
Lithospheric Structure of the Ecuadorian Orogenic System
and Event Location using the Seismoacoustic Wave Field

Item Type text; Electronic Dissertation

Authors Koch, Clinton

Citation Koch, Clinton. (2021). Lithospheric Structure of the Ecuadorian
Orogenic System and Event Location using the Seismoacoustic
Wave Field (Doctoral dissertation, University of Arizona, Tucson,
USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 26/05/2023 22:22:25

Link to Item http://hdl.handle.net/10150/656810

http://hdl.handle.net/10150/656810


 

 

 

 

 

 

LITHOSPHERIC STRUCTURE OF THE ECUADORIAN OROGENIC SYSTEM AND EVENT 

LOCATION USING THE SEISMOACOUSTIC WAVE FIELD 

by 

Clinton Daniel Koch 

 

 

__________________________ 

Copyright © Clinton Daniel Koch 2021  

 

 

A Dissertation Submitted to the Faculty of the 

 

 

DEPARTMENT OF GEOSCIENCES 

 

 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

2021 

  



2 

 

 

 

THE UNIVERSITY OF ARIZONA  

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation prepared 

by: Clinton Daniel Koch titled: Lithospheric Structure of the Ecuadorian Orogenic System and 

Event Location using the Seismoacoustic Wave Field and recommend that it be accepted as 

fulfilling the dissertation requirement for the Degree of Doctor of Philosophy. 

 

 

 

 

 
 

Susan L Beck 

 

 
 

Date: Feb 3, 2021   

 
 

Roy A Johnson 

Date: Feb 5, 2021   

 
Paul A Kapp 

 

Date: Feb 5, 2021   

 
 

Randall Richardson 

 

Date: Feb 5, 2021   

 

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission of 

the final copies of the dissertation to the Graduate College. 

 

We hereby certify that we have read this dissertation prepared under our direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

 

 

 

 

Susan L Beck 

Department of Geosciences 

 

Date: Feb 3, 2021 

 

 

 

Roy A Johnson 

Department of Geosciences 

 

Date: Feb 5, 2021 



3 

 

 

ACKNOWLEDGEMENTS 

First, I would like to thank all of the co-authors and collaborators for their varied contributions to 

this work. Without their input, this work would not be possible. In particular, I want to thank 

Jonathan Delph for his endless willingness to respond to emails and ruthlessness in revising 

papers. I would also like to thank my committee, particularly Susan Beck for providing new 

projects and ideas. 

For funding my doctoral work, I would like to thank the National Science Foundation, SEG 

Scholarship, ChevronTexaco Geology Fellowship, and Galileo Circle Scholarship.  

Thank you as well to all of my colleagues and friends, past and present, in particular, my lab 

mates, Emily Rodríguez and Daniel Portner, for listening to me complain, Lisa Knowles for 

taking me to the emergency room and saving my life, and Lisa Levine for reading and editing 

several of my papers. A special thank you goes to Kiriaki Xiluri, whose constant willingness and 

ability to solve any technical problem made my work possible.  

Finally, I would like to thank Justine Kanuho for her love and support throughout the worst of 

times and for forcing me to remember that there is life outside of work.  



4 

 

 

TABLE OF CONTENTS 

LIST OF FIGURES ...................................................................................................................... 8 

ABSTRACT ................................................................................................................................... 9 

INTRODUCTION....................................................................................................................... 11 

SUMMARY OF WORK............................................................................................................. 18 

FIGURES ..................................................................................................................................... 23 

REFERENCES ............................................................................................................................ 34 

APPENDIX A: STRUCTURE OF THE ECUADORIAN FOREARC FROM THE JOINT 

INVERSION OF RECEIVER FUNCTIONS AND AMBIENT NOISE SURFACE WAVES

....................................................................................................................................................... 43 

Summary .................................................................................................................................. 44 

Introduction ............................................................................................................................. 45 

Tectonic Background of the Forearc ..................................................................................... 47 

Data and Methods ................................................................................................................... 49 

Receiver Function Quality Control ......................................................................................... 49 

Adaptive Common Conversion Point Stacking ....................................................................... 51 

Joint Inversion ........................................................................................................................ 51 

Results ...................................................................................................................................... 54 

Receiver Functions ................................................................................................................. 55 

Adaptive Common Conversion Point Stacks .......................................................................... 57 

Receiver Function Multiples ................................................................................................... 58 

Joint Inversion ........................................................................................................................ 59 



5 

 

 

Comparison with Ambient Noise Tomography ...................................................................... 61 

Discussion ................................................................................................................................. 62 

Terrane Distribution in the Forearc Crust .............................................................................. 62 

Subducting Slab ..................................................................................................................... 68 

Forearc Structure and Megathrust Earthquakes. .................................................................. 69 

Conclusions .............................................................................................................................. 72 

Acknowledgements .................................................................................................................. 74 

References ................................................................................................................................ 75 

Figures ...................................................................................................................................... 88 

Supplemental Information ..................................................................................................... 98 

APPENDIX B: CRUSTAL THICKNESS AND MAGMA STORAGE BENEATH THE 

ECUADORIAN ARC ............................................................................................................... 111 

Abstract .................................................................................................................................. 112 

Introduction ........................................................................................................................... 113 

Regional Geologic Setting ..................................................................................................... 114 

Crustal Thickness ................................................................................................................. 115 

Volcanism............................................................................................................................. 116 

Data and Methods ................................................................................................................. 117 

Receiver Functions ............................................................................................................... 118 

Adaptive Common Conversion Point Stacking ..................................................................... 118 

Joint Inversion of RFs and Ambient Noise Dispersion .......................................................... 119 

Results .................................................................................................................................... 121 

Receiver Functions ............................................................................................................... 121 



6 

 

 

Adaptive Common Conversion Point Stacks ........................................................................ 123 

Joint Inversion ...................................................................................................................... 124 

Validation of Low-Velocity Zones ........................................................................................ 127 

Discussion ............................................................................................................................... 128 

Crustal Thickness Beneath the Ecuador Arc ........................................................................ 128 

Crustal Magma Storage ....................................................................................................... 131 

Estimating Melt Percentages ............................................................................................... 134 

Conclusions ............................................................................................................................ 136 

Acknowledgements ................................................................................................................ 138 

References .............................................................................................................................. 139 

Figures .................................................................................................................................... 152 

Supplemental Information ................................................................................................... 163 

APPENDIX C: APPLICATION OF AUTOMATED SURFACE WAVE PHASE 

VELOCITY MEASURING SYSTEM TO ECUADOR ........................................................ 174 

Abstract .................................................................................................................................. 175 

Introduction ........................................................................................................................... 175 

Automated Surface Wave Phase Velocity Measuring System .......................................... 176 

Application to Ecuador Seismic Data .................................................................................. 177 

Results .................................................................................................................................... 178 

Phase Velocity Maps ............................................................................................................ 178 

Comparison with Ambient Noise Dispersion Data ............................................................... 179 

Discussion ............................................................................................................................... 180 



7 

 

 

Conclusion .............................................................................................................................. 181 

References .............................................................................................................................. 182 

Figures .................................................................................................................................... 185 

APPENDIX D: LOCATING SURFACE EXPLOSIONS BY COMBINING SEISMIC AND 

INFRASOUND DATA.............................................................................................................. 197 

Abstract .................................................................................................................................. 198 

Introduction ........................................................................................................................... 199 

Method.................................................................................................................................... 200 

Forward Model ...................................................................................................................... 204 

Uncertainties .......................................................................................................................... 204 

Dataset .................................................................................................................................... 206 

Results .................................................................................................................................... 208 

Discussion and Conclusions .................................................................................................. 209 

Data and Resources ............................................................................................................... 211 

Acknowledgements ................................................................................................................ 212 

References .............................................................................................................................. 213 

Figures: ................................................................................................................................... 217 

 

  



8 

 

 

LIST OF FIGURES 

Figure 1: Topographic maps of each study area in Ecuador and Utah ..........................................23 

Figure 2: Map of the high-magnitude earthquake rupture history in the Ecuador forearc ............25 

Figure 3: Interpreted cross-sections through the shear-wave velocity model and adaptive 

common conversion point stacks in the Ecuadorian forearc .........................................................27 

Figure 4: Ecuador crustal thickness map .......................................................................................28 

Figure 5: Velocity models of Ecuador’s major volcanoes and estimates of partial melt ..............29 

Figure 6: Structural phase velocities maps resulting from the Automated Surface Wave Phase 

Velocity Measuring System ...........................................................................................................31 

Figure 7: Dispersion data in Ecuador.............................................................................................32 

Figure 8: Surface explosion location maps ....................................................................................33  



9 

 

 

ABSTRACT 

Seismologists use the seismic wavefield to image the Earth’s structure at a wide range of 

scales, from a few meters to 1000s of km. Sources (earthquakes, explosions, etc.) of seismic 

waves can also be located and distinguished using the seismic wavefield. In this dissertation, I 

utilize both of these aspects of seismology. The major part of this dissertation focuses on the use 

of naturally occurring seismic sources (earthquakes) to elucidate the structure of the crust and 

upper mantle beneath the Ecuadorian orogenic system (Appendices A-C). In the final section, I 

explore the seismic location problem by combining seismic and infrasound phenomena in a 

Bayesian framework (Appendix D).  

Ecuador, the focus of the first three studies, is a complex tectonic region spanning several 

tectonic provinces. Offshore, the Nazca plate subducts beneath the South American plate 

creating major stresses that build up and result in megathrust earthquakes along the boundary 

between the two plates. Following a magnitude 7.8 earthquake offshore Pedernales, Ecuador in 

2016, seismic instruments were deployed to study the seismicity and tectonics of the region. This 

collaboration between US institutions (University of Arizona and Lehigh University) and the 

Instituto Geofísico at the Escuela Politécnica Nacional in Ecuador also opened up a wealth of 

data from the Ecuadorian permanent seismic network which enabled a higher resolution study of 

the arc region. Appendix A presents a detailed study of the tectonics of the forearc region and the 

relationship with the megathrust behavior. The results indicate that the complex accretionary 

history of Ecuador resulted in a forearc that exhibits significant variations in the seismic 

velocities along the strike of the trench. These variations appear to align with the style and 

behavior of the seismicity in the region, suggesting that the structure of the upper plate may play 



10 

 

 

an important role in controlling megathrust behavior. Appendix B shifts the focus towards the 

Andean region and the active volcanic arc. The Ecuadorian Andes contain a broad (~150 km 

wide), active, arc that extends from the Western Cordillera into the Subandean zone. Here, a map 

of crustal thickness beneath the Ecuadorian Andes is presented, which shows that it is largely in 

isostatic equilibrium at the Moho. Observed low-velocity regions are beneath several active 

volcanoes are interpreted as regions of long-term magma storage, consistent with crystal mush 

zones.  

To connect the arc and forearc, earthquake-generated surface waves and the Automated 

Surface Wave Phase Velocity Measuring System are used to measure phase velocities in 

Ecuador. Appendix C reports on the results of this method. Periods between 25-50 seconds show 

good coverage across the array and image a faster forearc region and a slower arc region, likely 

reflecting a thicker crust in the arc region. At periods ≥ 60 seconds coverage is limited to the arc 

region where a longer period of data was available. These results serve to extend the phase 

velocity measurements from ambient noise deeper and begin to offer constraints on the upper 

mantle beneath Ecuador. As more data and more stations are deployed in Ecuador it may be 

beneficial to revisit this analysis at a later time.  

In the final Appendix, the focus shifts from lithospheric structure to explore the event 

location problem. Here, we combine seismic and infrasound observations for locating a 

seismoacoustic event. A Bayesian framework is developed to better estimate the uncertainty 

associated with the location. This new method is tested on data from a surface explosion from 

the Bingham mine in Utah and shows that combining the two phenomena can improve the 

location beyond what either method can obtain individually.  
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INTRODUCTION 

The field of seismology has a broad range of applications, from studying the source 

properties that generate seismic signals (earthquakes, eruptions, explosions, etc.) to using those 

waves to study the seismic structure of the Earth at a wide variety of scales. In this dissertation, I 

use seismic data together with geologic and geophysical data to address a variety of geophysical 

problems. In the first three chapters, I use seismic data to examine Earth’s lithospheric seismic 

structure and relate this to tectonic processes associated with subduction along the Ecuador coast 

(Figure 1A). The first of these studies explore the relationship between the forearc structure of 

Ecuador and the megathrust earthquake behavior in the region. In the second, I examine the 

crustal structure beneath the Ecuadorian Andes and the active volcanic arc. To tie together the 

forearc and the arc structure, earthquake-generated surface tomography is used in the third 

chapter to explore larger-scale variations. In these first three chapters, earthquakes are used as 

sources for seismic imaging. In the final appendix, the source location problem is explored by 

developing a Bayesian approach to combine seismic and infrasound wave fields. This new 

method is applied to a dataset in Utah (Figure 1B). This introduction presents an overview of the 

context for each of the studies appended to this dissertation. 

Earthquakes and volcanoes are among the deadliest natural disasters that face human 

populations today and both are associated with subduction zones, regions where one tectonic 

plate is sinking beneath another. The largest and deadliest earthquakes often occur along 

megathrust faults at subduction zone boundaries where the two plates are juxtaposed. Similarly, 

large volcanic eruptions occur above subduction zones where water released from the down-

going plate lowers the melting temperature of mantle wedge rocks above the subducting plate. 
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Despite many studies on subduction zones, the variation and segmentation of the megathrust 

boundary, as well as the structure and nature of mid-crustal magma reservoirs are not fully 

understood.  

Megathrust faults along plate boundaries at subduction zones are the locus of the highest 

magnitude earthquakes on Earth. Megathrust earthquakes rupture along the plate boundary and 

are thus sensitive to properties of both the subducting plate, subduction interface, and overriding 

plate (Scholz and Campos, 2012; Bletery et al., 2016; Bilek and Lay, 2018; Plescia and Hayes, 

2020). On the subducting plate side, many factors have been considered in having an impact on 

the extent and distribution of slip associated with an earthquake. Some of these factors include 

asperities, such as seamounts or aseismic ridges, plate age, and the length and dip angle of the 

subducting slab (Scholz and Campos, 1995; Scholz and Campos, 2012; Yang et al., 2013; Ye et 

al., 2018). Properties that affect the subduction zone interface are also critical in understanding 

megathrust behavior. For example, the presence of fluids can act to reduce the effective stress 

along the plate boundary (Saffer and Tobin, 2011). The presence of sediments in the subduction 

channel can also decrease friction properties of the interface, potentially allowing an earthquake 

to rupture over long distances (Ruff, 1989). The final component, the overriding plate, can also 

influence the megathrust system. Variations in the geologic composition and rigidity of the upper 

plate have been suggested to alter the behavior of the megathrust (Bassett et al, 2016; Sallares et 

al., 2019). Subsidence associated with forearc basins has been attributed in part to subduction 

erosion, which implies a strong coupling between the upper and lower plates (Wells et al., 2003). 

Despite the importance of the overriding plate to the megathrust system, it has received less 

attention than the down-going plate properties.  
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Appendix A, examines the impact of the upper plate on the megathrust system in 

Ecuador. The earliest major earthquake recorded and well documented in Ecuador is a Mw 8.8 

that ruptured a ~500 km-long segment from central Ecuador to Columbia in 1906 (Figure 2; 

Yamanaka et al., 2016). Since the 1906 earthquake, a similar patch of the megathrust off-shore 

Ecuador was ruptured again by several Mw 7.7+ events (Chlieh et al., 2014). The most recent of 

these earthquakes, the Mw 7.8 Pedernales earthquake, occurred in 2016 and ruptured ~100 km of 

the megathrust (Nocquet et al., 2017). This event spurred an international collaboration to study 

the tectonics and seismicity of Ecuador (Meltzer et al., 2019). Interestingly, none of these events 

ruptured farther south than ~0.5°S (Figure 2). Furthermore, there have been no high-magnitude 

earthquakes rupturing south of this latitude until northern Peru, where a Mw 7.4 earthquake 

ruptured ~350 km to the south in 1953. This apparent gap of high-magnitude earthquakes raises 

questions about what is controlling the megathrust behavior in this region. Several of the factors 

described in the previous paragraph have been discussed in the context of the Ecuadorian 

megathrust (Mendoza & Dewey 1984; Collot et al. 2017; Agurto-Detzel et al., 2019). Of 

particular importance is the Carnegie Ridge, a region of thick oceanic crust (up to 19 km; 

Sallares et al., 2005) on the Nazca plate that is being subducted beneath South America. The 

buoyancy of such thick oceanic crust impedes subduction, undoubtedly impacting the seismicity 

in the region (Graindorge et al., 2004; Agurto-Detzel et al., 2019). The Carnegie Ridge is an 

aseismic ridge that is thought to have formed from the passage of the Nazca plate over the 

Galapagos hotspot. However, the lower plate is only one component of the megathrust system. 

The upper plate of the forearc region in Ecuador is thought to be composed of accreted oceanic 

lithosphere material that is heavily obscured by sedimentary basins (Luzieux et al., 2006; Jalliard 
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et al., 2009). As a result, the distribution and compositions of the forearc basement are not well 

constrained. Appendix A examines the structure of the upper plate in the Ecuadorian forearc to 

better understand the crustal structure and its association with the megathrust segmentation in the 

region. 

Appendix B, shifts focus from the forearc region of Ecuador to the continental arc and the high 

elevations of the Andean region. In the simplest view, continental arcs result from the 

dehydration of hydrous minerals in the subducting plate which releases volatiles into the mantle 

wedge causing melt to form and rise through the crust to the surface where it erupts (Hacker et 

al. 2003). However, the reality is often more complicated. Mounting evidence from geophysical 

images, and supported by petrologic data, has led the community to move away from the idea of 

magma being stored in a large liquid-rich chamber towards a complex plumbing system with 

magma pathways that may involve storage in the crust at many depths (Cashman et al., 2017). In 

these models, magma can be stored in a crystal-rich magmatic reservoir (“mush” zones; Marsh, 

1981; 1989; 2015; Cashman et al., 2017) that may persist and develop over long periods (tens of 

thousands to millions of years; Petrelli et al., 2020). Mush zones are largely immobile due to 

their high crystallinity state and are not thought to represent eruptible bodies on their own. 

However, many magmatic processes, such as accumulation, geochemical hybridization, crustal 

assimilation, and other processes can take place within these zones (Cashman et al., 2017). Such 

bodies have been imaged using geophysical methods both globally (Kiser et al., 2016; Paulatto et 

al., 2019; Chen et al., 2020), and in the Central Andes (Ward et al., 2017; Delph et al., 2017; 

Wespestad et al., 2019). In the Northern Andes, however, there have been comparatively fewer 

studies that image the structure of the arc and the magmatic storage system is less constrained. 
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The Ecuadorian Andes contains a highly active volcanic arc north of ~2°S. In the west, 

volcanoes such as Chilies-Cerro Negro and Pichincha rest upon accreted oceanic terranes, 

similar to those of the forearc (Luzieux et al., 2006; Figure 1A). The Interandean Valley to the 

east is a topographic depression filled with volcanoclastic sediments that obscure the transition 

from the mafic terranes in the west to the more felsic terranes of the east. Volcanoes, such as 

Cotapaxi, also erupt through the Interandean Valley, presenting a significant threat to the 

population of Quito (Rodriguez et al., 2017; Figure 1A). In the Eastern Cordillera, several active 

volcanoes are present, including Tungurahua, Cayambe, and Cotacachi (Figure 1A). Farther east, 

the volcanism persists into the Subandean zone, where Revantador is active (Ridolfi et al., 2008). 

Geochemical analysis of Ecuadorian arc rocks shows both along and across arc variations that 

relate to the nature of the subducting slab and the degree of crustal contamination (Ancellin et 

al., 2017). Previous petrologic and geodetic studies have suggested magma storage at a range of 

depths beneath several of these volcanoes, including Chilies-Cero Negro, Cotapaxi, and 

Tungurahua (Champenois et al., 2014; Ebmeier et al., 2016; Andujar et al.,2017; Rivera et al., 

2017; Saalfield et al. 2019). In Appendix B, my co-authors and I examine the crustal structure 

beneath the active arc in Ecuador and provide the first seismic images of the magmatic storage 

system beneath this arc. 

The methods used in the first two studies are limited to imaging the region beneath or in 

the vicinity of the seismic station. The distribution of seismic stations in Ecuador limits the 

ability to connect the arc and forearc due to a gap in seismic station coverage (Figure 1A). Other 

techniques can utilize this station distribution to bridge the gap between the forearc and arc, 

albeit at a lower resolution than the methods used in appendix A and B. In appendix C, 
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earthquake-generated surface waves are used to explore the broad variations in the tectonic 

structure and to supplement previous studies that use ambient noise. Surface waves result from 

body wave interaction at the interface of a free surface and solid medium and propagate along 

with this interface. Surface waves have been widely used to study the properties of the Earth’s 

upper crust and mantle (Woodhouse & Dziewonski 1984, Van Der Lee et al., 2005). An 

important property of surface waves is that they are dispersive since their velocity is dependent 

on the frequency of the wave. Different frequencies are sensitive to different depths, with lower 

frequencies sampling deeper in the Earth, and thus are sensitive to velocities of rocks at different 

depths. The dispersive property enables the estimation of phase velocities for the different 

frequencies which reflect broad variations in the tectonic structure. Surface wave phase 

velocities have also been measured using ambient noise, which can resolve higher frequencies 

(shallower depths) than earthquake-generated surface waves (Lynner et al., 2020). Although the 

earthquake-generated surface wave dispersion data in our study is limited, when combined with 

the ambient noise surface waves it extends the coverage of dispersion data to lower frequencies, 

and hence, deeper depths. Our study indicates that a larger aperture of seismic stations, which 

would enable the recovery of longer periods, is needed for a more detailed study of the upper 

mantle using surface waves. 

For the methods used in the first three appendices, earthquake locations from other 

entities are used (ex. U.S. Geological Survey). The final appendix explores the event location 

problem by examining the benefit of combining seismic and infrasound observations. During a 

seismoacoustic event, such as a shallow earthquake, volcanic eruption, or surface explosion, 

acoustic energy is generated both in the Earth as seismic waves and as atmospheric waves 
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(infrasound; Arrowsmith, 2010). The resulting ground motion and pressure variations are 

recorded at seismometers and infrasound arrays and can be used to approximate the spatial 

location and origin time of the event. Combining these phenomena is a logical choice, not only 

because they are part of the same wave field, but because they excel at exploiting different types 

of measurements. Both seismic and infrasound can measure the arrival times and back-azimuth 

of acoustic energy from a seismoacoustic event. Seismic arrival times are often well constrained 

in comparison with infrasound arrival times, which can have high uncertainties (Modrak et al., 

2010). Conversely, infrasound back azimuthal measurements are typically modeled with greater 

accuracy versus seismic back azimuths which are highly sensitive to variations in near-surface 

structure (Negraru and Golden, 2017). The measurements are combined in a Bayesian 

framework which has the added benefit of constructing more robust estimates of uncertainty 

(Myers et al., 2007; Blom et al., 2015). In Appendix D, the methodology to combine seismic and 

infrasound phenomena into a single space-time location is outlined. This method is tested on 

both synthetic data and real data from a mining explosion in Utah (Figure 1B). 
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SUMMARY OF WORK 

In this section, I present a summary of the methods and significant findings of each of the 

four separate studies that are appended to this dissertation. 

