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RESUMEN 

El arco posterior (cinturón subandino oriental) de los Andes ecuatorianos comprende cuatro 

volcanes: El Reventador, Yanaurco, Pan de Azúcar y Sumaco. A pesar de la proximidad de estos 

volcanes, los materiales volcánicos del Sumaco son claramente alcalinos insaturados en SiO2. 

Mediante tomografía sísmica de tiempo de viaje, se generaron tres modelos de velocidad (𝜐𝑃, 

∆𝜐𝑃, 𝜐𝑃/𝜐𝑆) para identificar el reservorio magmático principal del arco posterior ecuatoriano. 

El problema inverso se resolvió utilizando el paquete de códigos informáticos INSIGHT en una 

caja paralelepípeda cuadriculada con un tamaño de celda de 5 km en dirección horizontal y 2 

km en dirección vertical. Este estudio determina la cámara magmática principal ubicada debajo 

del volcán Sumaco pero ligeramente compartida con los volcanes extintos Pan de Azúcar y 

Yanaurco. 

La extensión de la falla Sumaco también es reconocible, la cual se espera que sea responsable 

del rápido ascenso del magma hacia la superficie antes de un evento eruptivo. 

Una conclusión importante de esta investigación es que un factor significativo que podría 

conducir a la diferenciación de las lavas de Sumaco es la subducción hipotética de una sección 

plana de la corteza oceánica debajo del volcán. 

Palabras clave: Andes, cinturón Subandino Oriental, volcán Sumaco, tomografía sísmica, 

cámara magmática.  
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ABSTRACT 

The back-arc (Eastern sub-Andean belt) of the Ecuadorian Andes encompass four volcanoes: 

Reventador, Yanaurco, Pan de Azúcar, and Sumaco. Despite the proximity of these volcanoes, 

Sumaco volcanic materials are distinctly SiO2-undersaturated alkalines. Through seismic travel 

time tomography, three velocity models (𝜐𝑃, ∆𝜐𝑃, 𝜐𝑃/𝜐𝑆) were generated to identify the 

primary magmatic reservoir of the Ecuadorian back-arc. The inverse problem was solved using 

the INSIGHT computer code package in a gridded parallelepiped box with a cell size of 5 km in 

the horizontal direction and 2 km in the vertical direction. This study finds the principal 

magmatic chamber located below the Sumaco volcano but slightly shared with the extinct Pan 

de Azúcar and Yanaurco volcanoes.  

Sumaco Fault extension is also recognizable and is expected to be responsible for the rapid 

ascent of the magma towards the surface before an eruption.  

As a conclusion, a significant factor that could lead to the differentiation of the Sumaco lavas 

is a hypothetical flat slab block below the volcano. 

Keywords: Andes, Eastern sub-Andean belt, Sumaco volcano, seismic tomography, magmatic 

chamber. 
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(To be summited to Journal of Volcanology and Seismology: 

https://www.springer.com/journal/11711) 

Study of the primary magmatic chamber of the Sumaco volcano by seismic tomography 

INTRODUCTION 

Since the mid-1970s, seismic tomography has been a widely used geophysical technique that 

has had a great impact on solid-Earth sciences by answering some basic questions of 

geodynamics (Zhao, 2015). Starting from arrival times of body waves recorded by 

seismometers, seismic travel time tomography attempt to describe, deduce or infer the 

internal structure of the Earth at a variety of scales through the seismic velocity models 

determination (Nolet, 2008). 

This technique has proved to obtain unprecedented clear images in zones of high seismicity 

levels and regions with dense coverage of seismic stations. Accurate reconstructed images of 

the subducting slab, mantle anomalies, and magma chambers can be achieved by seismic 

travel time tomography in different types of tectonic setting (e.g., Zhou and Clayton, 1990; 

Rowan and Clayton, 1993; Spakman et al., 1993; McNamara et al., 1997; Sekiguchi, 2001; 

Husen et al., 2004; Li and van der Hilst, 2010; Paulatto et al., 2012). 

