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ABSTRACT

Seismologists use the seismiavefieldt o I mage t he Earthoés struc

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

waves can also be located athstinguished usig the seismic wavefieldn this dissertation, |

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 marle beneath the Ecuadorian orogenic system (Appendige&s h the final section, |

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, t®mplex tectonic region spanning several
tectonic provinces. Offshore, the Nazca plate sulsthasteath the South American plate
creatng major stresses that build up and result in megathrust earthquakes along the boundary
between the two plates. Follavg 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 Geofisico at the Escuela Politécnica Naciam&cuador 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 tectorilus fofrearc region and the
relationship with the megathrust behavibneresults indicate that tr@omplex accretionary
history of Ecuador resulted in a forearc that exhibits significant variations in the seismic
velocities along the strike of the trendrhese variations appear to align with the style and
behavior of theseismicity in the region, suggestitigatthe structure of the upper plate may play
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an important role in controlling megathrust behavior. Appendix B shifts the focus towards the
Andean egion and the active volcanic arc. The Ecuadorian Andes contain a(bid@dkm

wide), active, arc that extends from the Western Cordillera into the Subandean zone. Here, a map
of crustal thickness beneath the Ecuadorian Amslpeesentedvhich shows that it islargely in

isostatic equilibrium at the Moh@bserved lowvelocity regionsarebeneathseveral active
volcanoesre interpretedsregions of longgermmagmastorage, consistent with crystalish

zZones.

To connect the arc and foreaearthquakegeneratd surface waveandthe Automated
Surface Wave Phase Velocity Measuring Sysaeenusedo measure phase velocities in
Ecuador. Appendix C reports on the results of this method. Periods betwB@rs@&onds show
good coverage across the array andge a faster forearc region and a slower arc region, likely
reflectinga thicker crust in the arcregion At peri ods O 60 seconds coOV
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 beneatkcuador. 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 focushiftsfrom lithospheric structure to explore the event
location problem. Here, we combine seis and infrasound observations for locating a
seismoacoustic everi. Bayesian frameworls developedo better estimate the uncertainty
associated with the location. This new method igtest data from a surface explosion from
the Bingham mine in Utaand shows that combining the two phenomena can improve the

location beyond what either method can obtadividually.
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INTRODUCTION

The field of seismology has a broad range of applications, from studying the source
properties that generate seismic slgrfaearthquakes, eruptions, explosions, etc.) to using those
waves to study the seismic structure of the Earth at a wide variety of scales. In this dissertation, |
use seismic data together with geologic and geophysical dadiatess variety of geophysal
problems. In the firsthreec ha pt er s, |l use seismic data to ex:
structure and relate this to tectonic processes associated with subduction along the Ecuador coast
(Figure 1A). The first of these studies explore tHati@nship between the forearc structure of
Ecuador and the megathrust earthquake behavior in the region. In the second, | examine the
crustal structure beneath the Ecuadorian Andes and the active volcanic arc. To tie together the
forearc and the arc struece, earthquakegenerated surface tomographysedn thethird
chapter to explore largescale variations. In these first three chapters, earthqaakeseds
sources for seismic imaging. In the final appentfigsource location problems explorel by
developing a Bayesian approach to combine seismic and infrasound wavel iddsew
methodis appliedto a dataset in Utah (Figure 1Bhis introduction presents awerview 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 issinkingbeneath another. The largest and deadliest earthquakes oftealoogur
megathrust faults at subductinane boundaries where the two plades juxtaposedSimilarly,
large volcanic eruptions occur above subduction gamere water releaseddm the down
going plate lowers the melting temperature of mantle wealgjesabove 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 ofamidtal magma reservoirs are not fully

understood.

Megathrust faults along plat@bndaries at subduction zones tire locus othe highest
magnitude earthquakes 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; Plestiayes
2020). On the subducting plate side, many factors have been considered in having an impact on
the extent and distribution of slgssociated witlan earthquake. Sométhese 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 suittbn 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
channelkan alsalecreasériction propertief 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 conguoaitd 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 haatt@suied in part tgsubduction
erosion which impliesa stromg coupling between the upper and lower plates (Wells et al., 2003).
Despite the importance of the overriding plate to the megathrust system, it has riessived