A major portion of this dissertation is focused on seismic imaging of the Ecuador 

orogenic system. Appendices A and B utilize two primary methods to examine the structure of 

the lithosphere in the forearc and arc regions of Ecuador. First, P to S conversions that occur 

from teleseismic P–waves at velocity contrasts or discontinuities beneath stations in the study 

area. Receiver functions (RF) isolating these conversions are constructed and used to estimate 

the depths of the discontinuities at which the conversions were created (Langston, 1979; 

Ammon, 1991). RFs are further utilized by constructing common conversion point stacks that 

map the receiver functions along their theoretical ray path to a 3-D grid, stacking them where 

they overlap (Dueker and Sheehan, 1997). This results in a 3-D volume of discontinuity structure 

but with no information about absolute velocity. The second method further utilizes this 

information by combining the RF data with Rayleigh wave dispersion curves derived from 

ambient noise tomography to include information about seismic velocity (Julia et al., 2000; 

Delph et al., 2017). This technique is particularly beneficial because RFs are sensitive to the 

relative velocities across discontinuities and surface wave dispersion data is sensitive to the 

absolute velocities of the Earth. However, surface waves are sensitive to a broad range of depths, 

causing discontinuities to be smoothed out. Combining these observations into a single model 

result in a shear-wave velocity model that is sensitive to both absolute velocities as well as sharp 

discontinuities (Julia et al., 2000; Delph et al., 2017). 



19 

 

 

Appendix A applies this technique to the forearc region of Ecuador to constrain the 

seismic structure in the upper 50 km. Figure 3 presents interpreted cross sections through the 

final seismic velocity model, in which the key observations are evident. Significant changes in 

seismic velocities are present in the upper ~20 km, dividing the area into 4 distinct segments. 

These variations suggest that the accreted terranes that make up the crust exhibit significant 

variation in shear-wave velocities. Of particular interest is the correlation between the upper 

plate structure and the rupture extent of megathrust earthquakes. The southern extent of the 1906, 

1942, and 2016 earthquakes spatially correlates with the boundaries between segments 2 and 3 

(Figure 2 and Figure 3). These results suggest that the geology of the upper plate may play an 

important role in megathrust behavior. First, the change in seismic velocities likely represent 

changes in the lithologies of the overriding plate that may act as a barrier, preventing earthquakes 

from rupturing across this barrier. Second, the change in geologic properties from the north to 

the south may favor a different style of seismicity, encouraging stress to build up in the north 

where high-magnitude earthquakes occur, and favoring aseismic slip in the south, which prevents 

the accumulation of large amounts of stress. These findings support the idea that the upper plate 

is an important part of the megathrust system and should not be neglected when studying 

megathrusts (Wells et al., 2003; Basset et al., 2016; Sallares et al., 2019).  

Using similar methods as in Appendix A, the crustal structure of the volcanic arc is 

examined in Appendix B. Here, common-conversion-point stacks are used to make a map of 

crustal thickness beneath the Ecuador Andean region that is largely is in isostatic equilibrium 

based the topography and reasonable densities ranges (Figure 4). The thickest crust (~65 km) is 

observed in the north in the region of Chiles-Cerro Negro. The rest of the arc shows a thicker 
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Western Cordillera (~5 km) compared to the Eastern Cordillera, despite the average elevations 

being slightly higher (~300 m) in the east. This discrepancy can be explained by the lateral 

variations in crustal density that are consistent with the geology of the respective cordilleras 

(Vallejo et al., 2019). The shear-wave velocity model from the joint inversion further supports 

this result, showing a faster Western Cordillera below ~10 km compared to the Eastern 

Cordillera.  

Perhaps the most exciting observation in Appendix B is the presence of several low-

velocity zones beneath multiple active volcanic fields. Figure 5 A-C shows 1-D profiles through 

the shear-wave velocity model at three of the major volcanoes in Ecuador. The velocities reach 

as low as ~2.8 km/s, which cannot be explained with typical crystalline rocks; some amount of 

melt, distributed throughout the rock, is required. I follow the method of Chu et al. (2010), using 

petrologic constraints, to estimate the melt required to explain the observed seismic velocities in 

the LVZ (Figure 5 D). At the lowest velocities in the LVZ, these correspond to ~14% melt in the 

Western Cordillera and 12% melt in the Eastern Cordillera. These relatively low melt 

percentages suggest that the low-velocity zones do not represent eruptible bodies but instead 

correspond to crystal-rich magmatic reservoirs referred to as mush zones (Marsh, 1981; 1989; 

2015). These regions act as zones of long-term magmatic accumulation. Previous estimates of 

magma storage from petrologic and geodetic studies align well with our results at Chilies-Cero 

Negro and Tungurahua (Figure 5 A and C). In contrast, no LVZ is observed near Cotopaxi where 

several studies have suggested magma storage at a wide range of depths (Andujar et al., 2017; 

Champenois et al., 2014; Samaniego et al., 2011). This discrepancy may indicate that the storage 
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regions are smaller in size, short-lived, or tapping into a lateral source away from the surface 

expression of the volcano. 

In Appendix C, the viability of using earthquake-generated surface waves on the 

Ecuadorian seismic data to extend our dispersion measurements from previous ambient noise 

surface wave dispersion measurements is tested. The Automated Surface Wave Phase Velocity 

Measuring System method (Jin and Gaherty, 2015) is used to construct phase velocity maps at 

periods between 20 - 100 seconds. The results show that there is good coverage across the arc 

and forearc at periods between 25 - 50 seconds (Figure 6). At the periods between 60 - 100 

seconds, coverage is constrained to the arc (Figure 6) due to a longer period of data availability 

allowing for a larger number of events to be sampled. Where the coverage extends to the forearc, 

phase velocities show a fast forearc and comparatively slow arc. This difference is likely related 

to the thinner crust beneath the forearc, causing the broad sensitivity kernels of surface waves to 

sample the velocities of the upper mantle. The phase velocities from this study are compared 

with those from ambient noise which overlap at periods less than 40 seconds (Figure 7). Our 

findings are reasonably close to those of the ambient noise data at periods 25 – 32 seconds. The 

40-second period shows a larger gap, likely owing to few ray paths in the ambient noise data 

(Figure S3; Lynner et al., 2020). Thus, our results extend the coverage of dispersion data in 

Ecuador to ~50 seconds in the arc and forearc and longer periods in the arc.  

In Appendix D, the focus shifts from Earth structure to the seismoacoustic event location 

problem. Here, a Bayesian framework is developed that builds on the work of Myers et al. 

(2007), Blom et al. (2015), and others. The goal of this framework is to determine the location 

and origin time of an event recorded at several seismic stations and infrasound arrays. For each 
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seismic and infrasound observation, there is a corresponding uncertainty associated with it. The 

method begins by calculating the residual between observations and predictions made using a 

forward model. Here, simplistic forward models are assumed, using a global velocity model 

(Kennett et al., 1995) for the seismic travel times and a great circle azimuth for infrasound back 

azimuths. Using these residuals, the individual likelihood of each observation is calculated. 

Importantly, this has the critical step of normalizing each observation by its uncertainty, 

producing a likelihood that is unitless. In the next steps likelihoods are combined for each 

observation, and then for each phenomenon. Finally, the Bayes theorem is used to calculate the 

posterior probability. To further simplify this the marginal distribution is calculated by 

integrating over time and depth which allows for a map-view display of the results. The method 

is tested on both synthetic data and real data. The real data comes from a surface explosion from 

the Bingham mine in UT. This explosion was recorded on 40 seismic stations and 4 infrasound 

arrays (Figure 1B). First, the location using each phenomenon individually is solved, producing 

the marginal distributions in Figure 8a and 8b. Figure 8c shows that when each observation is 

combined the resulting distribution is smaller than either could achieve individually.   
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FIGURES 

 

Figure 1. (A) Topographic map showing the major tectonic features, seismic stations (inverted 

triangles), and Holocene volcanic centers (red triangles) within our study area. Seismic stations 

used for receiver functions only are shown in inverted black triangles. Seismic stations use for 

surface wave dispersion data and receiver functions are shown as pink triangles with a black 

outline. Inset map in the upper left corner shows the location of the map. The red boxes indicate 

the focus of Appendix A and B, with the full map representing the area of Appendix C. Tectonic 

provinces are labeled or colored in red (Western Cordillera), yellow (Inter-Andean Valley), 

green (Eastern Cordillera), and blue (Subandean Zone). Dark blue lines indicate the Calacali 

Puijili Fault Zone (CPFZ) and the Peltetec Fault (PF). (B) Topographic map for Appendix D 
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showing the location of Bingham mine (red square), seismic stations (yellow triangles), and 

infrasound arrays (magenta triangles). 
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Figure 2. A topographic map with seismic stations (triangles) deployed during Ecuador RAMP 

temporary deployment (networks XE and 8G; white and blue), and permanent seismic stations 

(network EC; green). Blue stations’ results are highlighted in Fig. 2. The inset map in the upper 

left corner shows the location of the study area. The dashed black ellipse shows the approximate 

rupture area of the 1906 earthquake (Chlieh et al., 2014). Dashed yellow outlines show the 

approximate aftershock areas of the 1942 and 1958 earthquakes (Mendoza and Dewey, 1984; 

Swenson and Beck, 1996). Red polygon is the high slip (> 1m) area for the 2016 Pedernales 

Earthquake; red star demarks the epicenter (Nocquet et al., 2017). Note the lack of major 

earthquakes with magnitudes greater than 7.4 south of 0.5°S. SSE regions are shown as purple 
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ellipses including the Punta Galera-Mompiche Zone (PMGZ; Vallee et al., 2013; Vaca et al. 

2018; Segovia et al., 2018; Rolandone et al., 2018). -2200 m bathymetric contour outlines the 

Carnegie Ridge. Slab contours are from Slab2 (Hayes et al., 2018). Relative Nazca to fixed 

South America Plate Motion (PM; 55 mm/yr) is from Chlieh et al. (2014). Solid blue lines show 

the locations of the cross-sections shown in Figure 3.  
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Figure 3. Interpreted cross-sections A-A’ and B-B’ through the joint inversion shear-wave 

velocity model (upper) and the common conversion point stack (lower). Locations of these lines 

are shown in Figure 2. The thin dashed black line outlines the approximate location of the 

Manabí Basin. The approximate location of the Carnegie Ridge and the 2016 Pedernales high 

slip (> 1 m) rupture region (A-A’ only) are projected in the direction of plate motion. 

Approximate segment boundaries are shown as thick dashed lines on each cross-section. 
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Figure 4. Crustal thickness map derived from the adaptive common conversion point stack. 

Shaded areas show regions that were calculated from topography assuming isostatic equilibrium 

(averaging the topography over 0.2°) Seismic stations are shown in black inverted triangles and 

volcanoes are shown in red triangles. The crustal thickness contour interval is 5 km. 
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Figure 5. 1-D velocity models located at the bins containing (A) Chiles-Cerro Negro, (B) 

Tungurahua, and (C) Cotopaxi. The red shaded region indicates the upper and lower limits where 

partial melt is expected (velocities < 3.2 km/s) from the joint inversion model. Red stars and 

brackets represent the depths at which other studies have suggested magma storage. References 

are (1) Ebmeier et al. (2016), (2) Andujar et al. (2017), (3) Champenois et al, (2014); (4) 

Samaniego et al. (2011), (5) Rivera et al. (2017); (6) Saalfield et al. (2020), (7) Martel et al. 

(2018), (8) Hickey et al. (2015). (D) Partial melt as a function of the isotropic (solid line) and 
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anisotropic (dashed line) shear velocity calculated for the compositions from the frontal (black) 

and main (green) arc (Table S1). The red shaded region indicates increasing melt percentage as 

velocity decreases up to the lowest velocities observed (2.8 km/s).
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Figure 6: Structural phase velocities maps resulting from the Automated Surface Wave Phase 

Velocity Measuring System. The dashed blue line is the trench and the dark black line is the 

Ecuador coast line. 
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Figure 7: Dispersion curves for four grid points throughout the model. Standard deviations are 

shown for earthquake-generated surface waves. Ambient noise (AN) dispersion data from 

Lynner et al. (2020). Intersecting red lines in each inset map shows the location of the grid point. 
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Figure 8: Locations for the seismic (a), infrasound (b), and the combined results (c). Green 

outline shows the location of the Bingham mine open pit. Backazimuths of infrasound signals are 

shown by solid black lines. 
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Summary 

The Ecuadorian forearc is a complex region of accreted terranes with a history of large 

megathrust earthquakes. Most recently, a Mw 7.8 megathrust earthquake ruptured the plate 

boundary offshore of Pedernales, Ecuador on April 16, 2016. Following this event, an 

international collaboration arranged by the Instituto Geofisico at the Escuela Politécnica 

Nacional mobilized a rapid deployment of 65 seismic instruments along the Ecuadorian forearc. 

We combine this new seismic dataset with 14 permanent stations from the Ecuadorian national 

network to better understand how variations in crustal structure relate to regional seismic hazards 

along the margin. Here, we present receiver function adaptive common conversion point stacks 

and a shear velocity model derived from the joint inversion of receiver functions and surface 

wave dispersion data obtained through ambient noise cross-correlations for the upper 50 km of 

the forearc. Beneath the forearc crust, we observe an eastward dipping slow velocity anomaly we 

interpret as subducting oceanic crust, which shallows near the projected center of the subducting 

Carnegie Ridge. We also observe a strong shallow positive conversion in the Ecuadorian forearc 

in the region of the Borbon basin that indicates a major discontinuity at a depth of ~7 km. This 

conversion is not ubiquitous and may be the top of the accreted terranes. We also observe 

significant north-south changes in shear-wave velocity that indicate variations in the accreted 

terranes and may indicate an increased amount of hydration beneath the Manabi basin. This 

change in structure also correlates geographically with the southern rupture limit of multiple high 

magnitude megathrust earthquakes. The earthquake record along the Ecuadorian trench shows 

that no event with a Mw >7.4 has ruptured south of ~0.5° S in southern Ecuador or northern 

Peru. Our observations, along with previous studies, suggest that variations in the forearc crustal 
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structure and subducting oceanic crust may in part control the occurrence and spatial distribution 

of high magnitude seismicity in the region. 

Keywords: Crustal Imaging, Crustal Structure, South America, Joint Inversion, Seismicity and 

tectonics 

Introduction 

The Mw 7.8 Pedernales earthquake, which occurred on April 16, 2016, caused significant 

damage and brought increased attention to the controls on the seismogenic behavior of the 

megathrust along the Ecuadorian margin. The Ecuadorian margin has hosted several large 

megathrust earthquakes in the past century along the Nazca/South America plate boundary. The 

oldest significant earthquake recorded is the 1906 Mw 8.3 – 8.8 event that ruptured a segment 

nearly 500 km along the trench from southern Colombia to Central Ecuador (Kanamori and 

McNally, 1982; Yamanaka et al. 2017). Earthquakes with Mw 7.6 and greater have occurred in 

1942, 1958, 1979, and 2016 (Beck and Ruff, 1984; Swenson and Beck, 1996; Ye et al., 2016; 

Nocquet et al., 2017; Yamanaka et al., 2017). Collectively, these earthquakes have ruptured the 

majority of 1906 earthquake rupture zone. South of the southern extent of the 1906, 1942, and 

2016 earthquakes (near 0.5°S), the occurrence of Mw > 7.4 earthquakes are absent throughout 

our study area until at least 3.5°S. The lack of high magnitude earthquakes between 0.5°S and 

3.5°S suggests segmentation in megathrust behavior along the margin. This segmentation has 

been previously attributed to the presence of the Carnegie Ridge (CR) acting as a barrier towards 

southward rupture of large earthquakes (Fig. 1; Collot et al., 2004, Gailler et al., 2007). In the 

area surrounding the CR near the La Plata Island, several slow slip events (SSE) have occurred, 

including an event in 2016 following the Pedernales Earthquake (Vallee et al., 2013; Vaca et al., 
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2018). SSEs have also been observed to the north in the Punta Galera-Mompiche Zone (PMGZ; 

Fig. 1) along with a deep SSE in 2016 (Fig. 1; Vaca et al., 2018; Rolandone et al., 2018).  

The lack of high magnitude megathrust earthquakes south of the subduction of the CR 

appears to extend to at least 3.5°S, where a Mw 7.4 earthquake occurred in 1953 that was not 

likely on the plate interface and therefore would not have ruptured much of the plate boundary 

(International Seismological Centre, 2016). Recent GPS studies have suggested that plate 

coupling is low south of 0.5°S except for a small segment of the plate boundary near La Plata 

Island where SSEs have been observed (Nocquet et al., 2014), and is perhaps not capable of 

producing a great earthquake. It is important to understand the along-strike differences in the 

seismogenic zone to better characterize the slip behavior seen throughout the region. Many 

factors, including topography on the downgoing plate, trench sediments, fluids, and properties of 

the upper plate, contribute to the rheological properties of the seismogenic zone (Bilek and Lay, 

2018 and references therein). In this study we investigate the discontinuity and shear velocity 

structure of the upper plate along the Ecuadorian forearc to better understand how along-strike 

variability might contribute to variable slip behavior along the margin.  

The Ecuadorian forearc consists of several accreted oceanic terranes that were assembled 

between the Late Cretaceous and Early Eocene (Kerr et al., 2002, Jaillard et al., 2009). Many of 

the details related to the age of formation and accretion, and distribution of these terranes, comes 

from surface geological and geochemical data with minimal subsurface data (<5 km) available 

from oil exploration wells (Evans and Whittaker, 1982). Previous geophysical studies, including 

Bouguer gravity analysis and earthquake relocation studies have been used to constrain the 

subsurface geology (Feininger and Seguin, 1983; Font et al., 2013). Numerous marine seismic 
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studies have illuminated the offshore forearc structure (Collot et al., 2004; Graindorge et al., 

2004; Gailler et al., 2007; Collot et al., 2017). These studies have provided a good first order 

understanding of the geology of the forearc in the offshore region. They have not, however, been 

able to elucidate the onshore portion of the forearc, and as a result have provided few insights on 

the role of the overriding crust on seismic behavior along the margin.  

Following the Mw 7.8 Pedernales earthquake, an international collaboration arranged by 

the Instituto Geofisico at the Escuela Politécnica Nacional (IG-EPN) mobilized a rapid 

deployment of 55 broadband, intermediate and short-period, and 10 ocean-bottom seismometers 

in order to capture the aftershock sequence for ~1 year (Meltzer et al. 2019). This data provides 

an unprecedented opportunity to image Ecuadorian forearc structure and better study how it 

relates to the seismogenic zone and the range of slip behaviors observed at the plate boundary. 

To constrain forearc structure, we perform receiver function (RF) analyses at all available forearc 

stations and then combine the RF results with Rayleigh-wave dispersion measurements derived 

from ambient noise cross correlations (Lynner et al., 2020) in a joint inversion. By jointly 

inverting RFs and surface wave dispersion data, we produce a detailed shear velocity model of 

the Ecuador forearc that is sensitive to both vertical and lateral velocity variations. We then 

relate structures present in our shear velocity model to the seismogenic properties along the 

margin. 

Tectonic Background of the Forearc 

From the Western Cordillera to the present-day trench, Ecuador is made up of accreted 

oceanic plateau and arc rocks. Details of the timing and origin of the accreted terranes have been 

the subject of much debate, but the most recent evidence suggests that the oceanic terranes share 
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a similar origin and were part of the Colombian Caribbean Oceanic Plateau (CCOP) (Luzieux et 

al., 2006; Jaillard et al., 2009). The CCOP collided with South America in the Late Cretaceous 

and failed to subduct due to having a higher buoyancy than typical oceanic crust (Cloos, 1993). 

The subsequent accretion onto the South American plate may have already been comprised of 

the amalgam of the tectonic blocks that make up the Ecuadorian forearc, or the remainder of the 

blocks may have accreted in subsequent events (Luzieux et al., 2006; Jaillard et al., 2009). 

Regardless of the exact timing, the forearc of Ecuador is thought to largely be accreted oceanic 

lithosphere material that is heavily obscured by sedimentary basins. 

Prior to the accretion of the forearc units, the Pallatanga block accreted onto South 

America and is currently part of the Western Cordillera (Fig. 1; Kerr et al., 2002). The Pallatanga 

block is bounded to the east by the Pujili Fault and the Inter-Andean valley and to the west by 

the Chimbo-Touchi shear zone. West of the Chimbo-Touchi shear zone lies the Macuchi 

Terrane, an Eocene-aged arc that formed by eastward subduction after the accretion of a 

fragment of the CCOP on to South America (Hughes et al., 2000, Vallejo et al., 2009). In the 

forearc, sedimentary cover obscures the underlying oceanic terranes, with a few exceptions of 

outcropping oceanic arc and plateau rocks in the north and south of our study area. Topography 

of the forearc is generally low with elevations reaching up to 650 in a few isolated locations 

along the coastal cordillera. In northern coastal Ecuador, near the Pedernales earthquake 

epicenter (Fig. 1) and further south near the Chongón–Colonche Fault, outcroppings of 

interpreted oceanic plateau material are found. These units are often referred to as the Piñon 

Formation (Fig. 1). The Piñon Formation is made up of ultramafic, mafic and intermediate 

magmatic rocks (basalts, andesites, gabbros, dolerites, wherlites, and peridotites; Luzieux, 2007). 
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In central Ecuador along the coast, the San Lorenzo Formation is in contact with the Piñon 

Formation (Luzieux et al., 2006). The San Lorenzo Formation is composed of island arc affinity 

rocks of a late Cretaceous age. The age and composition of the San Lorenzo Formation is similar 

to that of arc rocks in the Pallatanga block suggesting its formation was the result of westward 

driven subduction of South America beneath the CCOP (Luzieux et al., 2006). Together the 

Piñon and San Lorenzo Formations, as well as several other minor formations, comprise the 

Piñon Terrane. The Piñon Terrane is often mapped as underlaying the majority of the Ecuadorian 

forearc (Jalliard et al., 2009; Kerr et al., 2002).  

Data and Methods 

Following the Mw 7.8 April 16, 2016, Pedernales Earthquake, an international response 

coordinated by the IG-EPN, deployed seismic instruments immediately following the main event 

(Meltzer et al., 2019; Fig. 1). These instruments recorded continuously for approximately one 

year following installation. Data from this deployment has already been used to study the 

aftershock seismicity (Meltzer et al., 2019; Soto-Cordero et al., in revision; Agurto-Detzel et al., 

2019) and velocity structure across the rupture area and Ecuador (León-Ríos et al., 2019; Lynner 

et al., 2020). We incorporate data from the temporary deployment as well as permanent stations 

from the Ecuadorian national network (Alvarado et al., 2018) to construct P-wave receiver 

functions (RFs) along the margin. We then jointly invert our calculated RFs with Rayleigh wave 

phase velocity measurements from Lynner et al. (2020) to develop the best constrained shear 

velocity model of the Ecuadorian forearc to date.  

Receiver Function Quality Control 
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RF analysis is a commonly used technique to isolate P-to-S conversions from 

discontinuities beneath 3-component seismic stations (Langston, 1979; Ammon, 1991). The 

vertical component is deconvolved from the radial and tangential components to produce the 

radial and tangential receiver functions respectively. In this study, we focus only on radial 

receiver functions. 

RFs are calculated using data from 64 (50 rapid deployment and 14 permanent network 

instruments) broadband and short-period stations in the Ecuadorian forearc (Fig. 1). Teleseismic 

earthquakes from distances of 30° – 90° with Mw 5.9 and greater are used. The resulting 

backazimuthal event distribution is heavily concentrated to the southeast and northwest, with the 

majority of earthquakes coming from the Chilean and Aleutian subduction zones. Data from 

short-period stations had their instrument responses removed prior to calculating RFs in order to 

broaden the frequency band (Niu et al., 2005). Instrument responses for broadband and 

intermediate instruments are not removed, as the response of these instruments is already flat 

within our frequency range of interest. For each station-event pair, we cut and filter the data 

using a bandpass filter between 0.04 and 4 Hz. Initial quality control is performed manually for 

each event-station pair by verifying the presence of a strong initial P-wave arrival. If no arrival 

was visible, the event is discarded from further analysis. RFs are then calculated using the time-

domain iterative deconvolution technique (Ligorria and Ammon et al., 1999) with Gaussian 

values of 5.0 and 2.8 (equivalent to a low pass filter of ~2.5 and 1 Hz, respectively). A second 

round of quality control was conducted on the RFs, keeping only RFs that show a positive initial 

peak (associated with the incoming P-wave), and contained RF amplitudes <1. Amplitudes 

higher than 1 for the frequency content used in our study result from significant vertical-to-radial 
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energy transfer due to complex shallow structure, such as anisotropy or dipping layers. RFs with 

significant oscillatory behavior are also removed. After the quality control steps, 609 RFs 

remained.  