The abundant seismic data recorded in Ecuador due to the eastward subduction of both the 

oceanic Nazca plate and the aseismic Carnegie Ridge beneath the South America continental 

plate (Figure 1) represents an outstanding potential to resolve seismic travel time tomography 

and thus improve the comprehension of their peculiar subduction-related volcanic arc system. 

Nevertheless, to date, there are few seismological research about this subject in Ecuador 

https://www.springer.com/journal/11711
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either with a volcanic (Molina et al., 2005; Garcia-Aristizabal et al., 2007) or regional (Prevott 

et al., 1996; Gailler et al., 2007; Araujo, 2016; Lynner et al., 2020) approach. 

In the northern half of the Ecuadorian Andes, 55 Quaternary volcanoes are distributed in three 

sub-parallel mountain ranges: the frontal arc (Western Cordillera), the main arc (Real 

Cordillera) and the back-arc (Eastern sub-Andean belt). Across this wide magmatic arc, 

volcanoes show substantial lateral geochemical variation (Barragan et al., 1998; Bryant et al., 

2006; Chiaradia et al., 2009; Hidalgo et al., 2012; Chiaradia et al., 2014). 

The Reventador, Yanaurco, Pan de Azúcar, and Sumaco are the last southern volcanoes of the 

Northern Volcanic Zone (NVZ) over the back-arc in Ecuador. However, despite the proximity of 

these volcanoes, Sumaco geochemical composition is different, even among the other 

volcanoes of Ecuador. Volcanic materials of Sumaco are distinctly SiO2-undersaturated alkaline 

and show absarokitic to shoshonitic affinity, whereas the rest of Ecuadorian volcanoes produce 

medium to high-K calc-alkaline lavas (Barragan et al., 1998; Chiaradia et al., 2009). The 

alkalinity of the Sumaco lavas is considerably higher than other typical continental back-arc 

products such as Kamchatka (Volynets et al., 2010; Garrison et al., 2018). 

This study reports the lithosphere velocity models beneath the Sumaco volcano obtained from 

tomographic inversion of travel time data. This paper aims to identify the three-dimensional 

arrangement of the slab beneath the Sumaco volcano and infer how this influences their main 

magmatic reservoir and geochemical composition. The resulting tomographic images are 

consistent with previous geochemical and petrographic models of the Sumaco lavas and shed 

new light on understanding the volcanic arc in Ecuador. 
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Geological setting and geochemistry 

The Ecuadorian sub-Andean zone (or back-arc) is the easternmost compressional belt between 

the Cordillera Real and the Amazonian basin and is characterized by erosive processes and 

landslides (e.g., Bes de Berc, 2003; Laraque et al., 2009), and both intense seismic and volcanic 

activity (e.g., Legrand et al., 2005; Lees et al., 2008). In their outcrops of folded strata, it is 

possible to recognize steep west-dipping reverse faults with N-S to NNE-SSW orientation, 

which shows a dextral behavior (Ham and Herrera, 1963; Balkwill et al., 1995). 

The sub-Andean zone, which has sustained an uplift and deformation mainly during the 

Middle-Late Miocene to Early Quaternary (Ruiz, 2002), comprises three morpho-tectonic units 

from north to south: (1) the Napo Uplift, (2) the Pastaza Depression, and (3) the Cutucú 

Cordillera. 

The Napo Uplift is a large anticline dome limited by faults in its west and east edges. It is 

composed of a granitic batholith (Abitagua) in the west and compression structures such as 

positive flower structures to the east, together with Cretaceous-Tertiary sedimentary facies 

outcrops (Baby et al., 1998). 

The Sumaco volcano (0.54o S, 77.63o W) is located in the south of the Napo Uplift (Figure 2). 

