/La vs. Th/La for MI from (a) Pufalica and volcanoes located in the northern part of Ecuador
(Cotacachi, Cubilche and CLV), and (b) for MI from Licto and Sangay. MORB and OIB fields are from Plank et
al. (2005). Hf and Th concentrations are not available for PDA and Rucu Pichincha MI. The Western Cordillera
basement field is from Kerr et al. (2002). Eastern Cordillera basement field is from Litherland et al. (1994). Bulk
sediment (1) corresponds to newly analyzed terrigenous sediments and (2) to pelagic sediment composition reported
by Plank (2014). Sm concentrations are not available for Sangay whole-rocks. (¢) Th/La vs. Ba/Th showing
Ecuadorian MI and whole-rocks field for studied volcanoes. Mantle field corresponds to basalts from Carnegie
ridge reported by Harpp et al. (2005). For the sake of simplicity, we depicted the whole-rock field for the studied
volcanoes as a single grey field. (d) La/Nb vs. Th/Nb for Ecuadorian MI, whole-rocks from studied volcanoes, and
Western and Eastern Cordillera basements. (d) Zr/Nb vs. Hf/Nb diagram (after Sorbadére et al., 2013) used to
discriminate between enriched or depleted mantle-derived melt compositions. Sangay and Punalica MI
compositions from Narvaez et al. (2018). Th compositions are not available for PDA and Rucu Pichincha MI.
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Figure 7 (a-b) Nb/Yb vs. Th/Yb of Ecuadorian MI compared to MORB-OIB compositions used to discriminate
between conservative and non-conservative elements (Pearce and Peate, 1995). Th compositions are not available
for PDA and Rucu Pichincha MI. The grey field in (a) is the entire compositional variation of Ecuadorian
Quaternary volcanic rocks (data from Ancellin et al., 2017). The numbers on the black arrows in (b) indicate the
degree of fractional crystallization of a mono-mineral cumulate composed of hornblende or garnet, respectively,
using Dmineralmelt for individual minerals in contact with basaltic melts given by Green et al. (2000). The
corresponding arrows for other typical minerals (plagioclase, pyroxenes) are smaller than the size of the symbols.
Sangay and Pufialica MI compositions from Narvaez et al. (2018).
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Figure 9 (a) Selected trace element composition of natural MI (colored solid lines), compared to modelled
compositions (colored dashed lines) for two contrasting MI compositions (Cotacachi and CLV). MI compositions
were reproduced using a modified version of ABS to apply the batch melting model. The degree of mantle
melting is set to 5%. The slab component for CLV is a hydrous siliceous melt, while, for Cotacachi, it is an
aqueous fluid. Detailed parameters are given in Table 5 and in the text. (b-d) Nb/Yb vs. Th/YDb, similar to Fig. 7a,
but showing the results of geochemical modelling. (b) Results of an aqueous fluid-like component added to a
depleted mantle (Workman & Hart, 2005). The grid formed by dotted and solid lines are results obtained at
different garnet % left in the residue from mantle melting (dotted lines representing contours), and slab
component percentage (solid lines, up to 20%) added to the mantle wedge. The degree of mantle melting is 5%,
and the residual mineralogy is ol-opx-cpx in a proportion of 58:26:16. (¢) Influence of mantle composition and
degree of melting compared to the field shown in (b). Solid line is the results for 10% of mantle melting while
keeping all parameters constant (residual garnet is 0%), and dotted blue line shows the result for primitive mantle
composition (residual garnet is 5%). Model with primitive mantle reproduces MI composition with higher Nb/Yb.
The grey symbols are those in (b). SAN20B MI (pink triangles outside the modeled grid) are reproducible when
we consider them to contain amphibole-bearing clinopyroxenite derived melts (cf. Narvaez et al., 2018). (d)
Results obtained under the same condition as (b), but with a hydrous siliceous melt-like component added to the
mantle wedge. The solid line grid represents the results calculated with a residual source without phlogopite, and
the dotted line grid with 7% phlogopite. CLV MI that plot off the grid can be reproduced with a lower degree of
mantle melting or higher garnet % left in the residue. Phlogopite partition coefficients are from Halliday et al.
(1995), and that for thorium from LaTourrette et al. (1995).
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Figure 10 (a-c) Ba/Nb, Ba/La, Ba/Th plotted against the depth to the Benioff zone under each volcano. The
numerator (Ba) is an element that is abundant in the slab component, and the denominators are substantially less
mobile elements. (d) F/Cl vs. depth to the Benioff zone with in logarithmic scale. Sangay MI shown with pink
triangles and Pufialica MI compositions from Narvéez et al. (2018), PDA, and Rucu Pichincha MI from Le Voyer
et al. (2008) and Le Voyer (2009).
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Table 1. Major and trace element concentration of hosting rocks. Units for major and trace elements are wt.% and ppm, respectively.
A g ) pp P y