attention tharthe downgoing plate properties.
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Appendix A, examingthe impact of the uppeate on the megathrust system in
Ecuador. The earliest major earthquake recoashedwell documenteh Ecuador is a Mw 8.8
that ruptured a ~500 kiong segment from central Ecuador to Columbia in 1906 (Figure 2;
Yamanaka et al., 2016). Since the 1906heprake, a similar patch of the megathafétshore
Ecuadomwasruptured again by several Mw 7.7+ events (Chlieh et al., 2014). The most recent of
these earthquakes, the Mw 7.8 Pedernales earthquake, occurred an@0@uptured-100 km of
the megathrugiNocquet 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 &rther south than ~0.5°S (Figure 2). Furthermore, there heere to highmagnitude
earthquakes rupturing south of this latitude until northern Rdrere a Mw 7.4 earthquake
ruptured~350 kmto thesouthin 1953 This apparent gap of highagnitude earthquakes raises
guestions about what is controlling the megathhehavior 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; AgDetzel et al., 2019). Of
particular importance is theathegie Ridge, a regiaf 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 egion (Graindorge et al., 2004; Aguibetzel et al., 2019)The Carnegie Ridgs an
aseismic ridge that is thought to hdeemed fran the passage of the Nazca plate over the
Galapagos hotspdtowever, the lower plate is only one component of the meggtteystem.
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 aeanpositions 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, shifs focus from the forearc region of Ecuadothe continental arc and the high
elevations of the Andean region. In the simplest view, continental arcs resuthfom

dehydration ohydrous mineralé the subducting plate whiagkleass volatiles into thanantle

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
imagesandsupported by petrologic dataaled the community to move away from the idea of
magma being stored in a large liqgwidh 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, magmartbe storedinacrystali ch magmati c reservoir (0
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 imthabiie

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 @ashman 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). ImetNorthern 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,
volcanoe such as Chilie€erro Negro and Pichincha rest upon accreteghniderranes,
similar to those of the forearc (Luzieux et al., 2006; Figure TAg. Interandean Valletp the
eastis a topographic depression filled with volcanoclastic sediments thatrebthe transition
from the mafic terranes in the west to the more felsic terranes of the east. Volcanoes, such as
Cotapaxi, als@rupt through the InterandeamNéy, presenting a significant threat to the
population of Quito (Rodriguez et al., 2017; tig 1A). In the Eastern Cordillera, several active
volcanoes are present, including Tungurahua, Cagaarid Cotacachi (Figure 1A).#zer east,
the volcanism persists into the Subandean zone, where Revantador is active (Ridolfi et al., 2008).
Geochemicahnalysis of Ecuadorian aracksshows 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 maggaata range of
depths beneath several of thesécanoesincluding ChiliesCero 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 AppendixmBy co-authors and lexamine 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.he distribution of seismic statioms Ecuadoiimits the
ability to connect the arc and forearc due to a gap in seismic station co{fécage 1A) Other
techniques can utilize this station distribution to bridge thebgapeen 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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earthquakegenerated surface wavae usedo explore the broad variations in the tectonic

structure and to supplement previous studiesub@ 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
upper crust and mée (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 depthsyweith lo
frequencies sampling deeper in the Earth, anddhrisensitive to velocities of rocks at different
depths The dispersivgroperty enables the estimation of phase velocities for the different
frequencies which reflect broad variations in the tectstniecture. Surfacerave phase

velocities have also been measured using ambient noise, which can resolve higher frequencies
(shallower depths) than earthquadenerated surfacgaves (Lynner et al., 2020). Although the
earthquakegenerated surfaceavedispersiondatain 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 appendezathiquake locations from other
entities are usefex. U.S. Geological Survey)h€ find appendix explorgethe 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 generatedlbot the Earth as seismic waves and as atmospheric waves

16



(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 originime 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 samdrbatk

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 (Mzicigk

2010). Conversely, infrasound back azimuthal measuresnaea typically modeled with greater
accuracy versus seismic baakimuths which are highly sensitive to variations in reaface

structure (Negraru and Golden, 201Me measuremenge combinedh a Bayesian

framework which has the added benefitohstructing more robust estimates of uncertainty

(Myers et al., 2007; Blom et al., 2015). In Appendixiie methodology to combine seismic and
infrasound phenomena into a singbasetime locationis outlined This nethodis testedn

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

In this section, | 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 otthis dissertation is focused on seismic imaging of the Ecuador
orogenic systemAppendices A and Btilize 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 Pwaves at velocity contrasts or discontinuities beneath stations in the study
areaReceiver functios (RF)isolating these conversioase constructed and used to estimate
the depths of the discontinuities at whtble conversiong/ere created (&ngston, 1979;