This is the easternmost active volcano of the Ecuadorian magmatic arc located ~400 km from 

the trench and is built upon ~40 km thick continental crust (Araujo, 2016) over the Jurassic-

Cretaceous sedimentary sequence that overlies South American Precambrian craton 

(Dashwood and Abbotts, 1990; Chiaradia et al., 2009). 
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There are reports of at least three possible explosive eruptions of Sumaco volcano (Siebert et 

al., 2011) with Strombolian to Vulcanian eruption types (Barragán and Baby, 2004). A study of 

the Sumaco's recent volcanic deposits shows a reduced volcanic activity (Volcanic Explosivity 

Index VEI=3 to 4) during the last 360±30 last years with a roughly estimated recurrence rate 

of ~60 years (Salgado, 2019). Based on reports of their summit crater morphology is probable 

that the most recent volcanic event occurred in 1933 (Hall, 1997; Siebert et al., 2011). 

Sumaco is a stratovolcano with a basal diameter of approximately 20 km that rises 3990 m.a.s.l. 

This volcano has a dense plant cover up to an elevation of 3200 m. The diameter of their 

summit crater is ~100 m and includes slightly eroded remnants of both small lava domes and 

spatter cones structures from eruptions of unknown age (Garrison, 2018). The present-day 

Sumaco was built up during three volcanic phases, which are separated by two sliding scars: 1) 

Paleo Sumaco, 2) Recent Sumaco, and 3) Current Sumaco (Salgado, 2019). 

Sumaco's lavas have a peculiar mineral assemblage and chemistry. These lavas have an alkaline 

geochemical composition with porphyritic textures characterized by phonolites, basanites, and 

feldspathoid-bearing tephrites rocks containing modal haüyne and normative nepheline 

(Barberi et al., 1988; Barragan et al., 1998). Phenocrystals of olivine, apatite, magnetite, 

nosean, leucite, sodium augite, clinopyroxene, and plagioclase are present in their mineral 

assemblage (Bourdon et al., 2003; Barragán and Baby 2004). 

Sumaco’s lavas major elements composition displays the highest content of K2O, P2O5 and 

Na2O and the lowest values of SiO2 among the other Ecuadorian volcanoes which shows their 

absarokitic to shoshonitic affinity (Bryant et al., 2006; Garrison et al., 2018). Likewise, lavas of 
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Sumaco are strongly enriched in all incompatible elements and rare earth elements (Bourdon 

et al., 2003; Chiaradia et al., 2009). 

THE DATA 

The preprocessed data from Araujo, 2016, was used in this study. This data consists of arrival 

times of P and S waves, recorded in 4 different networks. These records come from the Red 

Nacional de Sismógrafos del Instituto Geofísico de la Escuela Politécnica Nacional del Ecuador 

(RENSIG), the Red Sísmica Nacional del Instituto Geofísico del Perú (RSN) and from two seismic 

experiments: Andes Du Nord (ADN) project and a temporary network installed in Northern 

Peru. 

To merge these four datasets was necessary to harmonize the different observational errors 

to identify later the records corresponding to the same seismic event. The RENSIG catalog was 

considered as a reference scale to harmonize the observational uncertainties from these data 

sets. 

The outliers derived from the P and S phase picking process were removed using a Wadati 

diagram (Wadati and Oki, 1933). The estimation of the 𝜐𝑃/𝜐𝑆 ratio from this diagram is 1.74.  

Based on the filtered data, the localization of the seismic events was performed with the 

HypRef code (Thouvenot and Fréchet, 2006). Those events located outside the inversion box 

and the events with less than 5 data or with less than 3 P phases were also removed. 

The final data set or catalogue of events consists of 404,097 P phases and 167,245 S phases 

associated with 45,941 seismic events with magnitude greater than 2.5 ranging from 1988 to 

2016. 