Volcano Cotacachi Cubilche Cono de la Virgen Licto Sangay
Sample code 17EQ91 MMI1B COTAO02 17EQS81 17EQ95 CAY45A CAY45B CAY45C RIO10B SAN21B
Basaltic Basaltic Basaltic . . Trachy- Trachy- Trachy- Basaltic Basaltic trachy-
Rock name andesite andesite andesite Andesite Andesite andesi}‘:e andesi}‘:e andesi}‘:e andesite andesite g
IGSN IEDFNO0001 IEDFN0002 IEDFNO0003 | IEDFN0004 IEDFNO000S5 || IEDFN0006 IEDFN0007 IEDFNOO0OS | IEDFN0009| IEDFNOOOA
Deposit lava flow tgggg lava flow lava flow lava flow lava flow lava flow lava flow lava flow lava flow
Mineral pl+cpx+opx+ol pl+cpx+opx+ol pl+amph+opx+cpx-+ol pl+opx-+ol pl+opx+ol
assemblage
SiO, 56.9 55.2 56.3 58.0 59.5 59.9 60.0 59.6 533 54.0
TiO; 0.6 0.7 0.6 0.7 0.5 0.8 0.8 0.9 1.0 1.0
ALO; 16.1 153 15.4 17.3 16.8 15.2 15.2 15.1 16.0 18.1
FeOt 7.4 8.2 7.8 6.6 6.2 5.7 5.6 5.7 8.2 7.5
MnO 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
MgO 6.8 7.9 7.8 4.8 53 4.6 4.6 4.8 8.3 5.1
Ca0 8.0 8.8 8.2 7.1 7.0 6.6 6.4 6.6 8.1 8.3
Na,O 3.0 2.9 2.9 3.9 3.5 3.7 3.7 3.6 3.6 4.1
KO 1.1 0.8 0.8 1.3 1.0 2.9 2.9 3.0 1.2 1.4
P05 0.1 0.1 0.1 0.2 0.1 0.6 0.6 0.6 0.2 0.3
Mgt 62.2 63.4 64.0 56.7 60.1 58.9 59.0 60.2 64.3 54.6
Sc 27.5 31.9 28.2 18.7 23.5 15.3 20.2 19.0
A% 185.0 209.5 205.5 163.4 152.9 147 200.0 212.0
Rb 20.9 15.9 14.3 26.1 14.2 79.3 18.5 28.0
Sr 371 389 375 557 443 1427 720 920
Y 14.5 15.8 14.2 12.0 12.5 18.9 14.4 16.3
Zr 63.5 66.6 67.1 98.7 73.4 236 110.0 96.0
Nb 2.6 2.3 1.2 4.6 2.1 8.7 5.1 6.1
Ba 475 399 444 615 581 1687 526 700
La 6.5 6.1 7.2 13.2 8.1 72.7 15.0 18.5
Ce 14.0 13.2 15.9 23.4 133 149 30.0 38.0
Nd 8.5 8.9 9.4 14.1 8.5 69.5 18.5 21.4
Sm 2.5 24 2.6 3.0 1.7 11.9 4.0
Eu 0.7 0.8 0.6 1.0 0.4 32 1.2 1.3
Gd 2.6 2.6 2.6 2.8 2.1 8.3 3.6 4.0
Dy 2.4 2.6 2.5 2.2 2.0 4.0 2.7 2.9
Er 1.1 1.5 1.2 0.8 0.8 1.5 1.3 1.6
Yb 1.5 1.5 1.5 1.1 1.2 1.1 1.2 1.4
Th 1.3 1.0 1.3 2.6 1.6 16.4 2.2 3.7
Reference A B A A A C C C B D