Ammon, 1991)RFs are further utilizedy constructing common conversion point stacks that
map the receiver functions along their theoretical ray path {D g#d, stacking them where

they overlap (Dueker and Sheehan, 1997). This resuét8D volume of discontinuity structure
but with no information about absolute velocithe second methoturther utilizes this

information by combining the RF data with Rayleigh wave dispersion curves derived from
ambient noise tomography to includéammation about seismic velocifjulia 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 elocities 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 sheawave velocity model that is sensitive to both absoleteaities as well as sharp

discontinuities (Julia et al., 2000; Delph et al., 2017).
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Appendix Aappliesthis technique to the forearc region of Ecuador to constrain the
seismic structure in the upper 50 km. FgQ8 presents interpreted craextions thraghthe
final seismicvelocity 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 terranandkatup the crust exhibit significant
variationin shearwave velocitiesOf 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 earthgkes 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 changeismic velocities likely repsent
changes in the lithologies of the overriding plate thay 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 seismiciycouraging stress to build up in the north
wherehigh-magnitude earthquakes occur, and favoring aseismic slip in the aith, prevents
the accumulation of large amounts of stress. These findings support the idea that the upper plate
is an important pa 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 volcang arc
examinedn Appendix B Here, cormon-conversiorpoint stacksare usedo make a map of
crustal thickness beneath the Ecuador Andean region that is largeilyastatic equilibrium
based the topography and reasonable densities r@figase 4). The thickest crugt65 km)is

observed in the north in the region of Chiésrro Negro. Theest of the arc shows a thicker
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WesternCordillera(~5 km)compared to the Eastern Cordillera, despite the average elevations
being slightly highe(~300 m)in the east. This discrepancy candxplained by thiateral
variations in crustal densithat are consistent with the geology of the respective cordilleras
(Vallejo et al., 2019). The shewave velocity model from th@int inversion further supports

this result, showing a faster WesteZordillera 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 multiphetivevolcanicfields. Figure 5 AC shows 1D profiles through
the sheawavevelocity model at three of the major volcanoes in Ecuador. The velocities reach
as low as ~2.8 km/syhich cannot be explained with typical crystalline rocks; some amount of

melt, distributed throughout the rock, is required. | follow the method of Clu @010), using

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

the LVZ (Figure 5 D). At the lowest velocitigsthe LVZ, these correspond to ~14% melt in the
Western Cordillera and 12% melt in thesksan Cordillera. These relativdlyw melt

percentages suggest that the-eslocity zones do not represent eruptible bodies but instead
correspond to crystalch magmatic reservoirs referred to as mush zones (Marsh, 1981; 1989;
2015). These regions a&s$ zones of longerm magmatic accumulation. Previous estimates of
magma storage from petrologic and geodetic studies align well with our results at-Cérites
Negro and Tungurahua (Figure 5 A and C). In contrestVZ is observediear 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, shbvied, or tapping into a lateraource away from the surface

expression of the volcano.

In Appendix G the viability of using earthquakgenerated surface waves on the
Ecuadorian seismic data to extend our dispersion measurements from previous ambient noise
surfacewave dispersion meaeementss tested. ie Automated Surface Wave Phase Velocity
Measuring System methddin and Gaherty, 201% usedo construct phaseslodty maps at
periods between 20100 seconds. The results show that there is good coverage across the arc
and forarc at periods between 250 seconds (Figure 6). At the periods betweenBID
secondscoverage 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 covetagdsto the foreasc
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 uppraantle.The phase velocities from this stuase 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 gegtacats 25 32 seconds. The
40-secom 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 focusshiftsfrom Earth structure to the seismoacoustic event location
problem. Here, a Bayesian framewdsldevelopedhat builds on the work of Myers et al.
(2007), Blom et al. (2015), and others. The goal of this framework is¢ontiee 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 hath it.
methodbegirs by calculating the residuktweerobservationgndpredictions made using a
forward model. Here, simplistic forward modal® assumedising a global velocity model
(Kennettetal., 1995 for the seismic travel times and a great circle azimuth for infrasound back
azimuths. Usinghtese 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 likelihaoglsombinedor each
observation, and then for each phenomenon. FirthiyBayes theorens usedo calculate the
posterior probability. To further simplify this the marginal distribui®nalculatedy

integrating over time and depth which allows for a raegv disgay of the resultsThe method

is tesedon 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)irst,the locdion using each phenomenon individua#lysolved producing

the marginal distributions in Figure 8a and 8b. Figure 8c shimatsvheneach observatiois

combinedthe resulting distribution is smaller than either could achieve individually.
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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 blackgliean 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 AppendiA andB, with the full map representing the area of Apper@iXectonic
provinces are labeled or colored in red (Western Cordillera), yellow-{meean 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 seismgtations (triangles) deployed during Ecuador RAMP
temporary deployment (networks XE and 8G; white and blue), and permanent seismic stations
(network EC; green). Blue stationso results
left corner showshe 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 Deley, 198
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 e¥gishswn as purple
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ellipses including the Punta Galdviompiche Zone (PMGZ; Vallee et al., 2013; Vaca et al.