 
 

6 
 

METHODS OF STUDY 

The Bayesian approach 

The method used for this tomography study is based on a stochastic inversion (Tarantola and 

Valette, 1982), which leads to a Tikhonov regularization problem. The generic data and model 

vectors are denoted by d ∈ 𝐷 and m ∈ 𝑀 respectively, which are Gaussian with expectations 

dobs and mprior and with covariances Cd and Cm. The catalogue data (dobs) requires to be 

complemented according to a hyperbolic secant probabilistic density function (Eq. 1) 

associated with the errors in the measurements of each data d to enhance the robustness in 

the inversion process. 

ρ𝑜𝑏𝑠(𝑑) =
1

2σ𝑜𝑏𝑠

1

𝑐𝑜𝑠ℎ (
π
2

𝑑 − 𝑑𝑜𝑏𝑠

σ𝑜𝑏𝑠
)

 

The generic model vector m=[υ𝑃, υ𝑃/υ𝑆, 𝒙, 𝒕0, Δ𝑃, Δ𝑆−𝑃] contain the values of the P wave 

velocity (𝜐𝑃), the ratio between the P and S velocity (𝜐𝑃/𝜐𝑆), the hypocenter (𝒙) and the origin 

time (𝒕0) of the seismic events, and the delay times attached to each station (Δ𝑃, Δ𝑆−𝑃). The 

delay values account for possible local effects around the stations. The generic data vector d 

used as input corresponds to the P-waves arrival times (dP= 𝑡𝑃) and the differences between 

S and P waves arrival times (dS - P= 𝑡𝑆  −  𝑡𝑃). 

The model parameters to be identified in our study depend on the usual space (𝑅3), thus the 

model space 𝑀 consists of square integrable scalar functions describing a physical quantity 

depending on the position. The theoretical mapping 𝑔 that links the model vector m to the 

(1) 



 
 

7 
 

data vector d is defined as Eq. (2), where the P-wave travel times (𝑇𝑖
𝑃) and the difference in 

travel times (Δ𝑇𝑖) are denoted as Eq. (3) and (4) respectively: 

𝑑 =  [𝑑𝑆−𝑃

𝑑𝑃 ] = 𝑔(𝒎)  =  [
Δ 𝑇𝑖(𝜐𝑃, 𝜐𝑃/𝜐𝑆, 𝒙𝑗(𝑖))  +  Δ𝑘(𝑖)

𝑆−𝑃

𝑇𝑖
𝑃(𝜐𝑃, 𝒙𝑗(𝑖)) + 𝑡0𝑖 + Δ𝑘(𝑖)

𝑃 ] 

𝑇𝑖
𝑃 = ∫

𝑑𝑠

𝜐𝑃(𝑠)

.

ℛ𝒾
𝒫

 

Δ𝑇𝑖 = ∫
𝜐𝑃

𝜐𝑆

(𝑠)
𝑑𝑠

υ𝑃(𝑠)

.

ℛ𝒾
𝒮

− ∫
𝑑𝑠

𝜐𝑃(𝑠)

.

ℛ𝒾
𝒫

 

where 𝑠 represent the curvilinear abscissa along the ray and ℛ𝒾
𝑃 and ℛ𝒾

𝑆 represent the ray 

pathway of the P and S waves from the hypocenter to the station. 

The inverse problem of travel time tomography 

According to the length of the study area, the GRS80 ellipsoid was chosen as a reference for 

the shape of the Earth. Additionally, the topography of the surface was included above this 

ellipsoid to provide more fidelity to the results. 

To solve the inverse problem, a 1-D prior velocity model for the P-wave was settled as a 

function of the geographical depth. The increase of the velocity from the surface of the 

topography (υ𝑠𝑢𝑟𝑓 = 4 km/s) to the surface of the ellipsoid (υ0 = 4.5 km/s) is defined by a 

linear increment. This velocity model is simply divided into three parts: the crust, the most 

upper part of the upper mantle and the rest of the mantle until it reaches 244 km of depth. 

(2) 

(3) 

(4) 
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The a priori velocity model for the S-wave was obtained using the υ𝑃/υ𝑆 ratio from the Wadati 

diagram. The Moho topography is not considered within these a priori velocity models. 