Adaptive Common Conversion Point Stacking 

Adaptive Common Conversion Point (ACCP) stacks (Delph et al., 2015, 2017) are 

constructed from the radial RFs that passed our quality controls using a modified version of the 

Funclab package (Eagar et al., 2012; Porritt and Miller, 2018). To create our ACCP stacking 

volume, RFs are ray-traced back along their theoretical ray path using a 1-D velocity model 

(Supplemental Fig. S1) averaged from an a priori 3-D Vp model of the Ecuadorian forarc with a 

Vp/Vs of 1.77 (Font et al., 2013). Timing corrections are calculated based on the full 3-D velocity 

model following Eagar et al. (2012). These rays are then mapped to a 3D grid and converted to 

depth, and their associated amplitudes are normalized to the highest value for each RF and 

linearly stacked (Dueker and Sheehan, 1997). Our ACCP stacks have laterally-sized bins starting 

at 0.1° in diameter spaced every 0.05° laterally and a 1 km thickness to a depth of 100 km. We 

allow the bins to laterally expand to a maximum of 0.2° if less than 5 RFs are present within a 

bin. 

Joint Inversion 

In order to obtain a high-resolution shear velocity model, we jointly invert the 

complementary datasets of RFs and ambient noise-generated Rayleigh wave dispersion data. 

Rayleigh wave dispersion data is able to recover the absolute velocities of vertically-polarized 

shear waves, however, the broad sensitivity kernels of Rayleigh waves at different frequencies 
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result in a weak sensitivity to velocity discontinuities. RFs, conversely, provide strong 

constraints on discontinuity structure, but are not sensitive to the absolute velocities on either 

side of these boundaries. By combining these datasets, we are able to reduce the non-uniqueness 

of the inverse problem by mitigating the shortcomings of each individual method (Julia et al., 

2000) and produce a high-resolution shear velocity model that is sensitive to both vertical and 

lateral shear velocity variations.  

We use the Rayleigh wave dispersion measurements from Lynner et al. (2020), who used 

intermediate and broadband seismic data from Ecuador to measure phase velocity dispersion 

throughout the forearc and arc. They extracted dispersion curves from cross-correlation of day-

long records between all contemporaneously recording stations in the period range of 8–40 s. 

The interstation phase velocity measurements were then inverted for phase velocity maps on a 

0.1° x 0.1° grid. From these phase velocity maps, we extract dispersion curves at each grid point 

in the model (examples in Supplementary Fig. S2). Further details of the processing and 

inversion of the ambient noise data can be found in Lynner et al. (2020, and references therein). 

A second common conversion point (CCP) volume is computed with 0.1° spatial 

sampling that matches that of the dispersion data to 100 km in depth so that we can extract and 

pair RFs from a gridded dataset with the dispersion data. We use a bin spacing of 0.1° with bins 

0.2° in diameter and a depth spacing of 0.5 km. Unlike the ACCP stacks described above, the 

bins in this volume are fixed at 0.2°. We use the same 1-D average velocity model (Supplemental 

Fig. S1) for the forearc region derived from Font et al. (2013) to map receiver functions to depth. 

The CCP stacks are constructed using non-normalized RFs with a Gaussian value of 2.8 in order 

to capture discontinuities on the order of ~1 km. From this CCP volume, RFs are extracted on a 
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0.1° x 0.1° grid to match the grid spacing of the dispersion data, and converted back to time 

using the same 1D velocity model used to map RFs to depth. Unlike in the previously described 

ACCP stacks, we do not perform timing corrections to account for 3-D heterogeneity, as this 

would convolute which 1D velocity structure would be most accurate for migrating RFs back to 

time. Extracting RFs from a CCP volume rather than using individual station RFs has the 

advantage of more accurately accounting for variations in backazimuth and ray parameter, 

thereby minimizing artifacts associated with imperfect data coverage and lateral heterogeneity 

beneath a station. CCP stacks can, however, suffer from unrealistic sharp changes in amplitude 

that may result from: 1) the discretization of the model into constant thickness bins, which will 

incorporate different time windows of the receiver functions based on the velocity model, or 2) 

introducing new data into a bin, as rays spread out and number of receiver functions in a bin 

generally increases as a function of depth. These artifacts cannot be predicted by the receiver 

function forward operator. In order to mitigate these artifacts, the CCP-derived RFs are filtered 

with a Gaussian filter following the method described by Delph et al. (2017). This results in RFs 

with a slightly lower frequency (2.5 Gaussian alpha parameter), leading to a small loss of vertical 

resolution, which can then be paired with dispersion data.  

The dispersion curves and the effective 2.5 Gaussian CCP-derived RFs are jointly 

inverted to construct a high-resolution shear velocity model (following Delph et al., 2017). We 

use an initial velocity model consisting of a 4.5 km/s half-space discretized into 1 km thick 

layers. By assuming a simple starting velocity structure, we ensure that the features in the 

resulting shear velocity model are driven by the RFs and dispersion data and are not biased by a 

priori assumptions of velocity structure in the starting model. We prefer using a uniform starting 
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model so that discontinuities, albeit smoothed, are placed at the depth required by the RF data. 

Using a starting model containing discontinuities severely biases the resulting shear-wave 

velocity model because discontinuities in the starting model remain fixed in depth with this 

linearized inversion technique. The joint inversion algorithm starts with the initial velocity 

model, computes predicted RF and dispersion curves at each grid point, then compares predicted 

and observed data to calculate a misfit. The misfit is used to iteratively update the velocity 

model. This process is repeated for 40 iterations or until the model change between iterations 

becomes negligible (<0.05%). The model extends to 100 km to ensure the dispersion sensitivities 

are near 0 at the base of our model as to avoid biases from boundary effects at the bottom of the 

model. The joint inversion requires a weighting factor between the RFs and dispersion curves in 

order to define the relative importance of each dataset. After testing several weighting factors, 

we use a weighting factor of 0.3, indicating 30% weight on the dispersion data and 70% on the 

RFs, for the final model reported in this study. Higher weightings of the dispersion data produce 

minor improvements in the fit of the dispersion data but significantly degrade the RF fits and 

associated sensitivities to discontinuity structure (Supplementary Fig. S3). We also run this 

inversion with different uniform velocity starting models (Supplemental Fig. S4 and S5) and a 

weighting factor of 0.7 (Supplemental Fig. S4 and S5) to test the effects of these parameters on 

our final model. 

Results 

We show results of the radial RFs for some representative stations, the Adaptive 

Common Conversion Point stacks, and the shear-wave velocity model resulting from the joint 

inversion of RF and Rayleigh wave dispersion data. We identify four along-strike segments 
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(from north to south segments 1, 2, 3 & 4) based on the changes in seismic characteristics 

determined from the RF and variations in shear-wave velocity structure. 

Receiver Functions 

Fig. 2 shows examples of the 5.0 Gaussian RFs at representative stations in our study 

(labeled on Fig. 1). Station EC16 is located within the 2016 earthquake rupture region (Nocquet 

et al., 2017). This station shows two primary positive conversions, (Ps1 and Ps2), at 1.4 and 2.2 

seconds followed by a negative conversion, at ~3 seconds (Ps3). In RFs, a positive amplitude P-

to-S conversion results from an increase in velocity with depth at a discontinuity and a negative 

amplitude conversion results from a decrease in velocity with depth at a discontinuity. At around 

4 and 5 seconds potential multiples of Ps1 and Ps2 are present (PpPs1 and PpPs2). Station EC14 is 

from the coastal area north of the rupture zone of the 2016 event and within the Borbon Basin. A 

series of positive peaks (Ps1, Ps2, and Ps3) can be seen between 1-3 seconds and broad negative 

peaks (Ps4) at ~4 seconds. A final peak at ~6.5 sec (PpPs2) may be a multiple of the Ps2. 

Assuming a Vp/Vs of ~1.77 and a Vs of ~3.6 km/s, a primary P-to-S conversion at 6.5 s would 

map to a discontinuity at a depth of ~50 km but if the conversion is a multiple (PpPs1) it would 

be generated at a discontinuity at ~16 km.  

Stations EC08 and EC09 are farther from the coast, located within the Manabí basin, and 

further demonstrate the complexity of the RFs in the basin area. EC08 has two strongly positive 

arrivals, Ps1 at ~2.5 and Ps2 at ~5 seconds that are consistent across most ray parameters (Fig. 2). 

The Ps2 conversion is too close in time to be a multiple of Ps1, indicating that it is most likely a 

primary conversion. The likely multiple of Ps1 is seen at a time of ~6.5 seconds (PpPs1). The 

negative multiple may also be present slightly later at 7 seconds, indicated by PsPs1. The strength 
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and time variability, however, suggests that there may also be a primary negative conversion at 

this time. EC09 has a very weak initial P arrival followed by a series of primary positive arrivals 

(Ps1, Ps2, and Ps3) with a large peak at ~3 seconds. Other studies have shown similar 

complications in RFs associated with basin structures (Ma and Clayton, 2016). At around 5.8 s, a 

negative conversion (Ps4) is present that corresponds to a depth of ~43- 50 km depending on the 

velocity model. Beneath this negative, a positive peak (PpPs2) may be the multiple of the 

shallower group of primary arrivals.  

Stations in the south were placed nearer to or on solid bedrock rather than basin deposits 

and generally produced higher quality RFs. For example, the RFs for station VMON show a 

positive peak (Ps1) at ~1 second and another (PpPs1) at ~4 seconds. This second peak is likely a 

multiple of the first. Assuming a Vp/Vs of ~1.77 and a starting Vs of 3.0 km/s, the resultant 

multiple (PpPs1) would be generated at a discontinuity at ~8 km. Station CAYO is located on the 

southern side of the Manta peninsula and has a positive peak (Ps1) consistent across all ray 

parameters at ~1.4 seconds. This is followed by a negative peak around 2.2 seconds (Ps2) and a 

positive peak after Ps2 at ~3 seconds (Ps3). Finally, a weak multiple of Ps1, PpPs1 may be present 

around ~4.3 seconds. 

If the multiples can be identified correctly, they can constrain the Vp/Vs above the 

conversion the causes the multiple. Using the multiples, we identify for the stations in Fig. 2 we 

approximate the Vp/Vs of the upper ~10 km using equations from Zandt et al. (1995). We obtain 

a wide range of Vp/Vs values, 1.70 – 2.00 using a range of velocities between 5.75 km/s and 6.75 

km/s. For stations in Fig. 2, Ps1 in EC16 has a Vp/Vs of between 1.86-1.94. Ps2 in EC14 indicates 

Vp/Vs values between 1.71-1.77. Station EC08 indicates a Vp/Vs range of 1.70-1.77 for Ps1, and 
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1.83-1.89 for Ps2. The multiple for Ps1 in stations VMON and CAYO indicate values between 

1.75-1.83. This suggests that the Vp/Vs is strongly variable throughout the upper crust which is 

not unexpected given the presence of basins and accreted terranes in the upper crust. 

Adaptive Common Conversion Point Stacks 

Trench parallel and trench perpendicular cross sections through the Gaussian 5.0 ACCP 

stacks are shown in Fig. 3. Several distinct features can be seen throughout the cross sections. 

The trench parallel profiles are divided into four segments based on the location and character of 

the shallow (<25 km) P-to-S conversions (Fig. 3; A-A’ and B-B’). In segment 1 (S1), we observe 

two prominent primary positive conversions are at depths of ~7 and 17 km (D1 and D2; Fig. 3). 

In cross section C-C’, discontinuity D1 is present at ~5 km in the first ~40 km of the profile and 

again at 5-7 km on the eastern edge of the profile. Here, D1 may be related to an increase in 

velocity at the base of the Borbon Basin in the west, and the Manabí basin in the east. Multiples 

related to the shallow basin structure make deeper interpretation difficult in this area. Where A-

A’ intersects the profile C-C’ (Fig. 3), D1 and D2 are present and continue for ~20 km to the 

east. However, further to the east (~75 km), D1 has shallowed and is no longer apparent in the 

cross section. D2 also continues to weaken eastward.  

In the segment 2 (S2) the D2 conversion deepens to ~20 km and is overlain by a weak 

positive conversion in A-A’ and a weak negative conversion in B-B’. In D-D’, D2 is present 

throughout the section, splitting into two conversions in the eastern 30 km of the profile (Fig. 3).  
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Between S2 and segment 3 (S3) D2 shallows, reaching a depth of ~11 km in S3. As D2 

shallows another positive conversion, D3, emerges, underlying and paralleling D2 for ~80 km at 

depths a depth of ~22 km in A-A’ and ~25 km in B-B’ (Fig. 3).  

In segment 4 (S4) D2 continues to shallow to a depth of ~7 km and is underlain by two 

more positive conversions at depths of 10 and 15 km and a negative conversion (N1) at ~28 km 

in A-A’ and B’B’. In E-E’ a D2 is continuous across the section, broadening and deepening 

further east (Fig. 3). 

Transecting several of the segments at depths between ~22-35 km, a broad negative 

conversion, N1, is observed throughout S1, S3, and S4 in A-A’ and S3 and S4 in B-B’ (Fig. 3). 

In the trench perpendicular sections N1 is present in C-C’ and D-D’ near the western ends of the 

profiles above and below Slab2 respectively, and E-E’ as a more continuous discontinuity that 

dips eastward. This discontinuity (N1) closely parallels Slab2 (Hayes et al., 2018) in S1 (A-A’) 

from the northern edge of the profile to the S1-S2 boundary and in S4 (E-E’) for ~65 km from 

the western edge of the profile eastward.  

Receiver Function Multiples 

Multiples are a common concern in receiver function studies in areas with strong, shallow 

discontinuities. The arrival times of multiples from primary conversions at shallow depths can 

interfere with those of primary conversions from deeper boundaries or become misinterpreted as 

primary conversions. In our results, the shallowest primary conversions are seen in segments S1 

and S4. Multiples from these conversions may impact the interpretation of features around 

depths of ~25 km and deeper in the northern section of A-A’ and in the southern region of A-A’ 
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and B-B’ (Supplementary Fig. S6). Other multiples are generally at or below the top of the 

subducting slab, placing them deeper than any features we focus on in this study. 

Joint Inversion 

Cross sections through the upper 50 km of our shear velocity model from our joint 

inversion at the same locations as the ACCP stacks are shown in Fig. 4. As in the ACCP stacks, 

we separate each profile into four along-strike segments based on the crustal shear velocities and 

RF discontinuities. Side by side comparisons between the ACCP stacks and shear wave velocity 

model can be seen in Supplementary Figs. S7 and S8. Fits of the predicted data compared against 

the observations are shown in Fig. 5. In general, the final model fits the dispersion curve data 

well across the study area, while RF fits are degraded in regions with complicated shallow 

structure, such as around the Manabí and Borbon basins (Fig. 5). The fit for individual grid 

points at each of the stations shown in Fig. 2 can be seen in Supplementary Fig. S2. In general, 

we observe good fits for periods 25 seconds and shorter, with worse fits for longer periods 

between 30-40 seconds, corresponding to depths of ~40 – 50 km. Supplementary Fig. S9 and 

S10 show the receiver function and dispersion fits along the cross sections seen in Fig. 4 along 

with corresponding cross sections through the ambient noise tomography (ANT) results from 

Lynner et al. (2020). 

At a depth of ~20 km, the results from north to south show a moderately fast velocity 

region (S1, ~4.0 km/s), a slow velocity region (S2, <3.5 km/s) and fast velocity regions 

(segments 3 and 4. >4.4 km/s; Fig. 4). S1 extends from the northern edge of each profile to ~140 

km on cross-section A-A’ and ~55 km on cross-section B-B’. The observed moderately fast 

seismic velocities range from ~10 – 25 km depth with shear velocities of up to ~ 4.2 km/s. 
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Section C- C’ (Fig. 4) transects this segment and the moderate velocities appear to extend to at 

least the western edge of the section.  

In each profile, S2 shows slow shear velocities are present in the upper ~30 km. These 

velocities range from 2.8 – 3.5 km/s and generally increase with depth. The shallowest portion of 

this slow anomaly may be, in part, related to the Manabí basin. However, the lateral extent and 

depth make it unlikely that the entire slow velocity anomaly can be attributed to the basin. 

Furthermore, the upper 5 km have poor velocity resolution due to the low sensitivity at shallow 

depths of the dispersion data at the periods used in this study (Lynner et al., 2020). Section D-D’ 

(Fig. 4) shows a thick slow velocity zone that thins eastward in the crust. 

In S3, the slow velocities shallow to the upper ~8 km and a section of moderate shear 

velocities between 3.6 km/s and 4.0 km/s is present at depths between 8 – 20 km in sections A-

A’ and B-B’. Beneath this, a sharp boundary at ~20 km is observed, and the velocities increase to 

~4.4 km/s. The shear velocities below this anomaly begin to decrease at a depth of 35 km in the 

vicinity of Slab2 (Hayes et al., 2018). 

In S4, the moderate shallow velocities in S3 are not present and the fast anomaly present in S3 

shallows. In S4 this fast anomaly reaches shear velocities up to 4.5 km/s at depths as shallow as 

~10 km in both cross-sections A-A’ and B-B’ (Fig. 4). The transition between the S2 slow 

anomaly and the S3 and S4 fast anomaly shows a rapid lateral increase in velocity over ~ 20 km. 

Cross-section E-E’ through S4 shows that the fast velocities do not extent all the way to the coast 

but are pervasive above the subducting oceanic crust in the east.  
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In cross-section A-A’ there is a ~10-20 km thick slow (3.6 km/s) velocity anomaly that 

varies in depth along cross section A-A’ (Fig. 4). In S1, the center of this anomaly is at a depth 

of ~28-32 km and the base of the anomaly closely aligns with Slab2 (Hayes et al., 2018). In S2 

this anomaly deviates from Slab2, rising to a depth of ~18 km and in S3 and S4 deepens again 

realigning with the top of Slab2 (Fig. 4). In B-B’, the slow shear wave anomaly, and Slab2, are 

only present in S3 and S4. This feature is not imposed by the starting velocity model and is not 

clearly observed in ambient noise tomography even when starting models that impose a slab are 

used (supplemental info in Lynner et al., 2020). Thus, the anomaly is the result of the inclusion 

of the RFs in the joint inversion. Multiples from shallower conversions (D1) may be present at 

these depths, especially in the S1 and S4 (Supplementary Fig. S6), which reduces the confidence 

of any interpretation. Supplemental Fig. S4 and S5, show shear velocity model the results 

without periods greater than 25 seconds and show the low velocity feature at ~40 km in segment 

is not dependent on poor fits to the longer periods in the dispersion data. The continuity, 

velocity, geometry, and close alignment with Slab2 away from the ridge suggest this may be a 

real feature associated with the slab.  

Comparison with Ambient Noise Tomography 

The inclusion of RFs into the inversion produce more detailed shear-wave velocity 

images than the inversion of dispersion data from ambient noise tomography alone, as would be 

expected due to the lack of constraints on discontinuity structure without the receiver functions. 

Supplemental Fig. S9 and S10 show direct comparisons along the cross sections presented here 

between the joint inversion and ANT-derived shear-wave velocity models (Lynner et al., 2020). 

In S1 in cross-section A-A’ the fast velocities between 10 – 25 km are not nearly as prominent in 
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the ANT-only model. In cross-section C-C’ the ANT-only results observe a deep slow velocity 

feature at a distance of ~60 km. In S2 both models (joint inversion and ANT) observe slow 

velocities, while the boundaries of these features are much more clearly defined in the joint 

inversion results. Similarly, in S3, sharp boundaries are observed at ~10 km, 20 km, and 35 km 

in the joint inversion are much smoother in the ANT-only model as expected. Finally, the fast 

velocities in S3 and S4 are not as prominent in the ANT-only model along these sections, only 

reaching velocities of ~4.3 km/s.  

Discussion  

In this section, we will discuss our interpretations of the receiver functions and shear-

wave velocity model determined from the joint inversion in the context of the tectonic units and 

distribution of megathrust seismicity (Fig. 6). 

Terrane Distribution in the Forearc Crust 

The complexity of the Ecuadorian forearc appears to be reflected in the strong changes in 

shear velocity in the forearc between the segments shown in the cross-sections in Figs. 3 and 4, 

which suggest significant spatial variation in the composition and/or fluid content of the accreted 

terranes from north to south.  

Northern Segment 1 

In the upper ~25 km of A-A’ and upper ~30 km of B-B’, the velocities in the S1 increase 

rapidly, reaching 3.8 - 4.2 km/s by 10 – 15 km. This northern segment extends south roughly to 

where the Piñon Formation outcrops north of the Jama Fault System (Fig. 1). In the A-A’ line, 

the ACCP stacks shows that conversion D1 extends to roughly the same area and is likely the top 
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of the high velocity feature. Given the tectonic history, it is likely that the crust in the S1 consists 

primarily of accreted oceanic plateau material as mapped in the Piñon Terrane despite the fact 

that the Piñon Formation does not outcrop at the surface in S1. The velocities are consistent with 

this interpretation when compared to accreted oceanic plateaus elsewhere. The Siletzia Terrane, 

an accreted oceanic plateau in the Cascadia forearc, similarly shows shear velocities in the range 

of 3.6 – 3.9 km/s (Rathnayaka et al., 2017; Delph et al., 2018). A compilation of oceanic plateau 

studies shows that, in the deeper layers, P-wave velocities range from 6.5-7.0 km/s (3.65-3.97 

km/s assuming a Vp/Vs=1.77) and some oceanic plateaus contain a basal unit with P-wave 

velocities of up to 7.9 km/s (Ridley and Richards, 2010). We are not able to separate these layers 

distinctly, likely due to the strong deformation that occurs during the accretionary process 

(Tetreault and Buiter, 2014), and/or because of the broad shear-wave sensitivity kernels the 

Rayleigh waves. Discontinuity D2 in A-A’, however, suggests a strong velocity change that 

appears to be internal to the fast velocity body. At the base of the Pinon Formation, the model 

rapidly transitions into slower seismic velocities that may represent the subducting oceanic crust 

(Fig. 6). 

Central Segment 2 

The Ecuadorian forearc crust in S2 has slow velocities, ranging from 2.8 – 3.6 km/s, 

setting it apart from the northern and the two southern segments. The slow velocities are thickest 

towards the west, extending to a depth of ~30 km (D-D’; Fig. 4). The slow velocities transition 

rapidly to faster velocities in the north and south at the same depths. This rapid lateral transition 

is seen particularly well in B-B’ (Fig. 4) where the slow velocities increase by ~ 0.6 km/s over 

~20-25 km. In A-A’ S2 lines up with much of the rupture of the 2016 event and the deepest part 
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of the slow velocities appear to be bounded in the north by the Jama Fault System (Fig. 4). The 

base of the slow anomaly is in close proximity to the velocities interpreted as the subducting 

oceanic crust in S1 (Fig. 6) but is ~20 km shallower than predicted by Slab2 (Hayes et al., 2018). 