2018; Segovia et al., 2018; Rolandone et al., 262200 m bathymetric contour outlines the
Carnegie Ridge. Slab contours are from Slab2 (Hayak, 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 crosections shown in Figure 3.
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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

Manabi Basin. The approximate location af tbarnegie Ridge and the 2016 Pedernales high

slip (> 1 m) ruptureregion 6 only) are projected in the dir

Approximate segment boundaries are shown as thick dashed lines on easkectioas
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partial meltis expectedvelocities < 3.2 km/s) frorthejoint 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)C{®mpenois et al, (2014); (4)

Samaniego et al201J), (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) sdrevelocity 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 obsg:& km/s).
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Figure 6: Structural pase 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.

31



North Forearc Arc
4.2 4.2

4t 4
3.8} { 3.8
L ]
® L ]
36} I 3.6} {
L ]
34 . 34} -{
.. —
L]
32p ® AN 320 ® AN
3t ® Eikonal 3t ..' ® Eikonal
® Helmholtz ® Helmholtz
[ ]
28 10 20 30 40 50 60 70 80 90 100 28 10 20 30 40 50 60 70 80 90 100
4.2 South Forearc 4.2 Fast Forearc Anomaly
4t 4t 1
3.8t 8f i .I, i
36} 36 °
L ]
34}F 34t
L]

32f 32} .0 ® AN

3t ® FEikonal 31° ® FEikonal

. ® Helmholtz ® Helmholtz

2.8 2.8

10 20 30 40 50 60 70 80 00 100 10 20 30 40 50 60 70 80 90 100

Figure 7: Dispersion curves for four grid points throughout the mdskaindard deviations are
shown for earthquakgenerated 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),firasound (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 ésscomplex 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 collaoration 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 Ecuadoriah nationa
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 inversiaeceiver functions and surface

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

the forearc. Beneath the forearc crust, we observe an eastward dipping slow velocity anomaly we
interpret as subducting oceanrtst, 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 northsouth changes in sheamrve velocity that indicate variations in the accreted
terranes and may indicate an increased amount of hydration beree®tartabi 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 Mw7.4 has ruptured stuof ~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 magitude 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 broughtgreased 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
oldestsignificant earthquake recorded is the 1906 Mwi 8838 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 ltave=dan
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 soutxtent 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 mbegat 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, Galiller et al., 2007). In the
areasurrounding 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.,
45



2018). SSEs have also been observed to the north in the Punta@ahepiche 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 Hoeaite 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 exaiefor 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 stltkegdifferences in the
seismogeru 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 seismageri¢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 hestrideng

variability might contribute to variableiglbehavior 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 fotimaa 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
Bougue 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., 20@#hdGrge 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 offitrearc, and as a result have provided few insights on

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

Following the Mw7.8 Pedernales earthquake, an international collaboration arranged by
the Instituto Geofisico at the Escuelditéenica Nacional (IGEPN) mobilized a rapid
deployment of 55 broadband, intermediate and gbenibd, and 10 ocedmottom seismometers
in order to capture the aftershock sequence for ~1 year (Meltzer et al. 2019). This data provides
an unprecedented opyiunity 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 allleviallahrc
stations and then combine the RF results with Rayleigie 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 prodie®ied 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 he Forearc

From the Western Cordillera to the presday 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 evidengestaghat 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 taving 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-Btelean \alley and to the west by
the ChimbeTouchi shear zone. West of the Chiribauchi shear zone lies the Macuchi
Terrane, an Eocermged arc that formed by eastward subduction after the accretion of a
fragment of the CCOP on to South America (Hughes et &0,20allejo 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 lowitl 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 Chongotonche Fault, outcroppings of
interpreted oceaaniplateau material are found. These units are often referred to as the Pifion
Formation (Fig. 1). The Pifion Formation is made up of ultramafic, mafic and intermediate

magmatic rocks (basalts, andesites, gabbros, dolerites, wherlites, and peridotites; POgiéu
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In central Ecuador along the coast, the San Lorenzo Formation is in contact with the Pifion
Formation (Luzieux et al., 2006). The San Lorenzo Formation is composed of island arc affinity
rocks of a late Cretaceous age. The age and compositibe 8&h 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
Pifion and San Lorenzo Formatioas,well as several other minor formations, comprise the