Accurate prior localization of the seismic events was performed previously to the inversion. To 

achieve this, we used the LOCIN algorithm (Potin, 2016) in a gridded parallelepiped box 

constituted by cubes of 1 km length. 

The Tikhonov problem to be solved in the inverse process for the travel time tomography 

consists of searching the minimum of a cost function over a regularization space  where 𝑪𝑑
−1/2

 

and 𝑪𝑚
−1/2

 represent the square root of the inverse of the prior covariance operator for the 

data d and model m vectors, respectively: 

‖𝑪𝑑
−1/2

(𝑑𝑜𝑏𝑠 − 𝑔(𝒎))‖
𝐷

2

+  ‖𝑪𝑚
−1/2

(𝒎 − 𝒎𝑝𝑟𝑖𝑜𝑟)‖
𝑀

2
 

 The numerical representation of this equation is denoted as a quasi-Newton formulation 

implying the resolution of a linear system in the model space  𝑀 at each iteration, where 𝐺𝑘 is 

the derivative operator of 𝑔 at a model parameter m in a fixed point 𝑘 and 𝐺𝑘
∗ denotes their 

adjoint for the usual scalar products in 𝐷 and 𝑀. 

𝑚𝑘+1 − 𝑚𝑘 = −(𝐶𝑚
−1 + 𝐺𝑘

∗𝐶𝑑
−1𝐺𝑘)−1 (𝐺𝑘

∗𝐶𝑑
−1(𝑔(𝑚𝑘) − 𝑑𝑜𝑏𝑠) + 𝐶𝑚

−1(𝑚𝑘 − 𝑚𝑝𝑟𝑖𝑜𝑟)) 

The Eq. (6) was solved using the INSIGHT computer code package, which uses the LSQR 

algorithm (Paige and Saunders, 1982) according to Monteiller et al., (2005). This tomography 

code was implemented in a gridded parallelepiped box with a cell size of 5 km in the horizontal 

direction and 2 km in the vertical direction. The code rewrites each iteration according to: 

𝑚𝑘+1 − 𝑚𝑘 = (𝐴𝑘
∗ 𝐴𝑘

 )−1𝐴𝑘
∗ 𝑣𝑘

  

(5) 

(6) 

(7) 
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Where: 

𝐴𝑘
 =  [

𝐶𝑑
−1/2

𝐺𝑘

𝐶𝑜𝑟 
−1/2Σ−1

]             𝑣𝑘
  =  [

𝐶𝑑
−1/2(𝑔(𝑚𝑘) − 𝑑𝑜𝑏𝑠)

𝐶𝑜𝑟 
−1/2Σ−1(𝑚𝑘 − 𝑚𝑝𝑟𝑖𝑜𝑟)

]  

The influence of both the damping and smoothing parameters was evaluated through L-curves 

graphics (Hansen, 1992) to obtain a realistic model. This allowed us to define the values of 

damping parameters (ξ0 = 9 km, λ = 0.5) and the smoothing parameters (ξV = 20 km, ξ𝐻 =

35 km). 

Finally, to delimit the volume outside which the resolution of the inversion is surely very poor 

we evaluate the restitution (or averaging) index for the υ𝑃 and υ𝑃/υ𝑆 models. The restitution 

index is a measure of the uncertainty in the velocity models, which allow us to identify the 

region where the intersection of seismic rays is sufficiently dense. Their value ranges from 0 to 

1 for zones with high and low uncertainties, respectively. To obtain reliable results, we analyze 

only those regions with values of restitution index >0.7. We depict those regions of high 

uncertainties (<0.7) as white-shaded zones in the tomographic images. Under our working 

scheme, the practical computation of the restitution index is equivalent to performing an 

iteration of the inverse process. 