At the surface, the Manabí Basin corresponds with the slow velocities (2.8 – 3.5 km/s) and the 

basin may account for some of the slow velocities in the upper ~10 km. The depth of the Manabí 

Basin is not well constrained, but it has been suggested to be at most 10 km thick (Jaillard et al., 

1995; Deniaud, 2000). As such, it is likely that the velocities seen beneath the Manabí basin is 

due to accreted material that is slower than the faster forearc material in S1, S3 and S4. The 

sharpness of the northern and southern boundaries suggests a more abrupt transition, similar to 

what we would expect at a boundary between accreted terranes.  

The sediment cover and lack of a surface expression of this deeper, slow feature beneath 

the Manabí Basin make it difficult to constrain. However, there are several possibilities that may 

have resulted in the observed slow velocity structure. Four possibilities discussed here include 

(1) fluids resulting from dehydration of the subducting slab infiltrating and altering the crust, (2) 

a zone of lithosphere that was altered prior to accretion, (3) the accretion and preservation of the 

upper layers of the Piñon Formation, and (4) tectonic erosion of the forearc crust as the buoyant 

Carnegie Ridge subducts.  

This slow region occurs above the projected center of the Carnegie Ridge (CR) (Fig. 4). 

As the CR subducts and heats up, fluids are likely released through dehydration reactions within 

hydrated mineral assemblages in the subducted oceanic crust (Peacock et al., 1989). The 

subducted structure of the CR may allow for pressure-driven flow of expelled fluids towards the 

center of the ridge, causing fluids to accumulate in the lithosphere beneath the Manabí Basin. 
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Subducting fluids have the potential to alter the overriding material and produce slower seismic 

velocities (Peacock, 1993; Bostock et al., 2002; Hyndman and Peacock, 2003). If the material 

beneath the Manabí Basin was originally that of the Pinon Terrane, which is thought to be 

comprised of mafic and ultramafic rocks, any hydration would lead to serpentinization and thus 

slower velocities.  

An alternative reason for the slower seismic material is that this was a region of increased 

alteration prior to accretion onto the forearc. The presence of a serpentine-rich body could have 

developed via hydration and alteration of an ultramafic sliver of oceanic crust prior to accretion 

onto the margin (Cluzel et al., 2001; Guillot et al., 2015). Similar accreted serpentinized slivers 

have been suggested in the southwest Pacific (Cluzel et al., 2001) and in Cascadia (Nikulin et al., 

2009).  

A third interpretation is that the slow velocities result from the accretion of an 

overthickened oceanic plateau that may have relatively slow seismic velocities in the upper 

layers (e.g the Shatsky Rise; Korenaga and Sager, 2012; Tetreault and Buiter, 2014). For 

example, Sallares et al. (2005) found that oceanic layer 3 in the CR crust has Vp velocities 

between 6.5 and 7.2 km/s (Vs velocities of 3.67– 4.07 km/s assuming Vp/Vs of 1.77) as it enters 

the trench, similar to the forearc seismic velocities seen beneath the Manabí Basin. Some of the 

forearc in this segment could be underplated oceanic plateau crust from previous plateau 

accretion. Given the tectonic setting of the Ecuadorian forearc, it seems plausible that a portion 

of the oceanic plateau that makes up the Piñon Formation was overthickened and the upper 

layers were accreted onto the forearc while deeper, high velocity, and denser layers may have 

delaminated, subducted, or have since been tectonically eroded (Sage et al., 2006). 
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The final possibility suggests that as the Nazca plate subducts beneath the forearc, the 

buoyancy of the CR inhibits subduction increasing tectonic erosion of the forearc crust. 

Increased erosion may aid in the transportation of fluids as the upper plate is physically broken 

up to accommodate the bathymetry of the ridge. As in case 1, the influx of fluids may lead to 

alteration of the forearc and therefore slower seismic velocities. The observed slow velocities 

may also be in part related to the CR itself. If the ridge is in direct contact with the overriding 

plate the observed velocities may be reflective of ridge material not the upper plate material. 

From shear velocity results alone, it is not possible to distinguish between the 

mechanisms described above. Therefore, we estimated bulk Vp/Vs measurements of the slow 

region from RFs. Vp/Vs can provide additional constraints on the character and composition of 

the slow region below the Manabí basin. The relatively high Vp/Vs ratios (1.83-1.94) found at 

stations EC16 and EC08, which lie above the slow anomaly in S2, suggest that either fluids or 

serpentinization are likely responsible. An alteration-based mechanism is, therefore, the most 

plausible explanation of the slower seismic velocities.  

Southern Segments 3 & 4 

Segments 3 & 4 consist of the fastest velocities seen in the forearc. The velocities rapidly 

increase with depth, reaching up to 4.6 km/s at ~25 km depth in S3 and as shallow as ~10 km in 

S4. Given the fast seismic velocities, it is likely that the accreted terrane in this region includes a 

large amount mafic and ultramafic material consistent with lithospheric mantle material. The 

Piñon Formation is exposed south of S4 and the San Lorenzo Formation outcrops along the coast 

on the west side of S3 and S4 (Luzieux et al., 2006, Jaillard et al., 2009, Fig. 1). We note that 

Reyes and Michaud (2012) map many of the San Lorenzo Formation outcrops along the coast as 
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Pinon Formation. The higher velocities seen in S3 and S4 are consistent with those of mantle 

lithosphere at the base of accreted extinct arc terranes, such as Kohistan Arc and Talkeetna Arc, 

where P-wave velocities in the interpreted uppermost mantle reach P-wave velocities as high as 

8.5 km/s (e.g., Christensen and Mooney, 1995; Jagoutz and Behn, 2013; Vs velocity of 4.8 

assuming Vp/Vs of 1.77). As such, these velocities may represent a portion of accreted 

lithospheric mantle, suggesting that the San Lorenzo Formation may extend at depth further 

eastward beneath the forearc (labeled as San Lorenzo Mantle in Fig. 6). Additionally, a strong 

positive Bouguer gravity anomaly in S4 has previously been interpreted as shallow mantle 

material (Feininger and Seguin, 1983). This region of high Bouguer gravity anomaly extends 

from ~1º S to ~2.5º S and closely corresponds with the fastest velocities in S4 (Supplemental 

Fig. S11; Bonvalot et al., 2012). Given the terranes’ position in the forearc and depth of the 

subducting oceanic crust (Slab2 from Hayes et al., 2018), we suggest that the forearc accreted 

material likely includes some mantle lithosphere associated with the accreted terrane and is in 

contact with the subducting oceanic crust. In the ANT-only model, Lynner et al. (2020) saw a 

similar fast velocity anomaly in the forearc and interpreted a similar mantle source to explain the 

velocities. 

In S3 and S4, the San Lorenzo Formation is 15-25 km thick (Fig. 6), comparable to the 

preserved thicknesses of the Bonanza arc (Canil et al., 2010) and Talkeetna arc (Greene et al., 

2006). Similar to the S1, it is difficult to resolve layering in the accreted material. However, in 

S3, a small section of relatively slow velocity is present at 10-20 km depth (labeled as San 

Lorenzo crust in Fig. 6). The velocity of this section is ~ 3. 8-4.0 km/s and may be a crustal 

portion of the accreted San Lorenzo Formation. 
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Subducting Slab 

Below the crustal structures discussed above, relatively slow velocities (~3.6 km/s) are 

observed at ~28-32 km depth in S1, ~18 km depth in S2, and ~45 km depth in S3 and S4 in cross 

section A-A’. The deeper widespread slow velocities are approximately 10-15 km thick and 

closely overlays Slab2 in the north and underlays Slab2 in the south of A-A’ and also in the 

south of B-B’ (Fig. 4). The shear velocity of this anomaly is consistent with offshore seismic 

refraction velocity estimates of the CR oceanic crust (P-wave average velocities between 6.5-7.0 

km/s in oceanic layer 3, corresponding to Vs = 3.51 – 3.78 km/s assuming a higher Vp/Vs of 1.85 

which may be more consistent for oceanic crust; Sallarès et al., 2005; Gailler et al., 2007; 

Hyndman., 1979). Sallarès et al. (2005) also found the thickness of the CR oceanic crust to be 

between 13 – 19 km, matching closely with our observations. Along E-E’, this slow velocity 

anomaly is seen dipping eastward (Fig. 4). However, in D-D’ the slow velocities are not 

observed dipping east. Negative multiples, which may be present in S1 and S4, may impart a low 

velocity feature in these regions. However, given the geometry, close alignment with Slab2 in 

the S1, S3, and S4, and velocities of this slow seismic anomaly, we interpret this as the 

subducted Nazca oceanic crust (Fig. 6). The inconsistencies with Slab2 are not entirely 

unexpected for this region, as Kwong et al. (2019) found NEIC catalogue epicenters to be off by 

up to 15-25 km in this area. 

South of the Jama Fault system (Fig. 1), towards S2 in A-A’, the slab slow velocity 

anomaly deviates from Slab2 (Hayes et al., 2018) appearing to shallow to a depth of ~22 km. 

The shallowest point is spatially correlated with the center of the CR when projected in the 

direction of plate motion (Fig. 3 and 4). If this is indeed the position of the subducting slab, the 
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forearc crust seems significantly thinned in the center of the profile, possibly indicating increased 

tectonic erosion as a result of the CR subduction. Further evidence for this being a CR-related 

structure is its correlation with coastal uplift seen along the margin (Gutscher et al., 1999).  

Offshore deformation and tectonic erosion have been suggested for the CR in seismic 

reflection profiles along the Ecuadorian margin (e.g. Sage et al., 2006). Other studies, however, 

have suggested that the coastal uplift seen in Ecuador is not necessarily related to the CR and 

that it is unclear how far inland the CR actually subducts (Michaud et al., 2009). Furthermore, 

there is a wide range of proposed ages of trench-ridge collision from 1 Ma – 15 Ma (Michaud et 

al., 2009 and references therein). In order to explain the slab anomaly described in S2 the CR 

would have had to have subducted a distance of at least 130 km from the trench. This would 

imply that the CR started subducting into the trench by at least ~2.36 Ma (assuming a rate of 55 

mm/yr, Chlieh et al., 2014). As such, it is unclear if the slab anomaly is present at these shallow 

depths (segment 2 in A-A’ Fig. 4) or if the shallower slow anomaly in S2 discussed earlier 

extends to these depths and that the slab is obscured in this section. 

Forearc Structure and Megathrust Earthquakes. 

Our shear velocity model shows structural forearc segmentation at ~0.5°S and ~1°S 

coincident with the change in megathrust behavior. This change in seismic velocity is seen 

throughout the forearc crust and potentially into the subducting oceanic crust. A change is also 

observed in the Bouguer gravity data and in the ANT- only model (Supplemental Fig. S9 and 

S11; Lynner et al., 2020. The margin north of ~0.5°S has hosted several Mw > 7.7 earthquakes in 

the past century whereas south of ~0.5° no megathrust earthquakes with Mw > 7.4 are present 

until at least ~3.5°S. We propose that the upper plate intermediate shear velocity material (Piñon 
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Formation; Fig. 6) in S1 and the slow shear velocity anomaly beneath the Manabí Basin in S2 are 

able to host high magnitude earthquakes (such as the 1906, 1942, and 2016 events). In contrast, 

the southern portion of our study area (S3 and S4), where we interpret accreted mantle 

lithosphere in the upper plate near the down dip edge of the megathrust plate interface, may be 

less conducive to producing high magnitude earthquakes. In Ecuador, previous studies (e.g. 

Mendoza and Dewey, 1984; Collot et al., 2004) have suggested that the offshore extension of the 

Jama Fault system and heterogeneities along fault planes are responsible for the segmentation 

and large earthquake behavior. As shown in A-A’, the slow velocities beneath the Manabí Basin 

shallow near the Jama Fault, further supporting the idea that the offshore extension of the fault 

system may segment large earthquake behavior. Other major transitions in our results are not as 

clearly aligned with known fault systems. However, the rapid lateral changes in seismic 

velocities and in the RF discontinuity structure that we observe may indicate previously 

unobserved faults at depth.  

The role of the lower plate in megathrust earthquakes, such as the importance of 

asperities, trench sediments, and hydration, has been well studied (e.g. Bilek and Lay, 2018 and 

references therein). This is also true in Ecuador, where Collot et al. (2017) found that 

irregularities in the seafloor bathymetry are spatially correlated with a highly coupled asperity 

beneath La Plata Island. Agurto-Detzel et al. (2019) also found that the slip mode in the 

Ecuadorian margin may be controlled by oceanic relief of the incoming slab. Variations in the 

hydration state may also alter the frictional properties of the megathrust contact resulting in 

regions that are either more or less suited to large magnitude earthquakes (Audet and Schwartz, 

2013). Sediment thickness has also been correlated with high magnitude earthquakes along the 
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margin. Regions with thicker sediments may lead to greater volumes of subducted sediments, 

creating a smoother interface with more uniform coupling along the megathrust (Ruff, 1989; 

Scholl et al., 2015). To first order, this seems to hold true for the Ecuadorian trench. Using wide-

angle seismic profiles Gailler et al., (2007) found that sediment thickness north of the CR is ~1 

km greater than to the south. However, the thinnest sediments are observed where the CR enters 

the trench, which transects the proposed segmentation (Gailler et al., 2007). All of these factors 

need to be considered to better understand megathrust properties. 

The role of the upper plate in the occurrence of megathrust earthquakes in Ecuador is less 

well understood. Wells et al. (2003) suggested that subsidence associated with forearc basins 

may indicate areas of subduction erosion and higher coupling. Additionally, variations in crustal 

geology has been associated with variations in the frictional properties of the megathrust (e.g. in 

Japan, Fujie et al., 2013; Bassett et al., 2016). It is possible that a similar process is happening in 

Ecuador where we see significant along-strike variations in seismic velocities (Fig. 6) as well as 

in gravity (Feininger and Seguin, 1983; Tamay et al., 2018) that seem to correlate with variable 

megathrust behavior. Similar to the effect of a large sediment influx into the trench, a more 

homogenous upper crust may result in smaller variations in friction along strike, allowing larger 

areas to slip in single events (Bassett et al., 2016). These frictional variations may cause 

favorable conditions for large earthquakes in the north where we interpret accreted Pinon 

Formation, while causing aseismic creep in the south, where accreted lithospheric mantle may be 

present. The base of the accreted lithospheric mantle may have a thin layer of serpentinized 

material, which behaves in a more ductile manner inhibiting stress build up and brittle failure 

associated with large earthquakes. Antigorite-rich serpentinite may influence the slip behavior of 
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a subduction interface, widening the range at which slow slip behavior can occur (Goswami and 

Barbot, 2018). However, subduction channel rocks, such as calcareous rocks, quartzose rocks, 

and talc schist have been shown to localize deformation relevant to the depths at which SSEs 

occur (French and Condit, 2019). Thus, while the properties of the subducting plate are 

undeniably important, variations in the upper plate also seem to be important in controlling the 

slip behavior of the megathrust along the Ecuador forearc. 

Conclusions  

We present adaptive common conversion point receiver function stacks and a 3D shear 

velocity model derived from the joint inversion of receiver functions and surface wave 

dispersion for the upper 50 km of the Ecuadorian forearc. Our results present new evidence for 

along-strike segmentation in the composition and/or properties of the forearc crust. We identify 

four distinct segments along-strike that may play important roles in controlling the areal extent of 

rupture for large events along the convergent margin. In the northernmost portion of the forearc 

(Segment 1), fast velocities consistent with the accreted oceanic lithosphere of the Piñon 

Formation are observed. Slightly to the south (Segment 2), there is a relatively slow velocity 

anomaly that may be related to subduction derived fluids or the accretion of a slow velocity 

material beneath the base of the Manabí basin and the top of the subducting lithosphere. Further 

south, at ~0.5°S, above the southern half of the Carnegie Ridge (Segments 3 and 4), the forearc 

shows the highest velocities seen in our results and are interpreted as being associated with 

lithospheric mantle material likely associated with the San Lorenzo Formation. The transition 

from slow velocities beneath the Manabí Basin to faster velocities southward corresponds to the 

southern extents of the 1906, 1942, and 2016 earthquakes and may act as a barrier to rupture 
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propagation. Furthermore, our results suggest that structure and composition of the upper-plate in 

the Ecuadorian forearc may play a role in controlling the behavior of megathrust earthquakes 

along-strike. The presence of the Carnegie ridge and other structure on the subducting crust is 

undoubtable a critical component as well. Further study of megathrust behavior is needed to 

better understand the importance the overriding plate.  
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Figures 

 

Figure 1: (Left) Topographic map with seismic stations (triangles) deployed during Ecuador 

RAMP temporary deployment (networks XE and 8G; white and blue), and permanent seismic 

stations (network EC; green). Blue stations’ results are highlighted in Fig. 2. Inset map in upper 

left corner. Dashed black ellipse shows approximate rupture area of the 1906 earthquake (Chlieh 

et al., 2014). Dashed yellow outlines show the approximate aftershock areas of the 1942 and the 

1958 earthquakes (Mendoza and Dewey, 1984; Swenson and Beck, 1996). Red polygon is the 

high slip (> 1m) area for the 2016 Pedernales earthquake; red star demarks the epicenter 

(Nocquet et al., 2017). Note the lack of major earthquakes with magnitudes greater than 7.4 

south of 0.5°S. SSE regions are shown as purple ellipses including the Punta Galera-Mompiche 
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Zone (PMGZ; Vaca et al. 2018; Vallee et al., 2018; Segovia et al., 2018; Rolandone et al., 2018). 

-2200 m bathymetric contour outlines the Carnegie Ridge. Slab contours are from Slab2 (Hayes 

et al., 2018). Relative Nazca to fixed South America Plate Motion (PM; 55 mm/yr) is from 

Chlieh et al. (2014). (Right) Map of the major tectonic blocks, accreted terranes, and basins in 

Ecuador significant to this study (Luzieux et al., 2006; Jaillard et al., 2009). Yellow lines: major 

fault systems; CCF: Chongón–Colonche Fault; JPF: Jipijapa Fault; JF: Jama Fault system; PF: 

Pujili Fault, CTSZ: Chimbo-Touchi Shear Zone. Solid black lines show the locations of cross 

sections shown in Figs. 3, 4 and 6.   
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Figure 2: Moveout plots for the 5.0 Gaussian radial receiver functions for stations EC16, EC14, 

EC08, EC09, CAYO, VMON (Fig. 1; blue triangles). Receiver functions are stacked in 

epicentral distance bins of 5°. Black lines delineate primary P-to-S conversions and dashed green 

lines delineate likely multiples. Primary conversions denoted by Psx, and multiples by PpPsx and 

PsPsx, with subscripts indicating different conversions.   
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Figure 3: Trench parallel cross sections, A-A’ and B-B’, and trench perpendicular cross sections, 

C-C’, D-D’ and E-E’, through the 5.0 Gaussian ACCP stack. Dashed black lines are interpreted 
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primary conversions from receiver functions. Dx indicates a positive conversion Nx indicates a 

negative conversion. Pink line is the top of the subducting oceanic crust from Slab2 (Hayes et al., 

2018). Black dots are earthquakes from the Pedernales aftershock catalog shown only for trench 

perpendicular sections projected 10 km perpendicular to the section (Agurto-Detzel., 2019). 

Approximate location of the Carnegie Ridge and the 2016 Pedernales high slip (> 1 m) rupture 

region (A-A’ only) are projected in the direction of plate motion. Velocity model and other 

parameters used for ACCP stacks described in text. Location map (bottom right) shows locations 

of cross sections and our interpretation of segments (S1, S2, S3, and S4) separated by red lines. 
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Figure 4: Trench parallel cross sections, A-A’ and B-B’, and trench perpendicular cross sections, 

C-C’, D-D’ and E-E’, through the shear wave velocity model as determined from the joint 

inversion. Contour interval is 0.2 km/s and bolded contours are at 2.4, 3.0 3.6 and 4.2 km/s. Pink 
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line is the top of the subducting oceanic crust from Slab2 (Hayes et al., 2018). Black dots are 

earthquakes from the Pedernales aftershock catalog shown only for trench perpendicular sections 

projected from 10 km perpendicular to the section (Agurto-Detzel., 2019). Approximate location 

of the Carnegie Ridge and the 2016 Pedernales high slip (> 1 m) rupture region (A-A’ only) are 

projected in the direction of plate motion. Location map (bottom right) shows locations of cross 

sections and our interpretation of segments (S1, S2, S3, and S4) separated by red lines. 
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Figure 5: Percent fit of our final joint inversion shear velocity model to the Rayleigh wave 

dispersion (left) and receiver function (right) input data. 
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Figure 6: Interpreted cross sections A-A’ and B-B’ through the joint inversion shear wave 

velocity model (upper) and the 5.0 Gaussian ACCP stack (lower). The thin dashed black line 

outlines the approximate location of the Manabí Basin. Approximate location of the Carnegie 

Ridge and the 2016 Pedernales high slip (> 1 m) rupture region (A-A’ only) are projected in the 

direction of plate motion. Approximate segment boundaries are shown as thick dashed lines on 

each cross section. 
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Supplemental Information 

 

Figure S1: 1-D velocity model constructed by averaging a subset of the 3-D a priori P-wave 

velocity model from Font et al. (2013). The velocity model was averaged over a rectangular 

region in the Manabí basin area, defined by a box with latitude 0.04° N to 0.4° S and longitude 

80.02° W to 79.8° W. This velocity model is utilized in both the ACCP stacks and CCP stacks.  
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Figure S2: Results of the joint inversion for individual grid points at locations nearest the stations 

shown in Fig. 2. A) Predicted (red) and observed (black) receiver function, B) predicted phase 

velocity (red) and observed (black) dispersion data, and C) initial (black) and final (red) shear-

wave velocity model. 

  



101 

 

 

 

Figure S3: Plot showing the average and standard deviation of the NRMS fit percent for 

dispersion (purple) and receiver function (orange) datasets vs joint inversion weighting factor. 
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Figure S4: Cross sections A-A’ and B-B’ through different shear-wave velocity models resulting 

from the joint inversion of receiver functions and dispersion data. Black line in each section is 

from the Slab2 model (Hayes et al., 2018). Unless otherwise specified, all other parameters are 

as described in the main text. A) Cross sections using a uniform 4.8 km/s starting velocity model. 

B) Cross sections using a uniform 4.2 km/s starting velocity model. C) Cross sections using a 

weighting of 0.7 (70% dispersion data, 30% RF data). D) Cross sections through the models with 

dispersion periods >25s removed. 
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Figure S5: Cross sections C-C’, D-D’, and E-E’ through different shear-wave velocity models 

resulting from the joint inversion of receiver functions and dispersion data. Black line in each 

section is from the Slab2 model (Hayes et al., 2018). Unless otherwise specified all other 

parameters are as described in the main text. A) Cross sections using a uniform 4.8 km/s starting 

velocity model. B) Cross sections using a uniform 4.2 km/s starting velocity model. C) Cross 

sections using a weighting of 0.7 (70% dispersion data, 30% RF data). D) Cross sections through 

the models with dispersion periods >25s removed. 
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Figure S6: Effective 2.5 Gaussian CCP stacks (dataset used in the joint inversion) with the 

shallowest primary P-to-S conversion (black) and corresponding location of predicted multiples 

assuming a Vp/Vs of 1.77 (red and blue). The pink line is the top of the oceanic crust from Slab2 

(Hayes et al., 2018). 
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Figure S7: Trench parallel cross sections A-A’ (top) and B-B’ (bottom) through the joint 

inversion shear velocity model and the 5.0 Gaussian ACCP stack. Pink line is the top of the 

subducting oceanic crust from Slab2 (Hayes et al., 2018). The velocity model used for ACCP 

migration and other parameters are described in the main text. 
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Figure S8: Trench perpendicular cross sections through the 5.0 Gaussian ACCP stack (left) and 

joint inversion shear velocity model (right). Black dots are earthquakes from the Pedernales 

aftershock catalog projected from 10 km perpendicular to the section (Agurto-Detzel., 2019). 