Note. The rock names are based on TAS classification after Le Bas et al. (1986). Mg# is calculated as 100*molar (MgO/(MgO+FeOT)). Olivine represents less than
5 vol.% in all rock samples. A, This study. B, Ancellin et al. (2017). C, Samaniego et al. (2005). D, Monzier et al. (1999).



Table 2. Major and trace element concentration of sediment samples. Units for major
and trace elements are wt.% and ppm, respectively.

Sample name S§-K01-2 S§-K03-2 S§-K03-4 S-K17-T4 S-K20-3
Core name Kama01 Kama03 Kama(03 Kamal7 Kama20
Location margin slope trench trench Manglares basin  Manglares basin
Latitude N 0°16.70' N 0°18.89' N 0°18.89' N 1°43.08' N 1°49.33'
Longitude W 80°43.4' W 80°49.65' W 80°49.65 W 79°27.8' W 79°7.8'
Water depth 3,6 3797.0 3797.0 865.0 606.0
(m bsl)
SiO2 64.6 64.6 62.6 57.7 57.7
TiOz 0.6 0.5 0.6 0.6 0.6
ALOs 15.7 15.3 14.9 17.5 17.4
FeOt 52 4.9 5.6 6.3 5.8
MnO 0.0 0.1 0.0 0.0 0.1
MgO 2.7 2.6 3.1 3.1 3.0
CaO 4.4 53 6.0 8.5 9.7
NaxO 4.8 5.0 5.0 4.1 4.2
K20 1.8 1.7 1.9 1.8 1.4
P>0s 0.2 0.2 0.2 0.2 0.1
Total 85.5 87.3 81.8 79.7 89.2
Rb 342 33.0 39.9 34.4 27.7
Sr 279.2 333.9 284.2 337.7 456.2
Ba 734.4 786.3 667.5 591.8 561.1
Sc 13.2 12.2 14.3 16.1 16.3
\% 104.1 103.4 114.9 123.0 136.7
Cr 72.6 64.1 81.5 86.0 81.1
Co 9.2 9.0 8.9 11.2 14.4
Ni 35.7 30.0 42.6 46.2 31.5
Y 11.1 10.1 13.6 12.7 10.3
Zr 66.2 70.2 58.2 61.7 68.4
Nb 32 2.7 2.2 4.5 2.8
La 9.4 8.8 9.6 12.0 9.7
Ce 18.9 18.2 17.3 24.4 19.8
Nd 9.4 9.0 10.1 10.5 11.0
Sm 2.0 2.0 2.2 2.0 24
Eu 0.6 0.6 0.6 0.6 0.8
Gd 2.4 2.1 2.1 2.3 24
Dy 1.7 1.6 1.8 1.8 2.1
Er 1.4 1.2 1.1 0.9 1.4
Yb 0.9 0.9 1.1 1.0 1.1
Th 2.2 1.6 2.6 3.2 23
Th/La 0.23 0.18 0.27 0.26 0.23
Sm/La 0.21 0.23 0.23 0.17 0.25




Table 3 Major, trace and volatile element concentrations of olivine-hosted melt inclusions from Cayambe, Cotacachi, Cubilche, Conos de Licto and Sangay volcanoes,
normalized to an anhydrous basis.