RESULTS AND DISCUSSION 

The resulting tomographic images are expressed in terms of the P velocity in absolute values 

(υ𝑃), relative values (Δυ𝑃), and the υ𝑃/υ𝑃 ratio in vertical sections as indicated by the segments 

in Figure 2. The AA’ segment encompasses the Antisana and Sumaco Volcano, whereas four 

volcanoes are included in the BB’ segment: Reventador, Pan de Azúcar, Yanaurco and Sumaco. 

(8) 
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According to the Δυ𝑃 (Figure 3), we can identify a considerable difference in the velocities 

among the AA’ and BB’ segments. From these anomalies, it is possible to infer cortical 

structures such as lithology changes or delimited formations (Koulakov, 2013). 

In the vertical AA’ cross-section of the Δυ𝑃 model (Figure 3 top), the positive values (>10%) 

just below the Antisana volcano could be related to the Paleozoic and Mesozoic metamorphic 

belts (Loja lithotectonic division), whereas the negative values (<-10%) below ∼20 km could be 

related to a section of the Northern Andean Sliver (Aspden and Litherland, 1992; Hall et al., 

2017). The BB’ segment (Figure 3 bottom) clearly shows the difference of the basement among 

the volcanoes over the Napo Uplift and the Cordillera Real (Antisana). 

All the Napo Uplift volcanoes (Reventador, Pan de Azúcar, Yanaurco, and Sumaco) are located 

upon the Jurassic-Cretaceous sedimentary sequence (Barragan et al., 1998; Barragán and 

Baby, 2004) following the values around 0% above ∼16 km. Despite this, below the Sumaco 

seems to be a slight positive change (>0%), represented as green colors, which could be related 

to a variation in the rocks petrophysical properties of the rest of Napo Uplift. Below 16 km in 

this BB’ segment, the negative anomalies could be associated with the South American 

Precambrian craton (Aspden and Litherland, 1992; Balkwill et al., 1995). 

The most profound velocity anomalies of the cross-sections can be seen in Figure 4 and Figure 

5 from both the υ𝑃 and υ𝑃/υ𝑆 models. From the υ𝑃 model, it is possible to identify the Moho 

depth according to the increase in the P wave velocity and regions of high velocity that could 

be associated with a denser or a more consolidated structure (Koulakov, 2013). Here we 

consider the 6.8 km/s iso-value line from the υ𝑃 model to identify the division between crust 
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and mantle. Otherwise, liquid structures associated with elevated temperatures could be 

determined from high anomalies of the υ𝑃/υ𝑆 model (Koulakov, 2013; Koulakov and Shapiro, 

2014). 

From Figure 4, we can observe that the majority of the seismic events in this region occur at 

shallow zones within the crust (<35 km), whereas only a few events have taken place at greater 

depth in a range of 35 km and 115 km (upper mantle).  The seismicity in the western flank of 

Sumaco volcano could be related to the strike-slip Sumaco Fault, which has a west dip 

transpressive dextral behavior with a <1 mm/yr slip rate (Eguez et al., 2003). Otherwise, the 

seismicity in the eastern flank of the Antisana volcano could be related to the compressional 

stress among the Cordillera Real and the Napo Uplift. 

From the υ𝑃 model of the AA’ segment (Figure 4 top), it is possible to recognize a thickening 

of the crust ranging from ∼60 km below Antisana to ∼40 km under Sumaco according to the 

6.8 km/s iso-value line. The highest values of P velocity (>8.1 km/s), denoted by purple colors, 

are located below ∼100 km in all the extension between the Sumaco and Antisana. This high-

velocity anomaly represents a higher density structure. A significant zone with expected liquid 

rocks is also recognizable from the υ𝑃/υ𝑆 model of the AA’ cross-section (Figure 4 bottom), 

which could be denoted by values greater or equal than 1.8. This high-value anomaly region is 

located predominantly below the Sumaco volcano, although it extends slightly westward. 