Red line shows the extent of the 2016 earthquake rupture (> 1m slip(?); Nocquet et al., 2017). 

The pink line is the top of the oceanic crust from Slab2 (Hayes et al., 2018). 
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Figure S9: Cross sections A-A’ and B-B’ through shear-wave velocity models derived from the 

joint inversion of receiver functions and dispersion data (top) and the dispersion data only 

(bottom; Lynner et al., 2020). Lynner et al. (2020) used the 3-D a priori P-wave velocity model 

from Font et al. (2013) as their starting model. Fit % for both RF (red) and surface wave 

dispersion data (blue) from the joint inversion are shown above the joint inversion profiles.  
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Figure S10: Cross sections C-C’, D-D’, and E-E’ through shear-wave velocity models derived 

from the joint inversion of receiver functions and dispersion data (left) and the dispersion data 

only (right; Lynner et al., 2020). Lynner et al. (2020) used the 3-D a priori P-wave velocity 

model from Font et al. (2013) as their starting model. Fit % for both RF (red) and surface wave 

dispersion data (blue) from the joint inversion are shown above the joint inversion profiles.  
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Figure S11: Bouguer gravity profiles through A-A’ and B-B’ cross sections along with the 

corresponding shear velocity profiles from this study (Bonvalot et al., 2012). Note the increase in 

the Bouguer gravity associated with the high shear-wave velocity material in S3 and S4. 
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Abstract 

The Northern Andes of Ecuador contain some of the most active volcanic systems in the Andes 

and extend over a broad region from the Western Cordillera to the Subandean Zone. While it is 

known that the arc straddles a range of basement compositions, from accreted mafic oceanic 

terranes in the west to silicic continental terranes in the east, the details of the crustal structure 

beneath the arc is unclear despite being critical for understanding magmatic and tectonic 

processes in this portion of the Andes. We create a 3D model that highlights the discontinuity 

structure throughout the study area using receiver functions. This discontinuity model allows for 

the recovery of crustal thickness beneath the Ecuadorian Andes, which ranges from ~50 to 65 km 

under the high elevations. A thicker crust is observed beneath the Western Cordillera compared 

with the Eastern Cordillera, but the slightly lower average elevation (~300 m) to the west can 

largely be explained by density variations within the crust that agree with expected basement 

compositions. We then combine our receiver functions with Rayleigh wave dispersion data from 

ambient noise measurements in a joint inversion to construct a 3-D shear-wave velocity model. 

Our 3-D shear-wave velocity model shows several mid-crustal low velocity zones beneath 

Ecuadorian arc volcanoes (5- 20 km below sea-level) that contain a maximum of ~14% melt. 

These low velocity zones likely represent zones of long-term magma storage in predominantly 

crystalline reservoirs, consistent with “mush zones”. Furthermore, the depth extent of the 

inferred reservoirs below several of the volcanic centers (e.g., Chiles-Cerro Negro and 

Tungurahua) are in broad agreement with previous geochemical and geodetic studies. Our results 

provide new observations of possible long-term magma reservoirs below other less-studied 

volcanic systems in the Ecuadorian arc as well, and further contributes to a mounting number of 
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observations indicating long-term magma storage at low melt percentages in the mid-crust 

beneath active arc systems. 

Introduction 

The South American Andes host the longest continental volcanic arc and some of the 

thickest crust in the world. Crustal thickness beneath the Andes has been the subject of many 

studies (e.g., Yuan et al., 2000; Tassara and Echaurren, 2012; Poveda et al., 2015; Ryan et al., 

2016; Condori et al., 2017; Bishop et al., 2017; Rodriguez and Russo, 2020 and others). The 

crust-mantle transition, where crustal rocks transition to peridotite, is often assumed to be 

synonymous with the Mohorovičić discontinuity (the “Moho”) which is defined as the boundary 

where P-wave seismic velocities increase to ~8.0 km/s (~4.5 km/s for S-waves; Christensen and 

Mooney, 1995). The expected Moho signal beneath active orogenic belts can be complicated by 

magmatic underplating, basal accretion/relamination, and delamination, thereby making the 

location and character of crust-mantle transition difficult to constrain (Gilbert et al., 2006; 

Muntener and Ulmer; 2006; Hacker et al., 2011, Frassetto et al., 2011; Beck et al., 2015). 

Constraining crustal thickness is important for understanding many orogenic and magmatic 

processes. 

Constraints on the structure of crustal magmatic systems is critical for understanding 

where magma is formed, stored, and the pathways it takes towards the surface. Seismological 

data can be used to image the architecture of magmatic plumbing systems (Lees, 2007). 

Combining seismic images with other observations, including those from petrologic and geodetic 

studies allows us to further constrain some of these parameters (Farner and Lee, 2017, Chaussard 

and Amelung, 2014). The presence of low-velocity zones in seismic images beneath several 
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volcanic systems, including several in the Central Volcanic Zone of the Andes, have been 

associated with regions of partial melt and magma storage (Ward et al., 2014; Huang et al., 2015; 

Kiser et al., 2016; Ward et al., 2017; Schmandt et al., 2019). Often geophysical models image 

crustal melt stored in the middle and lower crust with melt fractions below the eruptible limit 

(Huang et al., 2015; Delph et al., 2017, Flinders & Shen, 2017). 

Despite a broad knowledge of crustal thickness beneath the Andes, local variations of 

crustal thickness within the Ecuadorian arc are poorly resolved. The Ecuadorian Andes are a 

~150-200 km wide mountain belt in the Northern Andes with elevations reaching >6000 m and 

some of the most active volcanic systems in the Andes. Seismic data recorded by permanent 

instruments deployed by the Instituto Geofísico at the Escuela Politécnica Nacional (IG-EPN) 

along with other preexisting stations in Ecuador offer an opportunity to better resolve the crustal 

thickness, volcanism, and tectonics in this region. Previous studies have estimated crustal 

thickness using gravity (Feininger and Seguin, 1983; Tamay et al., 2018) or local seismicity 

(Vaca et al., 2019). Additionally, seismic imaging has shown broad variations in the seismic 

velocity of the crust (Araujo 2016; Lynner et al., 2020). Here, we present the first receiver 

function-derived crustal thickness map beneath the Ecuadorian Andes. To better constrain arc 

processes, we combine receiver functions with ambient noise dispersion data to construct a high-

resolution shear-wave velocity model that illuminates crustal properties. Our crustal thickness 

results show that the region is largely in isostatic equilibrium across all tectonic regimes. 

Additionally, we image several low shear velocity zones in the upper ~20 km of the crust 

beneath many active volcanic systems in both the Western and Eastern Cordilleras. 

Regional Geologic Setting 
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The Ecuadorian orogenic system can be divided into six major geologic provinces which 

are all roughly oriented parallel the trench. From west to east these are: forearc, Western 

Cordillera, Inter-Andean valley, Eastern Cordillera, Subandean Zone, and the Oriente basin (Fig. 

1). The forearc of Ecuador consists of Mesozoic sedimentary basins separated by localized 

outcrops of mafic material. The mafic basement, consisting of accreted oceanic terranes are 

thought to underlie much of the forearc region (Jaillard et al, 1995; Luzieux et al., 2006, Koch et 

al., 2020). The Western Cordillera basement consists of similar mafic lithologies, interlayered 

with oceanic sediments, which are thought to have accreted during a single accretionary event 

during the Late Cretaceous – Paleogene (Jaillard et al., 2009; Vallejo et al., 2019), although 

multiple accretions have been considered (Jaillard et al., 1995; Spikings et al., 2005). The Inter-

Andean valley is a topographic depression between the Western and Eastern Cordilleras hosting 

thick Oligocene-Pleistocene volcanoclastic, fluvial, and lacustrine strata (Lavenu et al., 1995). 

The Eastern Cordillera basement consists of Paleozoic through Jurassic metamorphosed 

sedimentary and igneous rocks overlain by Cenozoic volcanic deposits (Pratt et al., 2005; 

Chiaradia et al., 2009; Spikings et al., 2015). The transition between the mafic basement beneath 

the Western Cordillera and the felsic basement of the Eastern Cordillera is obscured by the Inter-

Andean Valley. The Subandean Zone is a transitional region including thin- and thick-skinned 

thrust belts. The Oriente basin consists of Mesozoic and Cenozoic sedimentary sequences 

overlaying the Pre-Cambrian Guyanese craton (Aspden and Litherland, 1992). Active arc 

volcanism is pervasive from the Western Cordillera to the Subandean Zone and the landscape is 

covered with large stratovolcanoes (Hall et al., 2008). 

Crustal Thickness 
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Previous crustal thickness estimates in Ecuador have come primarily from gravity 

observations (Feininger and Seguin, 1983; Tamay et al., 2018) and joint determination of 

earthquake locations and crustal structure (Vaca et al., 2019) and local tomography (Araujo, 

2016). Condori et al. (2017) and Poveda et al., (2015) used receiver functions and H-k stacking 

in Northern Peru and Colombia respectively. These studies each extend crustal thickness 

interpretations into southern and northern Ecuador, however, they had few constraints within 

most of the Ecuadorian Andes. All of these studies have suggested crustal thicknesses ranging 

from ~45-75 km beneath the cordilleras. Although the broad characteristics of the different 

crustal thickness models are similar, they exhibit variations in the detailed crustal structure of the 

region.  

Volcanism 

Throughout the Western Cordillera, Inter-Andean Valley, Eastern Cordillera, and 

Subandean Zone, the active continental volcanic arc is characterized by mostly calc-alkaline 

basaltic andesitic to dacitic volcanism north of ~2°S (Fig. 1; Hall et al., 2008; Ancellin et al., 

2017; Bablon et al., 2020). South of ~2°S, the volcanic arc is inactive due to flat-slab subduction 

of the Nazca Plate (Nur and Ben-Avraham., 1983). This transition separates the Northern 

Andean and the Central Andean Volcanic Zones. Within the active arc, volcanism exhibits 

across-arc geochemical variations that suggest a decreasing slab input into the mantle wedge 

away from the trench (Barragan et al., 1998; Bourdon et al., 2003; Bryant et al., 2006; Chiaradia 

et al., 2009; Hidalgo et al., 2012; Ancellin et al., 2017). This decrease in the amount of slab-

derived fluids and/or melts is concomitant with a decrease in the amount of mantle melting away 

from the trench. More recently, noticeable along-arc geochemical variations have been described 
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for the frontal arc volcanoes (mostly those constructed on the Western Cordillera), and have been 

interpreted as due to variations in slab and mantle processes (Ancellin et al., 2017, Narvaez et al., 

2018) or crustal processes (Chiaradia et al., 2020). 

In the Western Cordillera and Inter-Andean Valley, arc volcanism constructed on the 

mafic basement is referred to as the frontal arc and includes active volcanoes such as Chiles- 

Cerro Negro, Cotocachi-Cuicocha, and Pichincha, among others (Fig. 1). Where the volcanism 

erupts through the more felsic basement of the Inter-Andean Valley and the Eastern Cordillera, 

the arc is referred to as the main arc. The main arc exhibits higher rates of crustal contamination 

relative to the frontal arc, but both show this signature to some extent (Ancellin et al., 2017). 

Back arc volcanism is observed locally in the Subandean zone and is characterized by alkaline 

magmatic suites enriched in most incompatible elements, suggesting the lowest degree of mantle 

melting across the arc (Ancellin et al., 2017). 

Data and Methods 

Data for this study primarily come from the IG-EPN permanent seismic network 

(Alvarado et al., 2018) with one station from the Global Seismic Network (Albuquerque 

Seismological Laboratory (ASL)/USGS, 1988). In total, we calculate receiver functions from 66 

broadband stations located mainly in the orogenic portion of the Ecuador arc. Dispersion data 

from Lynner et al. (2020) used in this study uses additional forearc stations from the IG-EPN and 

a temporary network in the forearc region that was deployed following the 2016 Pedernales 

earthquake (Meltzer et al., 2019). Many of the IG-EPN stations are clustered around volcanoes 

as they are mainly used for monitoring purposes, and this high density of stations leads to high-

fidelity results around several arc volcanoes (Fig. 1). 



118 

 

 

Receiver Functions  

P-wave receiver functions (RFs) are a technique that isolates P to S conversions from 

teleseismic waves that result from velocity contrasts beneath a seismic station (Langston, 1979; 

Ammon, 1991). In this study, we calculate P-wave radial RFs using data from earthquakes with 

magnitude ≥ 5.9 and epicentral distances between 30° and 90°. We window the data to 20 

seconds before the P-wave and 100 seconds after. These time series are band-pass filtered 

between 0.05 and 2 Hz and rotated to a ZRT coordinate system to isolate P-to-S conversions to 

the radial component. Before the construction of the RFs, the seismic data is visually inspected 

for a clear P-wave arrival on the vertical and radial components with minimal P-wave energy on 

the tangential component. RFs are then calculated using a time-domain iterative deconvolution 

with a Gaussian parameter of 2.8 (Ligorria and Ammon, 1999). For further quality control, the 

individual RFs for each station are manually inspected, and data with strong positive arrivals at 

~0 seconds, radial fits ≥ 65%, and minimal amounts of ringing are retained for further analysis. 

In total, 4139 RFs were further analyzed out of 8341 calculated.  

Adaptive Common Conversion Point Stacking 

Common conversion point stacking creates a 3D model of receiver function discontinuity 

structure throughout a study area. Common conversion point stacking maps the amplitudes of 

each RF into bins along its theoretical ray path and stacks the amplitude where bins overlap 

constructing a 3-D grid of RF amplitudes (Dueker and Sheehan, 1997). Here we use the adaptive 

common conversion point (ACCP) stacking method that allows the bins to increase in size until a 

minimum number of RFs pass through the bin (Delph et al., 2015, 2017). In this study, we use 

bins spaced at 0.1° with a minimum size of 0.2° and grow to a maximum size of 0.4° until 5 RFs 
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intersect each bin. Each bin is 0.5 km thick and the model extends to a depth of 100 km. To 

migrate from time to depth we use a 1-D velocity model, averaged from the arc region of 

ambient noise tomography (Figure S1; Lynner et al., 2020) in the arc region and a Vp/Vs ratio of 

1.8. This Vp/Vs ratio is justified via through the H-k stacking on receiver functions near the arc 

(Zhu and Kinamori, 2000; see supplemental material and Figure S2), and is consistent with the 

~1.65 – 1.90 range of Vp/Vs ratios in the Colombian and Northern Peru cordilleras (Poveda et al., 

2015; Condori et al., 2017). We note that local tomography has suggested lower Vp/Vs values, 

closer to an average of 1.75 (Araujo, 2016). A Vp/Vs of 1.75 shift arrivals deeper compared with 

a 1.8 Vp/Vs. A conversion arriving at 2 seconds would be ~1 km deeper and at ~7 seconds would 

be ~3 km deeper for the velocities in this study. 

Joint Inversion of RFs and Ambient Noise Dispersion 

We utilize the RFs from this study combined with ambient noise-derived Rayleigh wave 

dispersion data from Lynner et al. (2020) to construct a shear-wave velocity model of the region. 

Rayleigh wave dispersion data can recover absolute velocities of vertically-polarized shear-

waves, but the broad sensitivity kernels of Rayleigh waves result in weak sensitivity to velocity 

discontinuities. RFs, conversely, provide strong constraints on velocity changes associated with 

seismic discontinuities but are not sensitive to absolute velocities. By combining these highly 

complementary data types, we are able to mitigate the shortcomings of each dataset as well as 

the dependence on assumptions about velocity structure (Julia et al., 2000). The resulting shear-

wave velocity model is sensitive to both vertical and lateral absolute velocities and their 

variations. The dispersion periods used in this study have robust sensitivities between ~5 km – 
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50 km, with drastically decreasing resolution below 50 km (Lynner et al., 2020). Outside of these 

depths, the resolution will be limited and are primarily controlled by the RFs.  

Lynner et al. (2020) used intermediate and broadband seismic data from stations 

deployed in the arc and forearc (AN stations; Fig. 1) to obtain dispersion data. This dataset 

included stations from the IG-EPN network as well as a temporary network that was deployed 

following the 2016 Pedernales earthquake (Alvarado et al., 2018; Meltzer et al., 2019). 

Dispersion curves were obtained after cross-correlation of day-long records and inversion of 

interstation phase velocity measurements on a 0.1° x 0.1° grid. We use dispersion curves from 

each grid point in the Lynner et al. (2020) model in our joint inversion (examples of dispersion 

curves are shown in Figure S3). Further details of the processing and inversion of the ambient 

noise data can be found in Lynner et al. (2020, and references therein). 

We extract RFs from the ACCP stacked model at the same grid spacing as the dispersion 

curves so that they can be directly paired in the joint inversion (Delph et al., 2017; Koch et al., 

2020). We follow the methodology described in Delph et al. (2017) in extracting the RFs which 

migrates the ACCP volume back to time using the same velocity model and applies a filter to 

minimize changes that result from the discretization of the model into bins of constant thickness 

and the variable amount of data present in each bin.  

The joint inversion of the dispersion curves and ACCP-derived RFs utilizes a non-linear 

least squares method that begins by assuming an initial velocity model, in this case, a 4.44 km/s 

half-space model discretized into 1 km thick layers, as this is the theoretical resolution of the 

receiver functions we use in this study. Assuming a simple starting velocity model ensures that 

emerging structures are the result of our data and not imposed by assumptions in the starting 
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model (such as a 2-D or 3-D model of velocity or crustal thickness), which can bias the resulting 

model if a priori constraints are inaccurate. The predicted RF and dispersion data are calculated 

using this initial velocity model and compared with the observed data (RF and dispersion curve) 

at each grid point. The misfit between the observed and predicted is calculated and used to 

iteratively update the velocity model. This process is repeated for 40 iterations or until the 

change in the model between iterations is negligible (<0.05%). To ensure the starting model is 

not strongly biasing our results, we also test starting models with 3.6 km/s and 4.8 km/s (Figures 

S4 and S5). These models show minimal changes compared to our final velocity model. The 

weighting between RFs and dispersion data is also an important parameter. We choose a 70/30% 

weighting to the RFs and dispersion data, respectively, as this produces the highest average fit 

between the two datasets (Figure S6) and is consistent with previous studies (Delph et al., 2017; 

Koch et al., 2020).  

Results 

Receiver Functions 

We present results of the P-wave radial RFs for stations within the arc (Fig. 2). The 

longest-running seismic station in Ecuador, OTAV, is from the Global Seismic Network and is 

located on the eastern edge of the Western Cordillera near the Inter-Andean valley in Northern 

Ecuador (Fig. 1). As shown in Fig. 2, a strong negative conversion, Ps1 representing a decrease 

in velocity with depth, is present at ~3.5 seconds on the RFs. At 5.5 and 6.5 seconds in the RF, 

two positive conversions, Ps2 and Pms, can be seen (Fig. 2). These represent increases in velocity 

with depth. Ps1 and Ps2 are manually demarcated, where Pms is the predicted result based on a 

crustal thickness of 55±0.2 km below the station and Vp/Vs ratio of 1.83±0.02 from the H-k 
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results. Poveda et al. (2015) also utilized H-k stacking at this station and found the Moho 

conversion to be at ~50±2 km depth with a Vp/Vs ratio =1.77±0.07 suggesting our Pms likely 

results from the same discontinuity. Another mid-crustal structure is suggested by Ps2, and H-k 

stacking indicates that this arrival is associated with a maximum at ~38 km below the station 

with an average Vp/Vs ratio of ~1.81 above this discontinuity (Fig. 2). The predicted multiples 

for the Ps2 are showing in Figure S2 along with the H-k stacking results and do not appear to 

interfere with the Pms multiples. 

Station ANTG is located ~13 km west of Antisana volcano in the main arc (Fig. 1). Data 

quality at ANTG is somewhat representative of other stations located near volcanoes, although 

there is significant interstation variability. A strong negative conversion, Ps1, is observed at ~2.5 

seconds that is consistent across most ray parameters. At ~8 seconds, a strong conversion which 

we interpret as the Moho-converted phase (Pms), is continuous across all ray parameters. H-k 

stacking at ANTG shows the Pms conversion time corresponds to a depth of ~55 ± 1 km below 

the station with an average Vp/Vs value of 1.85 ± 0.02. Several other positive and negative peaks 

are present but are not continuous across ray parameters. These other peaks may be a result of 

reverberations from shallow structures, anisotropy, or noise resulting from a low number of RFs 

sampling specific ray parameters leading to less data being stacked. 

A third example of RFs is provided from station PIAT in the Eastern Cordillera at ~1°S. 

RFs at PIAT show a strong positive conversion at ~8 seconds (Fig. 2). H-k stacking finds this 

conversion to correspond to a depth of 55 ± 1 km below the station and a Vp/Vs of 1.78 ± 0.02. 

Similar to ANTG, strong positive and negative conversions are observed irregularly at a variety 

of ray parameters.  
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Adaptive Common Conversion Point Stacks  

Arc perpendicular and arc parallel cross-sections through the ACCP stacks are shown in 

Fig. 3. These sections have been corrected for elevation so all depths are indicated relative to sea 

level unless otherwise stated. In the upper ~20 km of the ACCP stacks, the most prominent 

feature are several strong negative conversions indicating decreases in velocity with depth (i.e., 

the top of a low-velocity zone). These conversions, labeled Ps1 in Fig. 3, are prominent beneath 

several active volcanic centers, including Chiles-Cerro Negro, Cayambe, Antisana, and 

Tungurahua. In all sections, Ps1 represents a decrease in velocities at relatively shallow depths 

but does not imply continuity throughout the study area. In A-A’, the peak of Ps1 is present at 

~10 km beneath the Chiles-Cerro Negro region and appears shallower farther eastward at ~5 km 

beneath Soche Volcano (Fig. 3). The conversion beneath Chiles-Cerro Negro can also be seen in 

E-E’, which follows the Western Cordillera, deepening to ~18 km. In B-B’ the Ps1 conversion is 

deeper, at ~20 km beneath Cayambe Volcano, and is not as prominent beneath the Western 

Cordillera. A strong positive conversion, Ps2, parallels Ps1 at ~28 km. In C-C’ and D-D,’ the Ps1 

conversion can be seen at ~8 km beneath Antisana and ~6 km beneath Tungurahua respectively.  

A strong semi-continuous positive conversion (Pms) that we interpret as the Moho is 

observed in all sections between depths of ~45 km and 65 km (thick solid and dashed black line 

in Fig. 3). This conversion is deepest in the north and beneath the Western Cordillera (A-A’ and 

E-E’). There are several areas where this conversion weakens or appears to separate into multiple 

conversions at different depths (dashed segments in Fig. 3). Examples of this behavior can be 

seen in B-B’, C-C’, and E-E’. These results suggest a complicated velocity structure that 

indicates incremental increases in velocity between the crust and mantle. Multiples of 
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conversions in the upper 20 km of the crust may also interfere with a primary Moho conversion. 

Fig. 3 shows the location of multiples from shallow discontinuities along each section (blue and 

red lines). For example, along the southern half of section E-E’, a multiple from a shallow 

discontinuity at ~10 km depth arrives at approximately the same time as the Pms (Fig. 3). 

However, the amplitude, and continuity of this arrival to the north and south lead us to interpret 

that the signal at this depth is primarily due to a primary conversion. Multiples from primary 

conversions deeper than ~20 km arrive beneath the Pms conversion and hence do not interfere 

with our interpretation of the Moho.  

Joint Inversion 

Cross-sections through the upper 75 km of our shear-wave velocity model are shown in 

Fig. 4. Although the full model extends to 100 km, the dispersion data loses sensitivity below 

~50 km so deeper features are primarily controlled by the RFs, with the absolute velocities being 

weakly constrained. The locations of cross-sections are dependent on station distribution, 

coverage of the ACCP stacks, and areas where ambient noise dispersion data has good ray 

coverage (see Fig. 2 in Lynner et al., 2020). As in the ACCP stacks, depths are given relative to 

sea-level. 