Cayambe CAY45C CAY454 CAY45B Cotacachi 17EQ91
3A'1 3A2 3A3 5A1 5A2 1A 3C 4B 5C 6A 2B 3A 3B 1A 4A SA 6A IAc 1A 1C
SiO, 430 429 433 463 450 464 457 458 41.9 44.9 435 | 474 416 468 446 44.2 45.5 49.1
TiO» 1.3 1.6 1.4 1.2 1.5 1.7 1.3 1.4 1.7 1.7 1.8 1.4 1.7 1.7 1.4 1.0 1.0 1.0
ALO; 141 13.2 13.6 15.7 159 127 148 16.1 13.2 14.9 148 | 124 104 151 157 17.0 17.6 18.6
FeOt 9.8 9.5 9.8 7.1 7.7 5.9 6.8 6.8 10.2 7.0 6.4 6.0 12.5 8.1 7.8 8.4 7.9 5.4
MnO 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 8.9 8.5 9.3 8.1 7.8 9.6 9.6 8.7 8.4 7.8 9.2 8.2 8.9 8.0 9.4 9.2 8.6 9.3
CaO 129 1338 13.0 10.9 11.7 140 116 114 13.8 13.2 13.8 | 137 15.7 8.9 11.4 16.6 16.0 12.9
Na,O 3.1 3.1 2.5 4.0 3.6 22 33 3.6 3.1 3.4 33 2.0 1.2 3.7 3.1 2.8 2.6 2.6
K>0 5.3 5.6 4.9 5.0 4.8 5.7 5.1 4.5 5.5 5.3 5.5 6.6 5.1 6.6 4.5 0.6 0.6 0.8
P»0s 1.4 1.9 2.0 1.6 1.8 1.8 1.9 1.6 2.0 1.7 1.6 2.3 2.8 1.1 2.0 0.0 0.2 0.2
Total 96.7 965 970 984 956 974 978 974 96.1 98.1 963 | 954 97.0 98.1 93.6 98.8  102.1 101.3
F 2030 1968 1749 2214 1945 238 2969 | 207 2079 | 2471 1703 326
Cl 396 397 385 395 430 1018 310 465 418 432 305 957
S 5265 5245 4239 2968 5224 6516 5448 5448 | 5924 3640 749
B 77 <128 107 119 <49 <10.7 164 | <11.1 <146 132 | <113 <16.7 281 <11.7 | 201 <194 12.1
Sc 29.3 14.7 33.6 249  28.0 309 299 | 23.0 <333 229 | 189 306 13.0 199 73.0 67.2 50.6
\% 285 308 289 267 307 301 311 274 57 289 226 324 201 258 488 461 293
Rb 96 85 117 97 101 100 129 100 107 133 125 116 93 13.0 13.0 15.3
Sr 2586 2406 2558 2589 2649 2682 1914 | 2696 1451 2721 | 2899 2244 2239 2719 367 351 422
Y 26.1 21.9 31.7 254 252 269 346 | 280 256 266 | 270 410 17.1 226 234 232 18.6
Zr 374 319 477 375 407 410 365 423 402 395 638 355 339 55.5 53.8 63.7