According to the υ𝑃 and υ𝑃/υ𝑆 models of the BB’ segment (Figure 5), the majority of seismic 

events are cortical (above ∼35 km) and concentrated just below the Reventador active 

volcano, whereas there are few events at a depth greater than 35 km. The seismic events south 
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of Sumaco could be also related to the Sumaco fault (Eguez et al., 2003). The υ𝑃 model of the 

BB’ cross-section (Figure 5 top) shows a relatively constant width of the crust of ∼45-50 km, 

following the 6.8 km/s iso-contour line. This crust thickening, greater than the 35 km of the 

Oriente Basin, below the Eastern Subandean Belt, proves this cordillera's roots. This figure also 

shows the highest P velocity (>8.1 km/s) below the Pan de Azúcar, Yanaurco, and Sumaco 

volcanoes at a depth between 100 km to 160 km, which again could be related to a higher 

density structure. Values greater than 1.8 in the υ𝑃/υ𝑆 model of the BB’ segment (Figure 5 

bottom) also suggests the presence of a hotter or more liquid material.  This structure seems 

to be predominantly located under Pan de Azúcar, Yanaurco, and Sumaco volcanoes. 

Our results suggest the presence of 1) a section of an anomalous slab (below ∼100 km) with 

values >8.1 km/s according to the υ𝑃 model and 2) a magmatic reservoir in the most upper 

part of the mantle just below the crust, which is identified according to the high values 

anomalies (>1.8) of the υ𝑃/υ𝑆 model. These structures are depicted in Figure 6 as 3D objects 

in depth. 

The magmatic reservoir is situated in the southern part of the Napo Uplift and is positioned 

predominantly below the Sumaco volcano and shared with the Pan de Azúcar and Yanaurco 

volcanoes. This magmatic chamber is located from 35 to 60 km in depth. The anomalous slab 

found here is limited or restricted below the Reventador volcano, whereas it extends eastward 

from Antisana to Sumaco volcano, slightly increasing the angle of inclination. 

The large-ion lithophile elements to high-field strength metals relation define the LIL/HFS ratio. 

Given that Sumacos lavas show a small LIL/HFS ratio and high content of incompatible 
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elements (Barragan et al., 1998; Barragán and Baby, 2004), this suggests a small contribution 

of the subducted slab and small degrees of partial melting.  Therefore, the magmatic reservoir 

below this volcano seems to be charged by a possible slab-trap door mechanism (Rosenbaum 

et al., 2019) in a hypothetical flat slab. We suggest that the alkaline Sumaco lavas are formed 

from a mantellic source, which possibly rises by poloidal and toroidal flows. This mantellic 

source could be related to a slab block detached from ancient flat-slab subduction and 

currently situated over the Nazca subducted plate. This flows later produces a preferential 

partial melting of a Jurassic metasomatized mantle (Chiaradia et al., 2014) to finally reach and 

store this material in the magmatic reservoir shown in Figure 6. 

From the relocated hypocenter's arrangement after the tomographic inversion (Figure 4, 

Figure 5), it is possible to deduce that the Sumaco fault extends ∼25 km in depth. This structure 

could allow the rapid ascent of magmatic material to a shallower reservoir where recharge 

occurs before an eruptive event, as expected by Garrison et al. (2018). This rapid ascent could 

also explain the minimal crust assimilation of Sumaco lavas shown by  87Sr/ 86Sr and 

 143Nd/ 144Nd isotopes ratios (Barragán and Baby, 2004; Garrison et al., 2018). 

CONCLUSIONS 

The study of the subduction-related volcanic arc system in Ecuador sheds new light on 

understanding the dynamic between the South America continental plate and the oceanic 

Nazca Plate.  According to our results, the volcanoes main magmatic reservoir over the Napo 

Uplift is disconnected from the volcanoes on the Real Cordillera. 
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From our υ𝑃 model results, we can deduce that there is a considerable change in the elastic 

properties of the medium for which the seismic waves travel faster. The highest values (>8.1 

km/s) at depths greater than 100 km suggest an anomalous slab restricted below the 

Reventador volcano and extends eastward while slightly increasing their inclination angle, 

below Sucamo volcano. The υ𝑃 model shows a thickening crust below the Eastern Subandean 

Belt related to the root of this young cordillera. 