Pifion Terrane. The Pifion 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, 201,8Pedernales Earthquake, an international response
coordinated by the IEPN, deployed seismic instruments immediately following the main event
(Meltzer et al., 2019; Fig. 1). These instruments recorded continuously for approximately one
year following ingallation. Data from this deployment has already been used to study the
aftershock seismicity (Meltzer et al., 2019; SQordero et al., in revision; AguriDetzel et al.,

2019) and velocity structure across the rupture area and EcuadofRiaat 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 constwet/P receiver

functions (RFs) along the margin. We then jointly inent 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 technituesolate Pto-S conversions from
discontinuities beneath@mponent seismic stations (Langston, 1979; Ammon, 1991). The
vertical component is deconvolved from the radial and tangential components to produce the
radial and tangential receiver functioespectively. 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 shpetriod stations in the Ecuadorian forearc (Fig. 1). Teleseismic
eathquakes from distances of 3090° 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 subduaii@szData from
shortperiod 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 respdnisese instruments is already flat
within our frequency range of interest. For each stagwemt 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 evenstation paitby verifying the presence of a strong initialWave 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) withsza
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 incomingvave), and contaed RF amplitudes <1. Amplitudes

higher than 1 for the frequency content used in our study result from significant vertiaelal
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energy transfer due to complex shallow structure, such as anisotropy or dipping layers. RFs with
significant oscillatory bleavior 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 qualityaterusing a modified version of the
Funclab package (Eagar et al., 2012; Porritt and Miller, 2018). To create our ACCP stacking
volume, RFs are rafraced back along their theoretical ray path usingoavelocity model
(Supplemental Fig. S1) averagedrfr an a priori @ Vp model of the Ecuadorian forarc with a
VolVsof 1.77 (Font et al., 2013). Timing corrections are calculated based on théfukldcity
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 latieelpins starting
at 0.1° in diameter spaced every 0.05° laterally and a 1 km thicknastepth 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 highesolution shear velocity model, we jointly invert the
complementary datasets of RFs amebient noisegyenerated Rayleigh wave dispersion data.
Rayleigh wave dispersion data is able to recover the absolute velocities of vepidatiged

shear waves, however, the broad sensitivity kernels of Rayleigh waves at different frequencies
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result ina 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 tdhredwwainiqueness

of the inverse problem by mitigating the shortcomings of each individual method (Julia et al.,
2000) and produce a higksolution shear velocity model that is sensitive to both vertical and

lateral shear velocity variations.

We use tk 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 fronterodation ofday
long records between all contemporaneously recording stations in the period rarg@ «f 8
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 extra@rdisp 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 (QG&®lume 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 aeg@th spacing of 0.5 km. Unlike the ACCP stacks described above, the
bins in this volume are fixed at 0.2°. We use the safdeaterage velocity model (Supplemental
Fig. S1) for the forearc region derived from Font et al. (2013) to map receiver functaepho
The CCP stacks are constructed using-mommalized 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 dispardata, 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 accountibh8terogeneity, as this

would convolute which 1D velocitytrsicture 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 difacts 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/bicis 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. Thesaetditannot be predicted by the receiver
function forward operator. In order to mitigate these artifacts, thed&@ed 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 Gaussiande@ired RFs are jointly
inverted to construct a higlesoltion shear velocity model (following Delph et al., 2017). We
use an initial velocity model consisting of a 4.5 km/s-spHce discretized into 1 km thick
layers. By assuming a simple starting velocity structure, we ensure that the features in the
resultng 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 ag¢piie kquired by the RF data.

Using a starting model containing discontinuities severely biases the resultingvalrear

velocity model because discontinuities in the starting model remain fixed in depth with this
linearized inversion technique. The joinversion 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 pocess 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 O at the base of our model as to avoid biases from boundary éffeztsodtom 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, indicagi30% 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
associatedensitivities 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 effecesefgghrameters on

our final model.

Results

We show results of the radial RFs for some representative stations, the Adaptive
Common Conversion Point stacks, and the sheae velocity model resulting from the joint

inversion of RF and Rayleigh wave dispersdata. We identify four alongtrike 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 sh&ave velocity structure.