Nb 9.7 9.9 107 9.7 11.4 103 10.6 | 10.6 103 | 11.1 147 119 8.9 1.1 1.1 1.9
Ba 2450 2066 2875 2475 2005 2612 3329 | 2645 2397 2554 | 3060 2848 2189 4324 329 339 381
La 141 128 166 138 128 150 162 148 152 139 163 195 86 118 3.1 3.1 5.1
Ce 282 248 348 279 249 306 363 300 313 294 331 411 145 243 8.5 8.2 12.0
Pr 343 305 40.8 321  33.1 352 446 | 36.2 381 352 | 387 499 243 281 1.4 1.3 1.8
Nd 142 113 174 135 132 154 195 151 155 145 151 214 100 117 7.0 6.9 8.2
Sm 243 18.8 305 23.0 242 255 332 | 248 247 253 | 269 390 185 21.0 2.9 2.8 2.5
Eu 6.3 5.2 7.9 6.0 3.8 6.5 8.5 6.6 5.6 6.4 6.9 9.8 6.8 5.2 0.9 1.1 0.9
Gd 15.2 10.5 18.1 13,5 145 165 21.0 | 163 151 144 | 156 232 108 121 2.7 3.1 2.9
Tb 1.5 1.3 1.7 1.4 2.0 1.6 2.1 1.5 1.6 1.5 1.5 2.3 1.3 1.2 0.5 0.6 0.5
Dy 6.8 6.3 8.2 6.4 3.7 7.0 8.9 6.9 6.7 6.8 6.8 10.2 4.9 6.3 3.9 4.2 3.1
Ho 0.9 0.9 1.2 1.0 1.0 1.1 1.2 1.1 0.9 0.9 1.0 1.4 0.9 0.9 1.0 0.9 0.7
Er 2.0 2.0 2.7 2.0 32 2.1 2.6 22 1.8 22 2.3 2.7 2.0 1.8 2.7 3.1 2.3
Tm 0.2 0.1 0.3 02 <0.16 0.3 0.3 0.2 0.2 0.3 0.2 0.3 0.1 0.2 0.4 0.4 0.3
Yb 1.6 0.6 1.4 1.2 1.0 1.4 1.8 1.5 1.2 1.5 1.1 2.1 1.4 1.1 3.0 32 1.8
Lu 0.2 0.1 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.4 0.4 0.3
Th 303 272 346 299 286 321 21.1 | 309 208 29.7 | 35.1 378 17.6  25.0 0.3 0.4 0.6
Pb 25.2 15.9 26.1 203 174 27.2 8.2 22.6 240 | 283 135 152 181 2.0 1.8 1.9
U 9.2 9.0 104 9.7 9.0 9.7 5.3 9.7 5.1 9.8 11.0 8.3 7.6 8.6 0.2 0.3 0.4
Hf 9.6 7.2 11.8 9.1 13.0 104 103 | 10.8 2.0 9.5 9.5 15.6 9.4 8.9 1.5 1.6 2.0
Ta 0.4 0.2 0.4 0.4 0.6 0.4 3.0 0.5 1.2 0.3 0.4 0.6 0.4 0.3 <0.12 <0.11 0.1
1 87 871 899 884 863 89 89.8 | &7 89.5 | 89.6 893 863 86.9 85.4 84.7 87.9