The northernmost profile, A-A’, parallels the Ecuador–Colombian border extending from 

the Western Cordillera into the Eastern Cordillera. Two regions of slow shear velocities are 

observed in A-A’. The first is beneath Chiles-Cerro Negro volcanoes, using the 3.2 km/s contour 

to estimate the size of the low-velocity zones (LVZs), as this velocity is generally lower than 

what would be expected from crystalline crustal material (Christensen, 1996). The low-velocity 

zone beneath these volcanoes is ~8 km thick and extends from the western edge of the profile to 
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~35 km east. A second region of slow velocities is observed in A-A’ beneath the region of Soche 

volcano at depths ranging from ~6-13 km. This LVZ extends from the eastern edge of the profile 

~42 km northwest. Beneath these two LVZs, the velocities rapidly increase, reaching 3.5 km/s at 

~18-20 km, and remain in the 3.5-4.1 km /s range down to the Moho. One exception to this is 

beneath the LVZ in the Chiles-Cerro Negro region where the velocities reach > 4.4 km/s at a 

depth of ~40 km (A-A’). These anomalously fast velocities at ~40 km depth are likely an artifact 

resulting from the inversion attempting to fit multiples in the RFs that result from shallower 

structures (Fig. 3).  

Farther south, at ~0.1°N, cross-section B-B’ covers the majority of the Western 

Cordillera (from Pichincha and Pululahua volcanoes) and extends into the Eastern Cordillera 

(Cayambe volcano; Figs. 1 and 4). This profile shows slower shear velocities in the upper ~15 

km across the profile. These slow velocities extend deeper beneath the Eastern Cordillera 

reaching ~24 km depth. Below the LVZ and above the Pms conversion, velocities range from 3.5 

– 4.1 km/s and appear faster in the Western Cordillera than in the Eastern Cordillera. To explore 

this further, we averaged the velocities from the shear-wave velocity model in the Western 

Cordillera and the Eastern Cordillera north of ~2°S (Fig. 5). The average shear velocities indicate 

that the Western Cordillera generally has a slower shallow crust (<10 km) and faster middle and 

lower crust (>10 km) than the Eastern Cordillera (Fig. 5A).  

Cross-section C-C’ trends roughly SW-NE from the Inter-Andean Valley into the Eastern 

Cordillera and transects Cotopaxi and Antisana volcanoes. Crustal velocities are slower in this 

region, only reaching >3.5 km/s below ~40 km depth in the SW and ~30 km depth towards the 

NE. LVZs are present beneath Antisana at depths between ~8-15 km, with a shallower LVZ 
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around 5-10 km. As in A-A’ multiples beneath these LVZs may impact the joint inversion, and 

as such we are careful about interpreting features below ~40 km beneath Antisana and ~25 km at 

the NE end of the profile. The Pms conversion corresponding to the Moho at a depth of ~48-55 

km is consistent beneath the eastern part of the profile, and is likely the P-to-S conversion at the 

Moho, although multiples may interfere in this region.  

The southernmost shear velocity profile, D-D’, extends from the Western Cordillera into 

the Eastern Cordillera and crosses the region of Tungurahua (Fig. 4). We observe a LVZ beneath 

Tungurahua at depths between 7 and 12 km that covers a lateral extent of ~40 km. Below this 

LVZ, slow velocities extend down to around ~22 km in depth. Multiples may be interfering with 

the rest of the profile deeper than ~40 km but given the expected low amplitudes of the 

multiples, we suggest that we can still identify the Moho (Fig. 3). Seismic velocities in the upper 

25 km surrounding the primary LVZ are ~3.5-3.8 km/s (Fig. 4). Depths between ~25-40 km on 

the eastern side of the LVZ exhibit faster velocities (3.95 – 4.25 km/s). The fast anomaly may be 

influenced by multiples in the region (Fig. 3). A similar increase in seismic velocity is not 

observed on the western edge of the LVZ. Moderate (~3.5-3.8 km/s) shear velocities persist on 

the western LVZ edge down to ~50 km. At ~55 km, beneath the Pms conversion, a region of 

relatively slow velocities is observed. Given the spatial correspondence to the LVZ it is likely 

that is this an artifact of multiples driven by the presence of sharp variations in subsurface 

structure, which is frequently observed in volcanic areas (Bianchi et al., 2015). 

Cross-section E-E’ parallels the Western Cordillera following the volcanic front from the 

Ecuador-Colombian border to the southern extent of the Northern Volcanic Zone at ~1.5°S (Fig. 

4). This section shows some along-strike variation in crustal velocities. The upper ~20 km show 
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two prominent LVZs. The first is described previously in section A-A’. This LVZ extends from 

the northern edge of the profile E-E’, 25 km southward at approximately the same depths as in 

A-A’. A second LVZ is present further south centered ~9 km NE of Cuicocha. South of 

Cuicocha, slow velocities (3.05-3.5 km/s) are pervasive throughout most of the section in the 

upper 18 km but shallows to the upper ~8 km towards the south. The deeper crust appears 

generally faster along the northern ~120 km of the profile. 

Validation of Low-Velocity Zones 

We examine the LVZs in more detail to ensure that they are robust features. Rayleigh 

wave phase velocities are predicted to monotonically increase given an increasing velocity 

structure with depth. Thus, we see if any of the dispersion curves in regions of these LVZs show 

a decrease in phase velocity with increasing periods, which necessitates a decrease in shear-wave 

velocity assuming isotropic media. Figure. S3 shows dispersion curves through the LVZs 

beneath Antisana (C-C’) and Tungurahua (D-D’). Each of these dispersion curves show a 

decrease in velocity between 10 and 12 second periods, clearly indicating that a LVZ is present 

and required by the surface wave data. For the LVZs observed in B-B’ beneath Cayambe, the 

dispersion curves do not show a clear decrease, however, the phase velocities are notably low – 

and this is likely a result of the slow shear velocities extending into the upper crust. Cross-

sections through a Vs model created using only dispersion data (i.e., no RF information included) 

also show a LVZ in the same region, suggesting that this is a robust feature (see Figure S7). The 

LVZ in the region of Chiles-Cerro Negro, and Soche are not observed in the dispersion data or 

the dispersion-only Vs model, suggesting that these LVZs primarily result from RF waveforms. 

This however does not imply that they are artifacts, as these structures can be explained by low-
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velocity layers that are too thin to affect the broad sensitivities of the dispersion data. Synthetic 

models of LVZs with varying thickness through a 50 km thick crust are shown in Figure S8. 

These synthetics suggest that LVZs characterized by a Vs of 2.8 km/s with a thickness less than 

~9 km will not be clearly seen in dispersion data. Given that these are the lowest velocities we 

observe and the maximum observed thickness is ~10 km, it is not surprising that a decrease in 

the dispersion curves is not observed.  

We also tested several starting models for our joint inversion. Supplemental Figures S4 

and S5 show the JI results using different starting models (a constant velocity of 3.6 and 4.8 km/s 

respectively). The fact that the structure and velocities observed in these LVZs are very similar 

independent of the starting model ensures that they are resolvable features and not dependent on 

the starting model. 

Discussion 

Crustal Thickness Beneath the Ecuador Arc 

The Pms conversion throughout our study region has a large amplitude, is continuous 

nature, and is consistent with previous studies (Feininger and Seguin, 1979; Poveda et al., 2015; 

Araujo, 2016; Condori et al., 2017; Tamay et al., 2018; and Vaca et al., 2019). We, therefore, 

interpret this Pms conversion as the crust-mantle boundary (Moho; Fig. 3).  

A crustal thickness map of our Moho transition derived from the ACCP stack is shown in 

Fig. 6. The depths of the conversion are mapped out in the ACCP stack and interpolated across 

our study area. In regions with lacking ACCP coverage, crustal thickness was calculated 

assuming the crust to be in isostatic equilibrium assuming a crustal density of 2.8 g/cm3, and a 
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mantle density of 3.3 g/cm3. An optimal isostatic baseline of 36.5 km (corresponding to sea-

level) was found by minimizing the difference between the observations and the isostatic 

calculations (Schmandt et al., 2015). These areas are shaded on the map in Fig. 6. We have good 

sampling of the Moho north of 2°S in the cordilleras but very little coverage between 2°S and 

5°S due to scarce station coverage (Fig. 6). The crustal thickness map we present is largely 

within isostatic equilibrium at the Moho for a reasonable range of densities (see Fig. 7). 

The thickest crust (~66 km) is observed in northern Ecuador in the regions near the 

Chiles-Cerro Negro and Soche volcanoes. Araujo (2016) found comparable thicknesses (65-70 

km) in this region. In southern Colombia, Poveda et al., (2015) found crustal thicknesses of ~56-

58 km from a receiver function analysis at station GCUF, ~50 km north of the 

Ecuador/Colombian border using a Vp/Vs ratio of 1.74 derived from their H-k stacking method. 

Vaca et al. (2019) estimated an overall thinner crust (averaging ~45 km beneath the arc), but still 

found some of the thickest crust in this northern region (~50-55 km). The average elevation in 

this region ranges from ~3200 – 3800 meters. If we apply a simple Airy isostatic calculation for 

crustal thickness between 62 and 67 km, this calculation suggests crustal densities of ~2.9 g/cm3. 

These densities are reasonable for the mafic terranes that are thought to make up the basement of 

the Western Cordillera (Jaillard et al., 2009; Vallejo et al., 2019).  

At latitudes between ~0.25°S and ~2.0°S, the Western Cordillera exhibits crustal 

thicknesses between ~55 and 60 km while the Eastern Cordillera thicknesses are ~5-10 km 

thinner. Although the average elevation of the Western Cordillera is slightly lower (~300 m) than 

the Eastern Cordillera, this result is not entirely unexpected due to the presence of a denser, 

mafic, crust beneath the Western Cordillera. Feininger and Seguin (1983) estimated a much 
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thinner Western Cordillera crust compared to the Eastern Cordillera crust using a gravity profile 

at ~2°S. Conversely, Tamey et al. (2018) used gravity and estimated crustal thicknesses of up to 

70 km beneath both the Western and Eastern Cordilleras. Araujo (2016) found a slightly thicker 

Eastern Cordillera ~1-2°S and a thicker Western Cordillera to the north. Vaca et al. (2019) 

estimated a thicker Western Cordillera crust between ~1-2°S. South of 2°S, stations are primarily 

located at lower elevations on the edges of the Cordilleras and we observe correspondingly 

thinner crustal thickness, ~41-48 km thick crust for stations on the edges of the cordilleras and 

between ~30 – 35 km thick crust for stations in the forearc and Oriente Basin.  

Lateral variations in the Vp/Vs ratio or velocity in the crust could explain some of the variations 

in crustal thickness. Varying the Vp/Vs ratio used to migrate the CCP stack by ± 0.03 results in 

±2 km shift for a 50 km conversion. The observations from average velocities in our joint 

inversion (Fig. 5A) suggest an overall faster crust in the Western Cordillera versus the Eastern 

Cordillera. Using a faster velocity model to migrate the RF data would increase the crustal 

thickness, and a slower velocity model would decrease the crustal thickness. Thus, we find this 

difference of thicker Western Cordillera crust to thinner Eastern Cordillera crust to be robust.  

In multiple areas (dashed black line in Fig. 3) we observe a deep crustal conversion that 

corresponds to a shallower discontinuity than our interpreted Moho (Pms) conversion (dashed 

black lines; Fig. 3). In these areas, we map the crust-mantle transition as the deeper conversion 

that corresponds to where the velocities increase to >4.2 km/s in the joint inversion (Fig. 5B). 

The shallower conversion likely represents the top of a distinct lower crust possibly resulting 

from the tectonic or magmatic underplating (Beck and Zandt, 2002; ANCORP Working Group, 

2003; Muntener and Ulmer, 2006; Frassetto et al., 2011). The velocities in these regions (~3.8-
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4.1 km/s) are consistent with a mafic lower crust and appear to be distributed beneath several 

active volcanic systems. 

Crustal Magma Storage  

Seismic wave speeds can be affected by many factors, such as composition, anisotropy, 

temperature, and fluids. We approximate the expected isotropic velocities of the basement 

beneath the arc using a program by Aber and Hackers (2016). For the frontal arc, we assume a 

composition based on the mafic terranes that comprise the basement (Table S1; Hughes and 

Pilatasig, 2002), whereas, for the main arc, where the basement is less well constrained, we use 

the compositions of the exposed volcanic rocks (Table S1; Samaniego et al., 2011; Nauret et al., 

2018) which has been shown to approximately correspond with the bulk composition of intrusive 

magmatism (Glazner et al., 2015). For the frontal arc these are ~3.75 km/s and for the main arc, 

~3.6 km/s. Anisotropy of mid-crustal rocks can reach up to ~10-20% in the Andes with the 

strongest regions of anisotropy occurring beneath magmatic centers (Lynner et al., 2018), 

reducing the isotropic velocity by ~5-10%. As stated earlier, shear velocities below ~3.2 km/s are 

not consistent with any crystalline crustal material at the depths of our LVZs (Christensen, 

1996), but are observed beneath several active volcanic systems (Figure 4 and 8). Previous 

studies have interpreted similar mid-crustal LVZs below other volcanic systems as regions that 

contain a low percentage of melt (e.g., Ward et al., 2014 and 2017; Kiser et al., 2016; Delph et 

al., 2017; Schmandt et al., 2019). These LVZs could represent crystal-rich magmatic reservoirs 

(“mush” zones; Marsh, 1981) that act as long-term magmatic accumulation and storage centers 

beneath their respective magmatic arc (Costa, 2008). The tectonomagmatic environment of our 

study area indicates that this is the simplest explanation for the LVZs within the Ecuadorian arc. 
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The frontal arc LVZs underlie the potentially active volcanoes Chiles-Cerro Negro, 

Yanaurcu-Chachimbiro, and Cotacachi-Cuicocha. Geodetic measurements near Chiles-Cerro 

Negro have suggested a source at depths greater than 9 km and less than 22.5 km below sea level 

(Ebmeier et al., 2016). These depths are consistent with our findings that suggest a reservoir 

between depths of ~7 – 15 km (Fig. 8A). There have been several instances of volcanic tremor 

swarms in the upper ~10 km in 2013 and 2014 (Ebmeier et al., 2016) and the system is 

considered potentially active. South of ~0.1N° the upper ~20 km of the Western Cordillera 

shows relatively slow velocities that may indicate the presence of regional anisotropy or a very 

low percentage of diffuse partial melt in the upper crust. Petrologic studies have estimated 

amphibole crystallization at 5 km below the surface at Pichincha, likely corresponding to the 

upper part of the reservoir (Samaniego et al., 2010). Similar velocities are observed beneath the 

Altiplano low-velocity zone (ALVZ) in the Central Andes which is characterized by a negative 

conversion in RF data and positive radial anisotropy (Yuan et al., 2000; Ward et al., 2016; 

Lynner et al., 2018). The ALVZ has been interpreted as a zone of partial melt and as a zone of 

lateral ductile crustal flow. Given the active volcanism in the Western Cordillera and the history 

of accretion, some combination of anisotropy and low-percentage of partial melt seems 

necessary.  

Compared to the frontal arc, the main arc (mainly constrained to the Eastern Cordillera) 

shows several crystal mush zones beneath nearly all of the instrumented volcanic systems 

including Soche, Cayambe, Antisana, and Tungurahua (Figs 4, 8B, and 9). In contrast, we do not 

image a distinct mid-crustal mush zone beneath Cotopaxi (Fig. 8C). No estimates of depths of 

magma storage have been published for Soche, Cayambe, or Antisana volcanic centers, however, 
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geochemical studies suggest an increased component of upper crustal contamination in the main 

arc (Ancellin et al., 2017). Replenishment of melt from below can rejuvenate these mid-crustal 

reservoirs, potentially causing increased crustal assimilation and partially explaining the 

increased crustal contamination in the main arc (Yin et al., 2020).  

The higher shear velocities in the lower crust are consistent with a mafic lower crust 

beneath Cayambe, Antisana, and Cotopaxi. The source and implications of a mafic lower crust in 

these regions remain unclear. Beneath Cotopaxi, Garrison et al (2011) suggested a fragment of 

the Raspas terrane (a mafic terrane with oceanic plateau affinities) may be present in the lower 

crust. Beneath Antisana and Cayambe some evidence of an oceanic crustal signature has been 

observed (Samaniego et al., 2002; Bourdon et al., 2002; Samaniego et al., 2005, Garrison et al., 

2011); this may suggest that the mafic crust we observe is an extension of this terrane. 

Alternately, magmatic underplating of mafic melts fueling widespread assimilation and 

fractional crystallization may deplete the lower crust of felsic minerals and leave behind a mafic 

lower crust (Thybo and Artemieva, 2013). These geochemical signatures are consistent with a 

mafic lower crust but we cannot rule out other processes such as partial melt of a subducting slab 

contributing to the geochemical signatures (Bourdon et al., 2002; Samaniego et al., 2002). 

Tungurahua and Cotopaxi are well-studied volcanoes, and both have multiple lines of 

evidence for mid-crustal magma storage. For Tungurahua, one of the most active volcanic 

systems in Ecuador (Fig. 8B), a long-term storage zone was modeled at 11.5 km below sea level 

based on surface uplift measured from InSAR data (Champenois et al., 2014). Furthermore, 

phase equilibrium experiments on Tungurahua andesites suggest long-term storage of melt at 

depths 15-16 km beneath the edifice (~12 – 13 km below sea level) and a shorter-lived 
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temporary storage between at 7.5 – 9.5 km below the summit (Andujar et al., 2017; Samaniego et 

al., 2011). Both of these are reasonably consistent with the reservoir we interpret at ~7-12 km 

(Figs. 4 and 8B). At Cotopaxi, magmatic storage regions have been suggested at depths ranging 

from 4-5 km below the summit (Hickey et al., 2015) and 3 – 17 km below sea level (Martel et 

al.., 2018; Saalfield et al., 2019). Our results image a generally slow crust beneath Cotopaxi, 

however, no distinct LVZs are observed (Fig. 8C). The lack of such distinct LVZs may indicate 

that storage in these regions is shorter-lived or in smaller distributed volumes that are not 

detectable at our resolutions, or that Cotopaxi is laterally tapping into other magma storage 

systems, such as beneath Chalupas to the SW of Cotopaxi, which has been suggested by 

petrologic studies (Garrison et al., 2011). 

The presence of magma reservoirs beneath the Ecuadorian arc is supported by petrologic, 

geodetic, and seismic observations. The seismic images we present add to the growing body of 

literature that images mid-crustal magmatic storage. In the next section, we explore in more 

detail about what melt percentages might be possible and the implications of these reservoirs.  

Estimating Melt Percentages 

Multiple studies have used Gassmann’s relations to estimate the percent of partial melt 

based on seismic velocities assuming equilibrated pore pressures (Chu et al., 2010; Ward et al., 

2014; Kiser et al., 2018, and more). While useful, this method neglects possible anisotropy and 

anelastic effects of high temperatures within magmatic systems. To approximate elastic 

properties of the melt, we use petrologic constraints from basement rock and eruptions over the 

past ~3000-4000 years at Pichincha and Tungurahua, located at the Western and Eastern 

Cordilleras respectively (Table S1; Hughes and Pilatasig, 2002; Samaniego et al., 2010; Nauret 
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et al., 2018) using programs by Abers and Hacker (2016) and Ukei and Iwamori (2016). 

Different compositions of host rock and melt were tested and produced minor variations in the 

resulting melt percent (Samaniego et al., 2010 and 2011). Pressure conditions are approximated 

based on the depth of the LVZ (~250-350 MPa) and temperature conditions from petrologic 

studies (Andujar et al., 2017; Samaniego et al., 2011).  

Following the approach of Chu et al., (2010) and using the aforementioned assumptions, 

we calculated melt percentages for the velocities observed in our LVZs (Fig. 8D) using the 

isotropic velocity as well as the 10% anisotropy case assuming we are sampling the slow axis of 

anisotropy (dashed lines; Fig. 8D). In the frontal arc below Chiles-Cerro Negro, and the 

Cotacachi-Cuicocha volcanic complex the shear-wave velocities we observe are among the 

slowest in Ecuador, reaching < 2.8 km/s in the center of the anomalies (Fig. 8). This represents 

up to a ~25% decrease in shear velocity relative to the isotropic velocity and corresponds to a 

maximum melt percentage in the LVZ of ~12 - 14%. In the main arc, Soche, Cayambe, Antisana, 

and Tungurahua all show their slowest velocities of ~2.9 km/s corresponding to maximum melt 

percentages of ~11-13% (Fig. 8).  

Based on the velocities and melt percentages we estimate, the LVZs in the Ecuadorian 

arc appear to represent highly crystalline magmatic reservoirs consistent with crystal mush 

zones. These are thought to be non-eruptible bodies due to their high crystallinity state, which 

renders the bulk system immobile (Marsh, 1981). However, they can allow for magmatic 

accumulation, geochemical hybridization, and melt transport to shallower depth within the mush 

zone through percolative flow (Jackson et al., 2018), which may eventually make its way to the 

surface (Cashman et al., 2017). It is important to note that these crystal mush zones likely result 
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from the long-term (tens of thousands to millions of years; Petrelli et al., 2020) amalgamation of 

magma within the crust of an arc and are likely characterized by amalgamated plutonic bodies 

rather than representing an individually emplaced plutonic body. Similar crystal mush zones 

have been interpreted beneath a variety of systems, both globally (Kiser et al., 2016; Paulatto et 

al., 2019; Chen et al., 2020), and elsewhere in the Andes (Ward et al., 2017; Wespestad et al., 

2019). Our findings provide further evidence that the mid crust acts as a zone of long term 

magmatic storage and accumulation. 

Conclusions 

Our study examines the crustal structure of the Ecuadorian Arc using adaptive common 

conversion point receiver function stacks and a 3D shear-wave velocity model derived from the 

joint inversion of receiver functions and surface wave dispersion data. These new images show 

that crustal thicknesses range from ~50-65 km beneath this portion of the Andean arc, with the 

Western Cordillera being ~5-10 km thicker than the Eastern Cordillera. The Western Cordillera 

becomes faster at mid-to-lower crustal depths, in agreement with evidence for a mafic basement 

beneath the Western Cordillera versus a silicic basement in the Eastern Cordillera. This likely 

implies a variation in bulk crustal density as well, allowing the 5-10 km thicker crust of the 

Western Cordillera to be at a slightly lower elevation while remaining in isostatic balance. We 

also observe that the mid-crust beneath several volcanic systems in the Ecuadorian arc is 

characterized by low velocity zones at ~5 - 20 km below sea level. Below the well-studied 

Chiles-Cerro Negro and Tungurahua volcanic centers, the depth extent of these low velocity 

zones is consistent with previous estimates of magma storage from petrologic and geodetic 

studies. We also image low velocity zones beneath other volcanic centers that have not been 
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studied in as much detail, and may merit further investigation. The lowest velocities we observe 

in the mid-crust reach ~2.8 km/s and correspond to a maximum of ~14% melt, indicating that 

these low velocity zones likely represent predominantly crystalline magma reservoirs consistent 

with mush zones. These mush zones likely result from the long-term (tens of thousands to 

millions of years) accumulation and storage of magmas in the mid-crust. Our results provide new 

insights into the crustal structure of the Ecuadorean Andes and the magmatic architecture of this 

broad portion of the Andean arc. 
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Figures 

 

Figure 1. Topographic map showing the major tectonic features, seismic stations (inverted 

triangles) and Holocene volcanic centers (red triangles) within our study area. Seismic stations 

used for receiver functions only are shown in inverted black triangles. Seismic stations used by 
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Lynner et al. (2020) for ambient noise dispersion data are shown as small pink triangles and 

seismic stations used for both are shown as pink triangles with a black outline. Inset map in 

upper left corner shows the location of the map. Tectonic provinces are labeled or colored in red 

(Western Cordillera), yellow (Inter-Andean Valley), green (Eastern Cordillera), and blue 

(Subandean Zone). Dark blue lines indicate the Calacali Puijili Fault Zone (CPFZ) and the 

Peltetec Fault (PF). The red box indicates the regions of maps shown in Figs. 3, 4, and 5. 
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Figure 2. Examples of RFs plotted as a function of ray parameter from representative stations in 

Ecuador. Station OTAV is in the Western Cordillera (left). Station ANTG is near Antisana 

volcanic center in the Eastern Cordillera (middle). Station PIAT is in the Eastern Cordillera 

(right). RF ray parameter plots are stacked into bins of .0025 s/m. Black lines are manually 

picked P-to-S conversions. Red, cyan, and blue lines show the phases calculated using results 

from H-k stacking; Ps (red), PpPs (dashed cyan), and PsPs + PpSs (dashed blue).  