Receiver Functions

Fig. 2 shows examples tife 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 conversionsafesPs), at 1.4 and 2.2
seconds followed by a negative conversion, at ~3 secongls (fPRFs, 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 withds a discontinuity. At around
4 and 5 seconds potential multiples of &sd Psare present (PpPand PpPg. 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$? P2, and Ps) can be seen betweerBlseconds and broad negative
peaks (P9 at ~4 seconds. A final peak at ~6.5 sec (Ppfay be a multiple of the Ps
Assuming a W/Vsof ~1.77 and a Yof ~3.6 km/s, a primary--S conversion at 6.5 s would
map b a discontinuity at a depth of ~50 km but if the conversion is a multiple {Hp®Rsuld

be generated at a discontinuity at ~16 km.

Stations EC08 and ECO09 are farther from the coast, located within the Manabi basin, and
further demonstrate the complgxof the RFs in the basin area. EC08 has two strongly positive
arrivals, Psat ~2.5 and BRsat ~5 seconds that are consistent across most ray parameters (Fig. 2).
The Ps conversion is too close in time to be a multiple af Pslicating that it is modikely a
primary conversion. The likely multiple of Bs seen at a time of ~6.5 seconds (RpHA$ie

negative multiple may also be present slightly later at 7 seconds, indicated byTlrePtrength
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and time variability, however, suggests that theag miso be a primary negative conversion at
this time. EC09 has a very weak initial P arrival followed by a series of primary positive arrivals
(Ps, P2, and Ps with a large peak at ~3 seconds. Other studies have shown similar
complications in RFs assated with basin structures (Ma and Clayton, 2016). At around 5.8 s, a
negative conversion &) is present that corresponds to a depth of 58&km depending on the
velocity model. Beneath this negative, a positive peak @ppis/ be the multiple of th

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 (PR3 at ~1 second arghother (PpR% at ~4 seconds. This second peak is likely a
multiple of the first. Assuming apiVs of ~1.77 and a startingsWf 3.0 km/s, the resultant
multiple (PpPg would be generated at a discontinuity at ~8 km. Station CAYO is located on the
southen side of the Manta peninsula and has a positive peakd®ssistent across all ray
parameters at ~1.4 seconds. This is followed by a negative peak around 2.2 seepadd @s
positive peak after Rsit ~3 seconds (B)s Finally, a weak multiple of &2, PpPs may be present

around ~4.3 seconds.

If the multiples can be identified correctly, they can constrain fés\bove the
conversion the causes the multiple. Using the multiples, we identify for the stations in Fig. 2 we
approximate the Vs of the upper ~10 km using equations from Zandt et al. (1995). We obtain
a wide range of WVsvalues, 1.70 2.00 using a range of velocities between 5.75 km/s and 6.75
km/s. For stations in Fig. 2, Pis EC16 has a Vs of between 1.84.94. Psin EC14 indcates

Vo/Vsvalues between 1.71.77. Station EC08 indicates a/Vsrange of 1.761.77 for Ps, and
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1.831.89 for Ps. The multiple for Psin stations VMON and CAYO indicate values between
1.751.83. This suggests that th@/Vsis strongly variable tlmughout 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 arshown 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) #0o-S conversions (Fig. 3;-A 6 a-Bd ) B men 1 (S19, we observe
two prominent primary positive conversions are at depths of ~7 and 17 km (D1 and D2; Fig. 3).
In crosssection@®, discontinuity D1 is present at ~5
again at 57 km on the eastern edgetbé profile. Here, D1 may be related to an increase in
velocity at the base of the Borbon Basin in the west, and the Manabi basin in the east. Multiples
related to the shallow basin structure make deeper interpretation difficult in this area. Where A
A 0 teisetts the profle€ 6 ( Fi g. 3), D1 and D2 are present
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 252) the D2 conversion deepens to ~20 km and is overlain by a weak
positive conversioninM 6 and a weak neegBdt.i-béh, DDBvEBSpPDASE

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 kminAG6 and ~2BH Krriign B) .

In segment 4S4) 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
iNA-A0 and BEOBoOa DO2n iES continuous across the sec

further east (Fig. 3).