Fo 89.1 89.3 89 1 5
Note. The total given are the measured values. Fo=100*molar (Mg/Mg+Fe) of hosting olivines. "<" concentrations under the detection limit.
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Table 3 continued




RIOI10B Sangay SAN21B
5B 5C 6B IAb 1As IB 1C 2A 2B 2C 3B 3C 4A 4B 5A° 5B m 5Bt 6A 6B 7B
Si0, 504 523 | 479 470 492 489 465 497 485 48,6 493 480 493 498 481 513 485 499
TiO; 1.3 1.1 14 1.5 1.1 1.3 1.2 1.2 1.3 1.2 1.4 1.3 1.1 1.2 1.3 1.0 1.1 1.0
ALOs 193 192 | 183 192 195 169 185 183 193 189 192 19.1 192 198 19.6 186 17.7 189
FeOt 6.8 7.5 8.0 7.5 6.5 6.6 7.9 6.5 6.9 7.2 6.5 6.8 65 6.1 7.3 6.1 8.0 6.3
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 7.0 5.5 8.5 8.6 8.0 8.6 9.4 7.7 7.7 8.9 6.9 82 7.6 7.1 7.8 7.4 9.6 8.0
CaO 9.3 8.3 103 105 84 127 120 11.0 106 9.4 104 109 9.7 9.0 10.6 9.1 9.3 7.9
Na,O 4.0 4.4 4.1 42 4.6 3.6 2.6 3.9 4.0 3.9 43 40 45 4.7 3.8 44 4.0 4.4
KO 1.2 1.3 1.0 1.0 2.0 1.1 1.4 1.2 1.2 1.4 1.3 1.1 1.6 1.9 1.1 1.6 1.4 2.8
P0Os 0.5 0.2 0.4 0.4 0.5 0.3 0.3 0.4 0.4 0.4 0.6 04 04 0.3 0.3 0.3 0.3 0.8
Total  100.6 100.2 | 101.1 999 99.8 1003 981 1003 100.6 100.6 1003 993 1002 993 993 1003 99.8 100.2
F 452 491 407 381 428 424 408 432 386 435 466 409 405 487 321
Cl 1115 1244 801 672 833 809 777 837 695 844 1127 923 784 1991 503
S 1311 2581 1147 825 966 734 985 979 846 802 768 562 1057 728 706
B <154 <203 | 5.8 10.7 <8.7 12.5 <156 98 9.7 <7.1 11.9 105
Sc 5.8 139 | 243 12.9 25.5 18.0 190 203 179 16.6 20.8 143
\ 300 239 283 207 275 261 255 273 228 203 221 247
Rb 199 225 | 172 25.1 25.5 19.9 244 158 278 341 223 115
Sr 891 685 865 1441 937 846 919 788 907 1096 842 841
Y 149 142 | 179 13.0 18.4 15.3 156 152 147 144 145 14.0
Zr 109.4 109.0 | 98.3 87.7 100.1 83.1 872 855 919 1035 86.7 858
Nb 6.4 6.1 6.2 6.7 8.3 5.5 5.9 5.1 6.2 7.8 5.5 5.3
Ba 578 499 558 1006 566 557 599 485 673 835 586 463
La 16.6 140 | 148 27.2 19.4 14.6 157 13.0 164 237 152 147
Ce 36.1 309 | 343 55.0 42.4 32.8 335 289 352 484 327 332
Pr 43 3.8 4.5 6.7 5.7 42 46 40 46 6.1 4.3 4.5
Nd 21.1 17.0 | 20.6 27.2 24.9 19.8 193 19.0 197 263 195 214
Sm 4.5 4.0 52 5.1 5.7 4.0 4.2 39 41 5.6 4.3 4.6
Eu 1.5 1.3 1.5 1.4 1.8 1.3 1.3 1.4 1.2 1.4 1.3 1.4
Gd 3.6 3.4 44 32 4.2 3.4 4.1 3.7 3.7 4.0 3.7 3.9
Tb 0.5 0.4 0.6 0.4 0.5 0.5 0.6 05 05 0.5 0.5 0.5
Dy 2.9 29 3.7 2.5 3.8 32 3.1 3.1 32 3.0 2.8 29
Ho 0.5 0.6 0.6 0.4 0.7 0.6 0.7 06 05 0.5 0.5 0.6
Er 1.3 1.5 1.6 1.2 1.9 1.6 2.0 1.7 1.6 1.6 1.6 1.5
Tm 0.1 0.2 0.2 0.2 0.3 0.2 0.1 02 02 0.2 0.2 0.2
Yb 1.2 1.1 1.7 1.3 1.7 1.4 1.5 1.3 1.4 1.4 1.3 1.2
Lu 0.2 0.2 0.2 0.2 0.3 0.2 0.2 02 02 0.2 0.2 0.2
Th 2.1 2.2 2.7 4.3 3.6 22 2.5 19 28 4.8 2.8 1.9
Pb 7.3 21.9 6.1 5.8 <0.11 3.9 40 38 53 6.5 6.1 2.0
U 0.8 0.8 0.8 1.1 1.1 0.7 0.8 0.5 1.0 1.5 0.8 0.6
Hf 3.0 2.9 2.6 23 2.6 2.3 27 23 28 3.0 23 24
Ta 0.3 0.3 0.3 0.3 0.4 0.3 0.5 02 03 0.4 0.3 0.3
Fo 854 852 841 | 89 834 832 834 837 826 819 812 83 836 813 823 822 822 814 82.6
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Table 4 Some major, volatile and incompatible trace element ratio values for Ecuadorian olivine-hosted MI.