  



155 

 

 

 

Figure 3. Cross-sections through the ACCP receiver function stack. Parameters and the velocity 

model used to calculate the ACCP stacks are described in the text. Map on the left shows the 

location of the profiles with seismic stations (black inverted triangles) and volcanoes (red 

triangles). A topographic profile is plotted above each section with stations and volcanoes 

projected from ± 20 km on either side of the profile. Green lines show strong Ps conversions in 

the upper ~20 km and the red and blue lines are the predicted location of the multiples in the 

velocity model (the color of the line corresponds to the predicted amplitude of the multiple; red = 

positive, blue = negative). Thick black line indicates the interpreted Moho discontinuity in each 

profile. The black dashed line is a shallower discontinuity most likely in the lower crust. 
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Figure 4. Cross-sections through the Joint Inversion (JI) shear-wave velocity model. Map on the 

left shows the location of the profiles with seismic stations (black inverted triangles) and 

volcanoes (red triangles). Each cross-section shows the JI fit to the RF data (red square) and 

surface wave dispersion data (SW; blue square) for the final iteration of the model at that grid 

point. A topographic profile is plotted above each section with stations and volcanoes projected 

from ± 20 km on either side of the profile. The black line on the velocity model is the Moho P to 

S conversion picked from the ACCP stacks. The contour values are indicated in the color bar, 

with the 3.2 km/s contour in bold.  
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Figure 5. (A) Average shear velocity though the Western (blue) and Eastern (red) Cordillera 

from the joint inversion. Standard deviations for each cordillera are shown in the shaded region. 

The areas that are averaged for each cordillera are the outlines in Fig. 1 north of ~1.5°S. (B) 

Average velocity profiles through three different regions showing variability in the Moho and 

lower crust. The sharp Moho is taken from stations in the Western Cordillera between ~0.7°S 

and ~1.6°S.   
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Figure 6. Crustal thickness map derived from the ACCP stack. Shaded areas show regions that 

were calculated from topography assuming isostatic equilibrium (averaging the elevation over 

0.2°) Seismic stations are shown in black inverted triangles and volcanoes are shown in red 

triangles. The crustal thickness contour interval is 5 km. 
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Figure 7. Graph of crustal thickness plotted against the elevation averaged over A) 0.2° area and 

B) 0.4° area centered at each seismic station. Lines indicate the predicted crustal thickness using 

Airy isostasy for different crustal densities (blue = 2.6 g/cm3; green = 2.8 g/cm3, black = 3.0 

g/cm3), a mantle density of 3.3 g/cm3, and an isostatic baseline of 36.5 km (crustal thickness at 

sea-level) with the compensation depth at the Moho. Different colors indicate stations located in 

different tectonic provinces. The largest source of uncertainty is lateral variations in Vp/Vs which 

result in ±2 km at 50 km for variations of ±0.03 Vp/Vs. 
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Figure 8. 1-D velocity models located at the bins containing (A) Chiles-Cerro Negro, (B) 

Tungurahua, and (C) Cotopaxi. Red shaded region indicates the upper and lower limits where we 

expect partial melt (velocities < 3.2 km/s) from our joint inversion model. Red stars and brackets 

represent the depths at which other studies have suggested magma storage. References are (1) 

Ebmeier et al. (2016), (2) Andujar et al. (2017), (3) Champenois et al, (2014); (4) Samaniego et 

al. (2011), (5) Rivera et al. (2017); (6) Saalfield et al. (2020), (7) Martel et al. (2018), (8) Hickey 

et al. (2015). (D) Partial melt as a function of the isotropic (solid line) and anisotropic (dashed 

line) shear velocity calculated for the compositions from the frontal (black) and main (green) arc 
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(Table S1). Red shaded region indicates increasing melt percentage as velocity decreases up to 

the lowest velocities we observe (2.8 km/s). 
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Figure 9. Interpreted cross-sections B-B’, C-C’, and E-E’ through the joint inversion shear 

velocity model. Polygons indicating the accreted mafic terranes (black), mafic lower crust (blue), 

South American continental crust (green), slow velocity upper crust (orange), and regions of 

partial melt (crystal mush; red). We do not interpret below the crust-mantle boundary due to lack 

of resolution of the dispersion data.  
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Supplemental Information 

H-K stacking 

H-k stacking analysis is a commonly used implementation of receiver Functions (RFs) to 

determine the depth (H) to a discontinuity and the average Vp/Vs (k) above the discontinuity 

beneath a station (Zhu and Kinamori, 2000). This technique works by building a grid space of H-

k values and for every combination of values where the theoretical Ps, PpPs, and PsPs +PpSs 

times are calculated assuming an average Vp value (here we use 6.4 km/s). Variations in ray 

parameters cause the timing of an arrival to have a moveout due to the decreasing incidence 

angle with increasing ray parameters. The amplitudes at each predicted time for each RF are 

summed, using a weighting of 0.5, 0.3, and 0.2 for the Ps, PpPs, and PsPs +PpSs phases 

respectively. The PsPs + PpSs amplitude is multiplied by -1 to account for its reversed polarity. 

The H-k pair that corresponds to the largest sum indicates a strong Ps conversion and associated 

multiples. Thus, providing constraints on the depth to the discontinuity and average Vp/Vs above 

that discontinuity. Uncertainties are estimated through a bootstrapping approach. Although this is 

a widely used technique, H-k stacking has limitations, particularly in regions with complex 3-D 

structures (Wolbern and Rumpker, 2017). As such we do not solely rely on H-k stacking for our 

crustal thickness estimates and instead use it as a guide for our subsequent interpretations. At 

station OTAV we see two prominent conversions in the H-k stack, a shallower conversion at ~39 

km with a Vp/Vs and a deeper conversion at 54.5±0.23 km with a Vp/Vs ratio of 1.83±0.01 

(Figure S2). Located near Antisana volcano, station ANTG shows a conversion at 55.5±0.81 km 

and a Vp/Vs ratio of 1.83±0.01. In the Eastern Cordillera, station PIAT, shows a maximum at 

55±1.24 km and a Vp/Vs ratio of 1.78±0.03. 
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Figure S1: A. Velocity model used in the adaptive common conversion point stacks. Vp was 

calculated assuming a Vp/Vs ratio of 1.8. B. Map view showing the area (red box) over which we 

averaged the ambient noise tomography results. 
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Figure S2: Receiver function plots are as in main text with the exception that additional multiples 

for the Ps2 arrival at station OTAV are plotted (dashed red and green lines). HK stacking results 

at stations OTAV, ANTG, and PIAT. Line colors are the same as in RF plots. Uncertainties are 

shown in orange (H) and gold (k = Vp/Vs) bars. Maximum value of H and K indicated by a 

yellow asterisk. 
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Figure S3. Examples of dispersion curves through the Cayambe region (B-B’; black), Antisana 

region (C-C’; light blue) and Tungurahua region (D-D’; green. Periods range from 8 to 40 

seconds. Note the slower phase velocities at low periods for Cayambe and the decrease in phase 

velocity between 10 and 12 seconds at Antisana and Tungurahua. 
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Figure S4. Joint inversion results using a constant 3.6 km/s starting model. All other parameters 

are the same as in the main text. 
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Figure S5. Joint inversion results using a constant 4.8 km/s starting model. All other parameters 

are the same as in the main text. 
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Figure S6. Average fit for the dispersion data (red) and the RF data (green) through the joint 

inversion model for different weighting factors. Yellow dots show the average between both 

datasets. The highest average is observed at 0.3 corresponding to a 30% weight to the dispersion 

data and 70% weight to the RFs. 
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Figure S7. Cross-sections through the preferred model of the ambient noise tomography results 

(Lynner et al., 2020) corresponding to cross-sections shown from the joint inversion in this 

study. 
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Figure S8. Synthetic dispersion curves through models containing a low-velocity zone with 2.8 

km/s (left) and 3.2 km/s (right) velocity for varying low-velocity zone thicknesses as shown by 

the color dispersion curves.  
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Region 
Western 

Cordillera 

Tungurahua 

(last 3000 

BP) 

Tungurahua 

(1999-

2016) 

Guagua 

Pichincha 

(last 4000 

BP) 

Guagua 

Pichincha 

(1999-2001) 

Chiles-

CN 

  average(n=33) 
average 

(n=72) 

average 

(n=83) 

average 

(n=85) 

average 

(n=10) 

average 

(n=21) 

Source 

Hughes and 

Pilatasig, 

2002 

Nauret et 

al. (2018) 

Samaniego 

et al. 

(2011) 

Samaniego 

et al. (2010) 

Samaniego 

et al. (2010) 

Ancellin 

et al. 

(2017) 

SiO2 54.3 59.1 58.7 64.0 64.7 62.3 

TiO2 0.9 0.8 0.9 0.4 0.4 0.6 

Al2O3 15.3 16.4 16.8 16.6 16.6 15.9 

Fe2O3* 10.6 6.8 7.1 5.3 5.0 6.1 

MnO 0.2 0.1 0.1 0.1 0.1 0.1 

MgO 6.8 4.3 4.0 2.5 2.3 3.6 

CaO 8.4 6.4 6.4 5.1 4.8 5.7 

Na2O 3.0 4.0 4.0 4.1 4.3 3.3 

K2O 0.4 1.9 1.8 1.8 1.8 2.3 

P2O5 0.1 0.2 0.2 0.1 0.1 0.1 

Total 100 100.0 100.0 100.0 100.0 100.0 

 

Table S1. Bulk composition percentages used in Abers and Hacker (2016) and Ukei and Iwamori 

(2016) to estimate host rock and fluid properties to estimate the percent of partial melt. 
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Abstract 

Surface waves are a powerful tool for imaging the crust and upper mantle. The Automated 

Surface Wave Phase Velocity Measuring System is a powerful tool that enables the estimation of 

the apparent and structural phase velocities of surface waves. In this study we apply this method 

to seismic data in Ecuador made available following the 2016 Pedernales earthquake. Ecuador is 

a complex tectonic environment, with active subduction generating larger magnitude earthquakes 

and a highly active volcanic arc. Previous studies have constrained the upper ~50 km using 

dispersion data from ambient noise, however, velocities deeper than this remain poorly 

constrained. The results of this study extend the phase velocity periods resolved to 50 seconds 

across the study area, and up to 100 seconds beneath the arc although the longer periods are less 

well resolved. The general trends observed in the phase velocities agree with expected results 

based on the tectonics of the region. The forearc, which has a thinner crust made of accreted 

mafic terranes, is relatively fast compared to the thick crust of the arc region. The relatively 

small aperture of the station distribution in Ecuador limits the ability to accurately resolve the 

longer periods, however, this data adds to the ambient noise data and is useful for constraining 

the absolute velocities in the lowermost crust of the arc and the uppermost mantle. 

Introduction 

Ecuador is a complex tectonic environment with a history of accretionary events, ongoing 

subduction, and active volcanism. The crustal structure of the forearc and arc regions have been 

studied using ambient noise tomography and a joint inversion of ambient noise dispersion data 

with receiver functions (Lynner et al., 2020; Koch et al., 2020; Koch et al., in review). However, 

the structure at depths below ~50 km is comparatively poorly resolved. Dispersion data from 
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earthquake-generated surface waves can reach longer periods and thus resolve deeper depths 

than ambient noise data. In this study, we calculated surface wave dispersion data using the 

Automated Surface Wave Phase Velocity Measuring System (ASWMS; Jin and Gaherty, 2015) 

using the available data in Ecuador (Figure 1).  

The propagation of surface waves has long been used to study the properties of Earth’s 

upper crust and mantle (Dorrnan et al., 1960, Woodhouse & Dziewonski 1984, Van Der Lee and 

Frederiksen, 2005; Forsyth and Li, 2005). Several methods have been utilized that take 

advantage of the dispersive property of surface waves. This property results from different 

frequencies being sensitive to different depths, and thus, different velocities. Peak sensitivity of 

different frequencies is ~1/3 of the wavelength, so longer periods are sensitive to deeper depths 

(Yang et al., 2007). This method has developed from the conventional two-station method that 

uses great circle paths between many station pairs (Woodhouse & Dziewonski 1984) to more 

complex methods, such as two-plane wave tomography that better account for complicated 

effects such as multipathing and focusing/defocusing (Forsyth and Li, 2005). Well still a 

powerful technique, the two-plane method can be strongly dependent on the starting velocity 

model, and thus, difficult to implement in areas that lack good apriori information. The ASWMS 

method we utilize here does not require a starting model and instead utilizes array processing 

techniques to characterize the wave field. While the seismic station distribution in Ecuador is not 

optimal for this technique, it offers the opportunity to test the feasibility of this method with a 

non-ideal seismic array.  

Automated Surface Wave Phase Velocity Measuring System  
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To calculate the phase velocities, we utilize the Automated Surface Wave Phase Velocity 

Measuring System (ASWMS) developed by Jin and Gaherty (2015). ASWMS utilizes a cross-

correlation of waveforms between every combination of nearby stations to solve for phase 

delays. Using all stations helps avoids biases due to propagation effects makes no assumptions 

about the direction of propagation. These cross-correlations are performed for every event for a 

range of periods that have been filtered with a narrow bandpass. For each period used, we obtain 

a set of phase delays across our network. From this dataset of phase delays, the apparent phase 

velocity can be estimated via tomographic inversion of the Eikonal equation which solves for the 

orthogonal components of slowness across the array. The apparent phase velocities are close to 

the structural phase velocities but are distorted by effects such as multipathing, backscattering, 

and focusing of the wavefront (Lin et al. 2009). To adjust for this, amplitude measurements are 

included in the inversion using an approximation of the Helmholtz equation. 

Application to Ecuador Seismic Data 

Data we use in this study comes from the Ecuadorian National Network (Alvarado et al., 

2018), which includes permanent stations in the forearc and arc region, as well stations from a 

year-long temporary deployment following the 2016 Pedernales earthquake (Figure 1; Meltzer et 

al., 2019). Additionally, one station from the GSN Network and one from the Columbian 

National network were incorporated (Albuquerque Seismological Laboratory (ASL)/USGS, 

1988; Servicio Geologico Colombiano, 1993). For each station used, data were obtained for 

teleseismic earthquakes with magnitude ≥ 5.9 and epicentral distances between 25° and 125° 

(Figure 2). Each earthquake is checked to ensure that there are no interfering surface waves from 

earthquakes occurring at similar times. The back azimuth coverage is reasonably well 
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distributed, with a smaller preference towards the southwest (dominated by events coming from 

the Tonga subduction zone; Figure 3). Before utilizing the ASWMS we remove the station 

responses to flatten the frequency response and convert records to displacement. This process 

also filters the data using a bandpass with corner frequencies of 5 and 170 seconds. Figure 4 

shows an example of a record section for a magnitude 7.8 across the array where the surface 

waves and dispersive property are visible. The data is then checked for a high signal to noise 

ratio to ensure strong surface wave arrivals. During the cross-correlation of two stations, the 

coherence is checked and any value below 0.5 is rejected. During the Eikonal tomography, 

misfits between the observed and predicted data greater than 2 seconds are rejected. The 

Helmholtz tomography step includes a final quality control. Here, if the maximum amplitude is 

greater than twice the value of the median amplitude for that event or less than half the value of 

the median amplitude, the measurement is rejected. The values used for quality control here are 

consistent with those recommended by Jin and Gaherty (2015). In general, the correction applied 

in the Helmholtz phase velocities very smaller at lower periods (<32 seconds) at higher periods 

the correction is larger with the average difference being ~0.05. After quality control 177 

earthquakes were used in this study. 

Results 

Phase Velocity Maps  

In Figures 5 and 6 we present the apparent and structural phase velocity results for 

Ecuador. In general, the results show the best coverage at periods between 25-50 seconds. At 

periods 50s and lower, both the apparent and structural phase velocities show faster velocities in 

the forearc and slower velocities in the arc. The longer periods (60 to 100 seconds) are 
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constrained to the arc where data availability covers a longer duration and enables a larger 

number of observations. However, the north-south orientation of the stations in the arc results in 

a low number of crossing ray paths leading to higher uncertainties in the arc (Figure 7 and 8). In 

the arc, at longer periods, there is a more pronounced difference between the two sets of phase 

velocities. The apparent phase velocities show decreasing velocity from west to east at 60 

seconds and transitions to a north-south increasing velocity at 100s. Whereas the structural phase 

velocities increasing phase velocities from north to south at all periods ≥60 seconds. Given the 

larger uncertainties at these periods, it is difficult to say if these changes are meaningful. 

Comparison with Ambient Noise Dispersion Data 

Cross correlations of ambient noise across an array of seismic stations can also be used to 

calculate phase velocities. Phase velocities from ambient noise are highly complementary with 

those from earthquake-generated surface waves and are often used in conjunction (Delph et al., 

2017; Ward et al., 2016). Where the largest teleseismic earthquakes contain periods between ~25 

– 250 seconds, ambient noise contains periods between 2 – 80 seconds (Kästle, et al., 2016) with 

periods of 8-50 s most common. Although the recovery of longer periods in each type of surface 

wave is often limited due to array aperture and low signal to noise at those periods. The higher 

frequency range of ambient noise is useful for resolving shallower structure and the overlapping 

frequencies can supplement either technique.  

Using the same stations used in this study, Lynner et al. (2020) calculated phase 

velocities between 8 – 40 seconds from ambient noise for Ecuador, with lower frequencies 

(~40s) having too low of a signal-to-noise ratio to useful. Figures 9 and 10 show the results of 

comparing phase velocities of this study with those from Lynner et al., (2020) for the 25 and 40 
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second periods. At 25 seconds, the center of the array and the eastern edge appear faster in the 

ambient noise. While the western edge appears slower. Overall, the magnitude of the average 

difference is ~0.07 km/s suggesting a reasonable match between the two datasets. This holds for 

both apparent and structural phase velocities due to the Helmholtz correction being small at 

shorter periods (Figure 9C). At 40 seconds, the AN shows a similar overall pattern but 

comparatively muted effects. The relatively fast forearc is faster in both phase velocities from 

this study, and the slows of the arc are slower. The average magnitude of the differences is ~0.08 

km/s for the Eikonal phase velocities and ~0.12 km/s for the Helmholtz. The worse match at 40 

seconds may be related to a low number of ray paths making it through the AN quality control at 

this period (Lynner et al., 2020). Looking at dispersion curves (Figure 11) at several points in the 

model shows that the 40 second AN data is markedly off-trend compared to the previous data, 

where the surface wave dispersion data shows a more general increase in velocity with 

increasing period. 

Discussion 

Phase velocities are difficult to interpret as the broad sensitivity kernels of surface waves 

are influenced by the velocities from a range of depths. However, we can make general 

interpretations based on phase velocities. The faster velocities observed in the forearc region are 

likely associated with a thinner crust. As the crust thickens towards the high elevations of the 

Andes, the phase velocities slow. Furthermore, the accreted mafic terranes of the forearc and 

Western Cordillera (Jaillard et al., 2009; Vallejo et al., 2019) would also contribute to a faster 

forearc, even at the highest periods. The 50 second period data corresponds to peak sensitivity of 
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~70 km. Estimates of crustal thickness beneath the arc range from ~50 km to 65 km at the 

thickest point (Koch et al., in review).  

The ASWMS method has some limitations for this data set. In particular, we were not 

able to get reliable phase velocities at periods >50s, unlike some earthquake-generated surface 

wave studies that have been able to reliably measure phase velocities to ~80-100s. This may be 

in part due to our uneven station spacing and array geometry (600 km by ~300 km) with few 

stations in the southern part of Ecuador.  

Conclusion 

In this study, we apply the Automated Surface Wave Phase Velocity Measuring System 

to seismic data in Ecuador. Our results suggest that there is good coverage available at periods 

between 25-50 seconds. This data is useful as a supplement to Ambient noise dispersion data, in 

which high-quality data is limited to periods <35 seconds. Combining these two techniques 

extends the dispersion data in Ecuador to 50 seconds, providing constraints on absolute velocities 

of the upper ~70 km. Given that current models already resolve the upper ~40-50 km (Lynner et 

al., 2020), these results are limited on their own. However, other techniques can combine 

dispersion data with other datasets, such as gravity and receiver functions, in which case the 

longer periods will be critical for constraining the upper mantle velocities. To extend these 

results to longer periods and deeper depths a larger aperture of stations is likely needed. 
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Figures 

 

Figure 1: Topographic map showing the major tectonic features, seismic stations (inverted 

triangles) and Holocene volcanic centers (red triangles) within our study area. Inset map in upper 

left corner shows the location of the map. Tectonic provinces are labeled or colored in red 

(Western Cordillera), yellow (Inter-Andean Valley), green (Eastern Cordillera), and blue 
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(Subandean Zone). Dark blue lines indicate the Calacali Puijili Fault Zone (CPFZ) and the 

Peltetec Fault (PF).  
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Figure 2. Map showing global distribution of teleseismic events (yellow triangles) used in this 

study. The green square is the location of the map in Figure 1. 
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Figure 3. Histogram of the back azimuthal distribution of events after quality control used in this 

study. 
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Figure 4. Record section using stations in this study of the November 13, 2016 magnitude 7.8 

earthquake that ruptured offshore New Zealand. The data is filtered using a Bandpass 

Butterworth filter with corner frequencies between 5 and 170 seconds. 
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Figure 5. Apparent phase velocities (in km/s) resulting from Eikonal tomography at each period 

analyzed in this study. Note phase velocity scale is slightly different for each period. 
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Figure 6. Structural phase velocities resulting from Helmholtz tomography at each period 

analyzed in this study. Note phase velocity scale is slightly different for each period. 
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Figure 7. Standard deviations of the apparent phase velocities at each period analyzed in this 

study. 
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Figure 8. Standard deviations of the apparent phase velocities at each period analyzed in this 

study. 
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Figure 9. (A) Apparent phase velocity at 25s from the Eikonal inversion. (B) Helmholtz phase 

velocity at 25s. (C) Difference between apparent (Eikonal) and structural (Helmholtz) phase 

velocities at 25 s. (D) Difference between ambient noise (AN) and apparent phase velocities at 

25s. (E) Difference between ambient noise (AN) and structural phase velocities at 25s. (F) 

Ambient noise phase velocities at 25s from Lynner et al. (2020). 
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Figure 10. Similar to Figure 9 but at 40s. (A) Apparent phase velocity at 40s from the Eikonal 

inversion. (B) Helmholtz phase velocity at 40s. (C) Difference between apparent (Eikonal) and 

structural (Helmholtz) phase velocities at 40s. (D) Difference between ambient noise (AN) and 

apparent phase velocities at 40s. (E) Difference between ambient noise (AN) and structural phase 

velocities at 40s. (F) Ambient noise phase velocities at 40s from Lynner et al. (2020). 
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Figure 11. Dispersion curves for four grid points located throughout the model. Standard 

deviations are shown for earthquake-generated surface waves. Ambient noise (AN) dispersion 

data from Lynner et al. (2020). Intersecting red lines in each inset map shows the location of the 

grid point. 
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Abstract 

An outline of a Bayesian source location framework for using seismic and acoustic observations 

is developed and tested on synthetic and real data. Seismic and acoustic phenomena are both 

commonly used in detection and location of a variety of natural or man-made events such as 

volcanic eruptions, quarry blasts, and military exercises. Typically, seismic and acoustic 

observations have been utilized independently of each other. Here, we outline a Bayesian 

formulation for combining the two observations in a single estimate of the location and origin 

time. Using realistic estimates of uncertainty, we subsequently explore how combining the 

different observation types can benefit event location at local to near-regional distances. We 

apply the method to synthetic data, and to real observations from a mining blast in Bingham 

Mine in Utah. Our findings suggest that, for relatively sparse or azimuthally limited 

observations, the relative strengths of the two different phenomenologies enable more precise 

joint event localization than is possible using either seismic or infrasonic measurements alone. 
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Introduction 

Seismic and infrasound signals are produced by a wide variety of sources including 

shallow earthquakes (e.g., Arrowsmith et al., 2012), above and below-ground explosions (e.g., 

Kim and Rodgers, 2016; Jones et al. 2015), volcanic eruptions (e.g., Lees et al., 2008), and other 

natural and anthropogenic phenomena. While different Bayesian location techniques have been 

developed for either seismic or infrasound data (e.g., Myers et al, 2007; Modrak et al, 2010; 

Marcillo et al., 2014; Blom et al., 2015), there is no published work that explores how to bring 

the two phenomena together for combined event location. A key advantage of combining seismic 

and infrasound data for location is that they excel at exploiting different types of measurement. 