Transecting several of the segments at depths betweed5428, a broad negative
conversion, N1, is observed throughout S1, S3, and S4Ar)A and S3-Badnd FS4 .i B )B
In the trench perpendicular sections N1 is present@th@ a-b @ ear the western
profiles above and below Slab2 respectively,afl&@ as a more continuous ¢
dips eastward. This discontinuity (N1) closely parallels Slab2 (Hayes et al., 2018) irAS4 A
from the northern edgd the profile to the SB52 boundaryandinS4E6) f or ~65 km f

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 arral 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 s8dments
and S4. Multiples from these conversions may impact the interpretation of features around

depths of ~25 km and deeper in the northern sectior®® and i n t he #HAdut hern
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andBB6 ( Suppl ementary Fi g. Sé6oyhelowthehopofthenul t i pl e s

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 staekshemwn in Fig. 4. As in the ACCP stacks,
we separate each profile into four alestgke 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 8upplementary 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 complitaited s
structure, such as around the Manabi 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 shortbrywerse fits for longer periods
between 3810 seconds, corresponding to depths of ~80 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 sectionsaigh 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
(segmats 3 and 4. >4.4 km/s; Fig. 4). S1 extends from the northern edge of each profile to ~140
km on crosssection AA6 and ~55-sektomB8n . cTbesobserved moder

seismic velocities range from ~1@®5 km depth with shear velocities of up-t 4.2 km/s.
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SectonCC6 (Fig. 4) transects this segment and th

least the western edge of the section.

In each profile, S2 shows slow shear velocities are present in the upper ~30 km. These
velocities rangerbm 2.8i 3.5 km/s and generally increase with depth. The shallowest portion of
this slow anomaly may be, in part, related to the Manabi basin. However, the lateral extent and
depth make it unlikely that the entire slow velocity anomaly can be attritutad 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). SBction D

(Fig. 4) shows a thick slow velocity zone tltsins 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 betiv@érké in sections A
A6 aBd. BBeneath t hi s20knaisabdeadpmndiihe velodtiasringreaaetto
~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 afastl@omaly 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 crossections AA6 a-Bd BFig. 4). The transition
anomaly and the S3 and S4 fast anomalyvshe rapid lateral increase in velocity over ~ 20 km.
CrosssectionEE6 t hr ough S4 shows that the fast vel oc

but are pervasive above the subducting oceanic crust in the east.
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In crosssection AA 6 t h e r0-20 km thicksslow- (3.6 km/s) velocity anomaly that
varies in depth along cross sectiotA ( Fi g. 4) . I n S1, the center
of ~2832 km and the base of the anomaly closely aligns with Slab2 (Hayes et al., 2018). In S2
this anomyy 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). InBB6, t he sl ow shear wave ano
only present in S3 and S4. This feature is not imposed by the startingyelodel 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. Multiplé®m 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 grater 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 tibe may

real feature associated with the slab.

Comparison with Ambient Noise Tomography

The inclusion of RFs into the inversion produce more detailed-sveaar velocity
images than the inversion of dispersion data from ambient noise tomography alondddsewou
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 ANJerived sheawave vebcity models (Lynner et al., 2020).

In S1lincrossectionAAd t he f ast v é&Rokmiare moengarlypas promeennin 1 0
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the ANT-only model. In crossection GC 6 t h -enlyAeNLlts observe a deep slow velocity
feature at a distance of ~6fhkIin 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 thejoint inversion are much smoother in the Aldfly model as expected. Finally, the fast
velocities in S3 and S4 are not as prominent in the ANy model along these sections, only

reaching velocities of ~4.3 km/s.
Discussion

In this section, we will disuss 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 compexity of the Ecuadorian forearc appears to be reflected in the strong changes in
shear velocity in the forearc between the segments shown in theseobsss in Figs. 3 and 4,
which suggest significant spatial variation in the composition and/or ftuitent of the accreted

terranes from north to south.
Northern Segment 1

In the upper ~25kmofA 6 and uppeBO~30Dh&mveFoBities
rapidly, reaching 3.84.2 km/s by 10 15 km. This northern segment extends south roughly to

where the Pifion Formation outcrops north of the Jama Fault System (Fig. 1). Htbe Al i n e,

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, itksli that the crust in the S1 consists
primarily of accreted oceanic plateau material as mapped in the Pifilon Terrane despite the fact
that the Pifilon Formation does not outcrop at the surface in S1. The velocities are consistent with
this interpretation whecompared to accreted oceanic plateaus elsewhere. The Siletzia Terrane,
an accreted oceanic plateau in the Cascadia forearc, similarly shows shear velocities in the range
of 3.67 3.9 km/s (Rathnayaka et al., 2017; Delph et al., 2018). A compilatioreahacplateau

studies shows that, in the deeper layeraake velocities range from 650 km/s (3.6583.97

km/s assuming apNs=1.77) and some oceanic plateaus contain a basal unit witdve

velocities of up to 7.9 km/s (Ridley and Richards, 2010).av¢enot 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 broadwsla@arsensitivity kernels the