Hosting olivine

Melt inclusions by groups

Forsterite

Volcano Sample content Fo>80 | Fo>85 [ K:0/Na20 F/Cl1 B/Nb Pb/Ce Ba/La Ba/Th Reference
17EQ! 0.24 (0.04) | 0.36 (0.03) | 10.4 (4.4) | 0.22 (0.06) | 79.6 (16.1) | 640 (212)
Cotacachi MMIB 84.3-87.9 15 12 024 036 03 02 267 68 this work
COTA02
. 17EQ81 0.27 (0.03) | 0.45(0.05) | 9.1(4.9) | 03(0.1) | 76.5(12.7) | 399 (103) .
Cubilche 17EQ9S 80.4-88.3 17 10 027 04 08 098 256 102 this work
Conos de 0.3(0.02) | 0.41(0.02) | 2.4(0.7) | 0.24(0.14) | 35.8(1.0) | 256 (20) .
Licto RIOI0B 83.6-86.3 18 i 0.3 0.4 2.3 0.19 35.9 266 this work
SAN21B 81.2-83.7 17 0 0.35(0.1) | 0.5(0.09) | 1.7(0.6) | 0.12(0.05) | 363 (3.6) | 222(34) || this work
Sangay .
0.29 (0.01) | 0.42 (0.05) | 1.1(0.5) | 0.15(0.01) | 29.3 (1.6) | 261 (17) || Narvéez et al.
SAN20B 86.8-89.0 8 8 0.29 0.42 1.1 0.15 293 261 (2018)
Rucu 0.25 (0.01) | 0.42 (0.06) | 7.9 (2.5) 66.9 (17.1) Le Voyer et
Pichincha 86.2-89.1 38 38 0.25 0.42 7.9 66.9 al. (2008)
CAY45A
Cono de la ] 1.94 (0.8) | 5.22(1.72) | 1.5(0.9) | 0.07 (0.02) | 19.6(5.8) | 98(32) .
virgen CAY45B | 86.3-89.9 18 18 1.94 5.22 15 0.07 19.6 98 this work
CAY45C
. 0.41 (0.04) | 0.19 (0.08) | 2.0(0.7) | 0.13 (0.05) | 23.6 (20.8) | 108 (102) | Narvéez et al.
Pufialica 824-858 42 > 0.41 0.14 0.73 0.15 22.5 104 (2018)
0.4 (0.03) | 0.72 (0.24) Le Voyer et
PDA 78-88.2 17 7 039 0.83 0.4 (0.1) 26.1 (2.3) 1. (2008)

Note. Forsterite content is calculated as 100*molar (MgO/(MgO+FeOT)). The Fo>80 and Fo>85 columns represent the number of MI hosted in olivines with a
forsterite content greater than 80 and 85, respectively. Values in parentheses are 16 (standard deviation) of mean values. Bold type values are mean values
calculated for MI hosted in Fo>85 olivines. Nb/Nb* is Nb content of MI normalized to NMORB (Sun & McDonough, 1989) divided by Nb* where log(Nb*) =

((log(U)+og(K))/2).
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Table 4 continued