According to our υ𝑃/υ𝑆 model, the magmatic reservoir is located in the southern part of the 

Napo Uplift. Despite the proximity of Reventador, Pan de Azúcar, Yanaurco, and Sumaco 

volcanoes, the main magmatic reservoir inferred here is located predominantly below Sumaco. 

The depth of this magmatic chamber ranges from ∼35 km to ∼60 km, just below the crust. The 

extinct Pan de Azúcar and Yanaurco volcanoes shared this magma chamber in a reduced way. 

The melted mantle anomaly seems less related to the Reventador volcano. 

The seismicity in the study area is concentrated just below the Reventador active volcano.  This 

high seismicity could be related to the material rise through a vanishing point, such as long-

depth active faults. 

Considering previous studies of the Sumaco volcano and the tomographic results presented 

here, we propose that the geochemical differentiation of the Sumaco lavas could be related to 

two processes below and above the magmatic reservoir. Below the magmatic chamber, the 

flat slab arrangement allows a trap door mechanism that leads the rise of mantle materials by 

poloidal and toroidal flows that produce a preferential partial melting of a metasomatized 

mantle during its ascent until reaching the magmatic reservoir. On the other hand, the process 



 
 

15 
 

above the magmatic chamber that could explain to some extent the differentiation of Sumaco 

lavas is related to the rapid ascent of the magmatic material through a fault plane (Sumaco 

fault) towards the surface. 
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Figure 1: Regional location map and simplified tectonic map of Ecuador. Black triangles 

represent the seismic stations, while active Quaternary volcanoes over the Andes are 

represented with white dots. The Sumaco volcano position is the yellow star. The major active 

faults in Ecuador are depicted as black lines.  
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Figure 2: Digital elevation model of the study area. The figure shows the major active faults 

(black lines) and the division between the Cordillera Real (brown) and the Napo Uplift (dark 

green), as well as the seismicity associated (black dots) to the volcanoes in this zone. The 

Sumaco Fault is depicted as a red line. The AA’ cross section is centered in -77.883 W, -0.510 S 

with an azimuth of S 84o E, and the BB’ cross section is centered in -77.642 W, -0.309 S with an 

azimuth of S 4o E. 
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Figure 3: Cross-sections of the 𝛥𝜐𝑃 model for the AA’ and BB’ sections.  The axis units are in 

km. Main geological formations and contacts are visible by the 𝛥𝜐𝑃 contrast. 
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Figure 4: Cross-sections of the 𝜐𝑃 and 𝜐𝑃/𝜐𝑆 velocity models for the AA’ segment. The 

hypocenters of the seismic events after the inversion process are depicted as blue dots. These 
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events are comprised among 10 km away on the cross-sections side. The white-shaded zones 

denote the regions with a low-restitution index (<0.7). The axis units are in km. 
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Figure 5: Cross-sections of the 𝜐𝑃 and 𝜐𝑃/𝜐𝑆 velocity models for the BB’ segment. The 

hypocenters of the seismic events after the inversion process are depicted as blue dots. These 
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events are comprised among 10 km away on the cross-sections side. The white-shaded zones 

denote the regions with a low-restitution index (<0.7). The axis units are in km. 

 

Figure 6: Three-dimensional sketch of the identified structures in depth. The figure shows an 

anomalous slab (blue) from the 𝜐𝑃 model and the main magmatic reservoir (red) from the 

𝜐𝑃/𝜐𝑆 model. The reservoir is located predominantly below Sumaco volcano although is also 

shared between Pan de Azúcar and Yanaurco volcanoes. The z-axis represents the depth in km 
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from the surface, while the x-axis and y-axis represent the referential horizontal distances in 

km in the area of interest. 