Seismic arrival times can be accurately measured and modeled; most seismic location techniques 

are based on arrival times (e.g., Myers et al., 2007). Conversely, beyond very local distances (< 

10 km), infrasound arrival times typically provide relatively poor constraints on event location. 

The slow propagation speeds and emergent onsets can contribute to significant uncertainties on 

event location and time (e.g., Modrak et al., 2010). However, infrasound backazimuths can be 

measured and modeled with much greater accuracy than for seismic data (Negraru and Golden, 

2017; Szuberla and Olson, 2004; Szuberla et al., 2009). Thus, this study explores combining 

seismic arrival times with infrasound backazimuths because this provides the most immediate 

benefit for joint location. 

For many applications in geophysics, event location can be as simple as calculating the 

location and time that best fits a set of observations. However, for explosion monitoring, 

estimating a suitable N-dimensional surface that encloses the hyper-volume of probable locations 

and times for a given event is critical. To properly estimate this surface with a limited number of 
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observations, one must typically assume that measurement and model uncertainties are known a 

priori. If reasonable values are used, the surface should enclose the true event parameters 

(location and time) most of the time. More rigorously, this can be expressed as a percentage, 

where a 95% surface should enclose the set of possible event locations and times 95% of the 

time. In this paper, we assume a surface source and explore how combining seismic and 

infrasound observations affects the area of the resultant 95% confidence location by exploring a 

range of suitable a priori estimates of uncertainty on both types of observation. 

Method 

The Bayesian framework presented in this paper builds on work by Myers et al. (2007), 

Modrak et al. (2010), Marcillo et al. (2014), and Blom et al. (2015). We follow a similar 

approach to the papers by Modrak et al. (2010), Marcillo et al. (2014), and Blom et al. (2015), 

replacing the highly uncertain celerity information in the infrasound signals with more accurate 

and robust seismic arrival time information. The goal is to compute the location and origin time, 

with corresponding uncertainty, of an event that has generated seismic and infrasound signals. A 

station might comprise a single or three-component seismometer, a single channel infrasound 

station, an infrasound array, or a co-located seismic and infrasound station or array. We define 

two types of observation: N arrival times, 𝑡, which may be measured from any sensor type, and 

M backazimuths, 𝑏, which could be measured from an array of sensors, or from a three-

component seismic sensor: 

𝑡𝑖  = [𝑡1, 𝑡2, … , 𝑡𝑁] and 𝑏𝑖 = [𝑏1, 𝑏2, … , 𝑏𝑀]. 
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To estimate event location and time, a grid of event hypotheses containing latitude, 

longitude, depth, and origin time (ϕj, λj, 𝒟j, 𝜏𝑗) is constructed. The true source hypocenter, Χ =

(ϕT, λT, 𝒟T), as well as the true origin time are assumed to be contained within this grid. For 

each event hypothesis (𝑗) the predicted observations are forward modeled. We define two types 

of residual. The first residual is for the difference between an observed and predicted arrival 

time: 𝛿𝑖𝑗 = (𝑡𝑖 − 𝑡𝑖𝑗
𝑝

). The second residual is for the difference between an observed and 

predicted backazimuth: 𝛾𝑖𝑗 = (𝑏𝑖 − 𝑏𝑖𝑗
𝑝

). To simplify the notation, 𝑖 is used to denote the 

observation index for both 𝑡 and 𝑏, but there can be different numbers of measurements of each 

type. The individual likelihood of each event hypothesis for an individual observation is 

calculated from the residuals as follows (Eqs 1 for arrival times and 2 for backazimuths): 

 
Φ(𝑡𝑖|Χ𝑗 , 𝜏𝑗) = exp (−

1

2

𝛿𝑖𝑗
2

𝜎𝑡𝑖𝑗

2 ) 
 

(1) 

 
ψ(𝑏𝑖|ϕ𝑗 , 𝜆𝑗) = exp (−

1

2

𝛾𝑖𝑗
2

𝜎𝑏𝑖𝑗

2 ) 
 

(2) 

Note that in Eq 2, the backazimuth has no dependence on origin time or depth. In Eqs 1 and 2 the 

𝜎𝑡𝑖𝑗

  and 𝜎𝑏𝑖𝑗

  terms represent the total uncertainties given (a) the uncertainty in the forward model 

relating an event hypothesis 𝑗 to an observation 𝑖, and (b) the uncertainty in the observation 𝑖. 

We refer to these two uncertainties as the model and measurement uncertainties. These equations 

assume that the distribution of both arrival time and backazimuth residuals follow Gaussian 

distributions with zero mean. As described below, the combined likelihood function is 



202 

 

 

normalized in estimating the posterior distribution. While we assume Gaussian distributions, 

these equations can be recast for any desired distribution. To illustrate the physical constraints 

provided by Eqs 1 and 2, Figure 1 (a) and (b) shows the values of these equations for a single 

pair of synthetic time and backazimuth data as a function of latitude and longitude, where the 

origin time is known, and depth is assumed to be zero. For a given origin time, Φ defines an 

annulus around a station in space, with width defined by 𝜎𝑡. In comparison, ψ defines an 

azimuthal wedge whose width is defined by 𝜎𝑏 (and is independent of origin time). 

The individual likelihoods for each phenomenon are then combined into their respective 

likelihood functions using Eqs. 3 and 4. These equations assume that each observation is 

independent, which is usually a good assumption but can be problematic when there are stations 

very close to each other (e.g., Bondar and McLaughlin, 2009). This effect is beyond the scope of 

the current study. 

 

p(𝐭|Χ𝑗 , 𝜏𝑗) = ∏ Φ(𝑡𝑖|Χ𝑗 , 𝜏𝑗)

𝑁

𝑖=1

 

 

(3) 

 

p(𝐛|ϕ𝑗 , 𝜆𝑗) = ∏ ψ(𝑏𝑖|ϕ𝑗 , 𝜆𝑗)

𝑀

𝑖=1

 

 

(4) 

Figure 1 (c) and (d) show the results of Equations 3 and 4 as a function of latitude and longitude, 

where the origin time is known. Due to the presence of four independent measurements, in both 

cases, the likelihood function collapses to a small area around the event location. 
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Assuming that the two types of observation are statistically independent, we can combine 

the two phenomena into a single joint likelihood function using the following equation: 

 p(𝐭, 𝐛|Χ𝑗 , 𝜏𝑗) = p(𝐭|Χ𝑗 , 𝜏𝑗)p(𝐛|ϕ𝑗 , 𝜆𝑗) (5) 

which is shown graphically in Figure 1 (e). The resultant likelihood function covers an even 

smaller region after combining both constraints (refer to (c) and (d) for comparison). 

Next, we appeal to Bayes' theorem, which states that: 

 𝑝(𝑚|𝑑) ∝ 𝑝(𝑑|𝑚)𝑝(𝑚) (6) 

where 𝑝(m|d) is the posterior probability of a model (m) given observed data (d), 𝑝(𝑑|𝑚) is the 

likelihood of the data given a hypothesis (p(𝐭, 𝐛|Χ𝑗 , 𝜏𝑗) in eq 5) and p(m) is the prior probability 

of the model. The proportionality implies a normalizing constant that ensures the posterior 

integrates to one over all model parameters. For our problem, we can represent this as follows: 

 

 

p(Χ𝑗 , 𝜏𝑗|𝐭, 𝐛) =
∏ Φ(𝑡𝑖|Χ𝑗 , 𝜏𝑗) ∏ ψ(𝑏𝑖|ϕ𝑗 , 𝜆𝑗)𝑀

𝑖=1  𝑝(𝑁
𝑖=1 Χ𝑗 , 𝜏𝑗)

∭ ∫ ∏ Φ(𝑡𝑖|Χ𝑗 , 𝜏𝑗) ∏ ψ(𝑏𝑖|ϕ𝑗 , 𝜆𝑗)𝑀
𝑖=1 𝑝(𝑁

𝑖=1 Χ𝑗 , 𝜏𝑗) 𝑑ϕ 𝑑𝜆 𝑑𝒟 𝑑𝜏
 

 

(7) 

In this paper, we use noninformative priors by setting 𝑝(X𝑗 , 𝜏𝑗) to unity over all model 

parameters. In principle, prior information on location or origin time could be incorporated here. 

 

To produce a map showing the probability as a function of the epicenter location, we can 

calculate the 'marginal distribution' of Equation 7 as follows: 
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p(ϕ𝑗 , 𝜆𝑗|𝒕, 𝒃) = ∬ p(Χ𝑗 , 𝜏𝑗|𝐭, 𝐛)𝑑𝜏𝑑𝒟 

(8) 

Such maps differ from the plots shown in Figure 1, which are evaluated assuming origin 

time is known, because they integrate over all possible origin times. Credibility contours are 

obtained directly from Equation 8, since the total volume enclosed by p(ϕ𝑗 , 𝜆𝑗|𝒕, 𝒃) is unity. 

Contours are obtained from a grid search over trial values of the marginal distribution to find the 

value that most closely encloses a volume equal to the credibility value chosen (e.g., 0.95 

produces a contour that is equivalent to a 95% error ellipse, except that it need not necessarily be 

elliptical). 

Forward Model 

The residual terms in Equations 1 and 2 require forward models that relate an event 

hypothesis to a specific station location. For routine seismic location, most agencies use a single 

1D model, or series of 1D models where a single model is inadequate (Pankow, 2016). In this 

study, we use the AK135 Earth model (Kennett et al., 1995). Model uncertainty of AK135 as a 

function of distance is taken from Ballard et al. (2016). However, the results must therefore be 

interpreted in terms of the application of seismic and infrasound monitoring to an uncalibrated 

region, where the appropriateness of the AK135 model is not known. To compute travel times of 

Pg out to 200 km, we use the Tau-P algorithm (Buland and Chapman, 1983) to compute a look-

up table of travel times that are used in the calculation of each residual. For infrasound 

backazimuths, we use a simple cartographic calculation of the backazimuth corresponding to the 

great-circle path from an event hypothesis to a receiver as the forward model.  

Uncertainties 
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In equations 1 and 2 the sigma term incorporates the combined model and observational 

uncertainties, which can be defined as: 

 
𝜎𝑡 =  √𝜎𝑡𝑜

2 + 𝜎𝑡𝑚
2  

(9) 

 
𝜎𝑏 =  √𝜎𝑏𝑜

2 + 𝜎𝑏𝑚
2  

(10) 

In equations 9 and 10, 𝜎𝑡/𝑏𝑜 and 𝜎𝑡/𝑏𝑚 represent observation and model uncertainties 

respectively. In principle, these uncertainties could be estimated in the Bayesian framework 

described above by adding them to the set of model parameters, leading to an a posteriori 

estimate of uncertainty. However, for a single event that may be detected by a limited set of 

observations, an a posteriori estimate of uncertainty can significantly underestimate model 

uncertainty due to bias. Therefore, we assume the uncertainties are known a priori. A 1-D distant 

dependent uncertainty model for AK135, utilized in Ballard et al. (2016), is used to estimate 

seismic travel time model uncertainties. The model uncertainties result from taking ground-truth 

event arrival time observations and comparing them with arrival time predictions using AK135. 

Ground-truth in this context refers to events where either the true location and origin time is 

known (absolute ground-truth), or the approximate location and time are known (e.g., a mining 

blast where the mine location is known, but not the exact location of the blast). The observational 

uncertainties come from a crude estimate of the signal-to-noise ratio associated with the seismic 

analyst picks, and are consistently ~0.5 s for this dataset. In general, estimates of the standard 

deviation of measurement uncertainty span the range from 0.1 to 1 s, covering high and low-

quality picks (Le Bras and Wuster, 2002). Thus, we explore this full range of values in this study 
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in order to put approximate bounds on the location precision achievable with seismic data. We 

note that expanding our framework to include multiple events could be used to reduce the bias in 

regional seismic travel times uncertainties (Myers et al., 2007; Gibbons and Ringdal, 2010; 

Myers et al., 2015).  

It is not uncommon to observe seismic backazimuth residuals as large as 30 degrees 

(Bondar et al., 1999). Seismic backazimuths are complex to predict, because they are sensitive to 

near-receiver Earth structure (e.g., Tibuleac and Herrin, 1997). While techniques for developing 

empirical station corrections can help significantly (e.g., Bondar et al., 1999), they require prior 

observations from a given source area. In contrast, infrasound backazimuth residuals are 

typically much smaller, with most studies of ground-truth events suggesting standard deviations 

of ~3-5 degrees are suitable (e.g., Negraru and Golden, 2017; Mutschlecner and Whitaker, 2005), 

although a bias is expected for specific source-receiver paths at specific times of year, if 

azimuthal deviation is not accounted for. The 𝜎𝑏 term includes both measurement and model 

uncertainty as there has been no comprehensive attempt at separating these terms for infrasound 

observations. 

Dataset 

To explore the benefit of combining seismic and infrasound data, we apply the method 

described above to two datasets. We first apply the technique to synthetic data in order to obtain 

a qualitative understanding of how the addition of small-aperture infrasound arrays to seismic 

stations might assist in local to near-regional event location, focusing on the scenario where one 

has access to a limited number of sensor sites. Synthetic Pg arrival times and infrasound 

backazimuths are computed at different distances and azimuths from a hypothetical source 
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located at Bingham Canyon copper mine in Utah. We next apply the technique to a dataset of 

real observed signals from the Bingham Canyon mine (Figure 2). An extensive seismic network 

is operated in the region by the University of Utah Seismograph Stations (UUSS) (Figure 2). In 

addition, four ~100 m aperture infrasound arrays were also operated by UUSS at the time of the 

event studied (Figure 2). This study focuses on an event on 01/06/2011, for which an 

experienced seismic analyst picked the onset times of local and regional seismic phases (Linville 

et al., 2018) for forty stations in the UU network and we measured the backazimuths of 

infrasound signals observed at all four arrays using FK processing (Rost and Thomas, 2002). 

While we lack ground-truth for this event, it was confirmed as a Bingham mine event (40.523 

N, 112.151 W, 1475 m). All subsequent location solutions for the real dataset are referenced 

relative to the location of the pit, which is denoted as a polygon on associated maps. 

This study utilizes only the crustal Pg arrival times measured inside the Pg/Pn crossover 

distance (Figure 3), which is just over 200 km for this region. Local distance Pg arrival times are 

relatively straightforward to pick, and can be modeled using geometric methods because they do 

not require consideration of interfaces. For this reason, UUSS only use first arrivals inside 200 

km for routine earthquake location (Pankow, 2016). The infrasound phases are identified by 

searching for signals on infrasound arrays that are coherent and arrive with group velocities 

consistent with either tropospheric or stratospheric arrivals (Ceplecha et al., 1998). Infrasound 

backazimuths are measured using sliding-window FK processing on data filtered from 0.5 – 4 Hz 

(Rost and Thomas, 2002) with a window length of 15 s. In each window, we search for the 

direction-of-arrival (DOA) associated with the maximum semblance. Signals are identified 

where the semblance exceeds a p-value threshold of 0.01 (Arrowsmith, 2018). For each signal, 
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the backazimuth associated with the peak semblance over the full duration of the signal is used 

as the measured backazimuth. An example of a signal, which was observed at a distance of 130 

km from the mine, is shown in Figure 4. 

Results 

In Figure 5, we highlight two example synthetic scenarios where there are four sensor 

sites at distances of 50 km, 100 km, 150 km, and 200 km but with different azimuthal 

distributions. In the first scenario, the sensor sites are equally spaced in azimuth; in the second 

scenario, the sensor sites are all located to the east of the source. For each scenario, we compute 

results assuming (1) that all stations are seismic stations only (i.e., only Pg arrival times are 

measured), and (2) that two of the sites have co-located infrasound arrays (i.e., infrasound 

backazimuths are also measured at two sites). For all location solutions, we assume a combined 

measurement + model uncertainty standard deviation of 1 s for Pg arrivals, and 5 for infrasound 

backazimuths. The results clearly indicate how the addition of infrasound constraints can 

improve event location. While all maximum likelihood solutions are correct (no noise was 

added, and the forward model is known precisely), the location precision is significantly 

improved when adding two infrasound arrays. For Scenario 1 (optimal azimuthal distribution), 

the area of the 95% confidence region is 709 km2 for seismic data and 336 km2 after including 

infrasound constraints (~ 50% reduction in area). For Scenario 2 (azimuthal gap of 220), the 

area of the 95% confidence region is 1922 km2 for seismic data and 485 km2 after including 

infrasound constraints (~ 75 % reduction in area). 
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For the application to real data, we compare locations obtained using only seismic data 

and only infrasound data, with locations obtained that combine the two data types (Figure 6). 

The set of results shown in Figure 6 utilize our best estimates of measurement error (0.5 s for 

seismic, 5 degrees for infrasound), and the additional model error for the AK135 model. The 

results highlight several interesting features. First, all 95% credibility contours enclose the pit 

location. Next, the seismic location with all observations are improved (i.e., the precision is 

improved) by incorporating the infrasound backazimuths. In particular, a slight bias in the 

seismic location to the west (likely caused by the uneven station distribution, with stations being 

to the east, see Bondar and McLaughlin, 2009) is removed after adding infrasound constraints, 

with the 95% credibility contour for the combined location essentially following the edge of the 

pit. To explore the effect of different seismic measurement uncertainties on the location 

precision, we have computed seismic locations using the largest and smallest uncertainties 

commonly used (Figure 7). In both cases, the precision is still worse than the precision obtained 

after incorporating the infrasound constraints. 

Discussion and Conclusions 

By developing a framework for combining seismic and infrasound data for location, this 

study has explored the potential benefit of joint event location at local to near-regional distances. 

An analysis of the relative strengths of each phenomenology suggests that utilizing seismic 

arrival times and infrasound backazimuths provides complementary information for event 

location. Because of the relative errors in the different types of observation, and their 

complementary nature, we first demonstrate that the addition of only two infrasound arrays to a 

network of four seismic stations can dramatically improve the location precision, especially 
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when there is a poor azimuthal distribution. Next, by applying the technique to real data, we 

show that only four infrasound observations can significantly improve the precision of an event 

recorded by 40 seismic stations. While the concept of joint seismic and infrasound location is not 

new, there is no published study that documents a methodology to combine the two data types, or 

the advantages. It is important to emphasize that incorporating backazimuths into existing 

iterative linear least squares methods (e.g., Bratt and Bache, 1988) do not properly account for 

the non-ellipsoidal shape of the probability density function (see Figures 5 and 6). 

Further work is needed to extend this short study in a number of ways. An important 

factor influencing the results presented in this paper are the a priori estimates of uncertainty in 

both measurement and model error for seismic and infrasound observations. We have tried to use 

realistic estimates of uncertainty, which are based on a very limited numbers of studies that 

attempt to quantify this. Further work is needed to more systematically explore the model 

uncertainty associated with both seismic and infrasound observations at local to near-regional 

distances. There is a need for improved estimates of model uncertainty for global models (e.g., 

AK135 and G2S), since these are often used for operational monitoring. However, there is also a 

need for the assessment of how joint seismoacoustic location can improve the precision for well-

calibrated regions, where one has access to 3D Earth models. In these scenarios, the model 

uncertainty for seismic observations should be much smaller, but it may not be possible to 

improve the infrasound model uncertainty significantly. For these future studies, sources like 

Bingham Canyon are ideal because they are repeating and could allow us to explore effects of 

the number of infrasound observations, the season, on the results. Such an analysis is beyond the 
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scope of the present study and is left for future research. Our hope is that this study motivates the 

need for further research in this area. 

Data and Resources  

Seismic and infrasound data utilized in this study can be obtained from the IRIS Data 

Management Center at www.iris.edu (last accessed August 2018). 

All other data used in this paper came from published sources listed in the references. 
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Figure 1: An illustration of the likelihood functions defined by Equations (1) - (5) as applied to a 

simple synthetic event (location shown by the white star) detected at four sites (yellow triangles) 

where the origin time is assumed known (likelihood functions are plotted at the known origin 

time). Panels (a) and (b) show the functions described by Equations (1) and (2) respectively, for 

a pair of arrival time and backazimuth measurements at a single location. Panels (c) and (d) show 

the functions described by Equations (3) and (4) respectively, which utilize all four stations in 

each case. Finally, panel (e) shows the function described by Equation (5), which combines both 

arrival time and backazimuth constraints. 
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Figure 2: Topographic map showing the location of Bingham mine (red square), seismic stations 

(yellow triangles), and infrasound arrays (magenta triangles) used in this study. 
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Figure 3: Record section showing seismic waveform data counts from the Bingham Canyon 

mine blast on 01/06/2011 filtered with a fourth order bandpass Butterworth filter between 0.4 

and 5 Hz, with analyst picks of the Pg onset time shown in red. 

 



221 

 

 

 

Figure 4: Processing results for array HWU (Figure 2) showing semblance as a function of time 

and frequency (a), backazimuth as a function of time and frequency calculated only when 

semblance is above a threshold of 0.5 (b), and normalized signal filtered from 0.5 – 4 Hz (c). 
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Figure 5: A synthetic comparison between the location precision with seismic only (a, c) stations 

(yellow triangles) and seismoacoustic stations (b, d) (magenta triangles) with optimal azimuthal 

coverage (a, b) (top panel) and poor azimuthal coverage (c, d) (bottom panel). The color scale 

denotes the marginal posterior distribution over location and the black line denotes the 95% 

credibility contour. The white star denotes the synthetic source location, which corresponds to 

the location of Bingham copper mine, Utah. In both scenarios, the addition of infrasound 

backazimuths significantly reduces the area enclose by the 95% contour. 
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Figure 6: Locations for the seismic (a), infrasound (b), and the combined results (c). Green 

outline shows the location of the Bingham mine open pit. Backazimuths of infrasound signals are 

shown by solid black lines. 
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Figure 7: Seismic-only location solutions obtained using 1 second uncertainties (a) and 0.1 

second uncertainties (b).  