Melt inclusions by groups

Volcano Sample (La/Yb)~ Th/Nb Th/La La/Nb Nb/Nb* Hf/Nb Zr/Nb Reference
17EQ! 1.7(0.6) | 0.35(0.1) | 0.13(0.02) | 2.7(0.3) | 0.08(0.01) | 1.0(0.2) | 35(7.7)
Cotacachi | MMIB 1.7 0.33 0.13 2.6 0.08 0.97 332 this work
COTA02
. 17EQ81 | 2.8(1.3) | 0.57(0.1) | 0.2(0.03) | 2.9(0.2) | 0.06 (0.01) | 0.89 (0.14) | 31.9(5.4) .
Cubilche 11 7EqQ05 2.6 0.56 0.19 2.9 0.08 0.91 337 this work
Conos de 8.4(1.0) |0.36(0.03) | 0.14(0.01) | 2.6 (0.1) | 0.14 (0.01) | 0.46 (0.04) | 17.5(0.7) .
Licto RIOI0B 8.4 0.36 0.14 2.6 0.15 0.44 17.2 this work
SAN21B | 8.6(2.5) | 0.46(0.1) | 0.17(0.02) | 2.8 (0.5) | 0.12(0.02) | 0.41 (0.05) | 14.8(1.5) this work
Sangay SAN20B* | 10-7(2.6) | 0.19(0.01) | 0.11(0.00) | 1.7(0.1) | 0.35(0.14) | 02(0.02) | 7.2(0.8) | Narvéezetal.
10.7 0.19 0.11 1.7 0.35 0.2 7.2 (2018)
Rucu 2.7(0.7) 3.3 (1.6) 477 (21.2) | Le Voyer etal.
Pichincha 2.7 3.3 47.7 (2008)
Conodela | SorioA 758 (24.1) | 2.7(0.5) | 0.2(0.03) |13.4(2.2)| 0.04 (0.01) | 0.96 (0.12) | 37.7 (4.1)
ono ae ta . . . . . . . . . . . . . . .
virgen | CAY®B | asg 2.7 0.2 13.4 0.04 0.96 377 this work
CAY45C
Putalica 193(9.2) | 2.1(0.7) | 0.22(0.02) | 9.7(1.6) | 0.04(0.01) | 0.63(0.1) | 24.5(2.7) | Narvaezetal.
13.3 1.56 0.22 7.3 0.05 0.58 22.8 (2018)
Le Voyer et al.
PDA 13.1 (2.6) 2.2(0.6) 7(2.5) (2008)




23
24
25
26

Table 5 Geochemical model parameters used to reproduce Cotacachi, Sangay, Cubilche, and CLV MI compositions.

Aqueous fluid Slab Degree of | P (GPa) Slab fluid/melt fraction % melting
o1 .. arnet
Volcano/sample (A)-Siliceous addition mantle (vol. %) mantle
melt (M) (mass %) | melting (%) * 77| melting . Flig Flig
Flig SED) | x0¢y | mmy | SED | AOC
Cotacachi/
MMIB_1B A 1 5 0.6 2 0 1 0
Sangay/
SAN21B_4B, A 25 5 4.1 25 0.3 0.7 0
Licto/
RIO10B 2A
Cubilche/
17EQ81 3C b A 1 5 1.4 2.2 0.1 0.9 0
CLV/
CAY45C 5A M 15 5 2.7 1.8 0.25 0.75 0 15 10
CLV/ M and phlogopite
CAY45C SA (7%) 15 5 6.1 2.2 0.16 0.64 0.2 15 10
Puiialica M 5 5 2.4 2.2 0.25 0.75 0 15 10

Note. The model parameters for Licto are similar to those shown for Sangay. MI from CLV and Puiialica are modelled with a hydrous siliceous melt,
unlike all the other MI that are modelled with an aqueous fluid-like component. The parameter for CLV MI using phlogopite in the residue is also shown.

The slab liquid fraction refers to either aqueous fluid or siliceous melt coming from sediments (SED), altered oceanic crust (AOC), or depleted mantle
(DMM) making up the subducted slab.