Rayleigh waves. Discontinuity®in AA06, however, suggests a stron
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 from3268km/s,
setting it apart from the northern and the two southern segments. The slow velocities are thickest
towards the west, extendingto adepthof kBOD-D6; Fi g. 4). The sl ow ve
rapidly to faster velocities in the north and south at the same depths. This rapid lateral transition
is seen particularlywellin 86 ( Fi g. 4) where the slow veloci:t

~2025km. InA-A6 S2 |l ines up with much of the ruptur
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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 irgtgmas 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 Manabi Basin corresponds with the slow velocities 858&m/s) and the

basin may account for some of the sheslocities in the upper ~10 km. The depth of the Manabi
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 Manabi 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.

Thesediment cover and lack of a surface expression of this deeper, slow feature beneath
the Manabi Basin make it difficult to constrain. However, there are several possibilities that may
have resulted in the observed slow velocity structure. Four possghiliseussed 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 Pifion Foation, 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 througiraldny reactions within
hydrated mineral assemblages in the subducted oceanic crust (Peacock et al., 1989). The
subducted structure of the CR may allow for pressiiresn flow of expelled fluids towards the

center of the ridge, causing fluids to accurtaiia the lithosphere beneath the Manabi 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 ManaBiasin 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 tfisawagion of increased
alteration prior to accretion onto the forearc. The presence of a serpestiibedy could have
developed via hydration and alteration of an ultramafic sliver of oceanic crust prior to accretion
onto the margin (Cluzel et al., 2D0Guillot 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 CRasistvelocities
between 6.5 and 7.2 km/s{Velocities of 3.6V 4.07 km/s assumingpiVs of 1.77) as it enters
the trench, similar to the forearc seismic velocities seen beneath the Manabi Basin. Some of the
forearc in this segment could be underplaiedanic 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 Pifion Formation was overthickened and the upper
layers were accreted anthe 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 oflie 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 offlaydkead 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 reflectivedge 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 pikrieasurements of the slow
region from RFs. WVs can provide adtional constraints on the character and composition of
the slow region below the Manabi basin. The relatively high'Matios (1.831.94) found at
stations EC16 and ECO08, which lie above the slow anomaly in S2, suggest that either fluids or
serpentinizabn are likely responsible. An alteratiyased 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 consisterti lithospheric mantle material. The
Piflon 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) magany 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 Rwave velocities in the interpreted uppermost mantle reaghve velocities as high as

8.5 km/s (e.g.Christensen and Mooney, 1995; Jagoutz and Behn, 2Q1&]|acity of 4.8

assuming WVsof 1.77). As such, these velocities may represent a partiaccreted

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 previoushynbeterpreted as shallow mantle

material (Feininger and Seguin, 1983). This region of high Bouguer gravity anomaly extends
from ~1° S to ~2.5° S and closely corresponds with the fastest velocities in S4 (Supplemental
Fig. S11; Bonvalot et al., 2012). Givenh e t erranesd® position in 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 vith the subducting oceanic crust. In the ANly 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 i23%m thick (kg. 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 relativedyow velocity is present at 120 km depth (labeled as San
Lorenzo crust in Fig. 6). The velocity of this section is ~8.8km/s and may be a crustal

portion of the accreted San Lorenzo Formation.
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Subducting Slab

Below the crustal structures discussbave, relatively slow velocities (~3.6 km/s) are

observed at ~282 km depth in S1, ~18 km depth in S2, and ~45 km depth in S3 and S4 in cross

sectionAA6. The deeper widespread <d3kmthickvaad oci t i es
closely overlays Slabi& the north and underlays Slab2 in the south-#A and al so i n t
southofBB6 (Fig. 4). The shear velocity of this a

refraction velocity estimates of the CR oceanic crust@ie average velocities betweeb-8.0

km/s in oceanic layer 3, corresponding ®©02\8.511 3.78 km/s assuming a highep/Vsof 1.85

which may be more consistent for oceanic crust; Sallarés et al., 2005; Gailler et al., 2007,

Hyndman., 1979). Sallares et al. (2005) also found the thgskaf the CR oceanic crust to be

between 13 19 km, matching closely with our observations. AlongB , t hi s sl ow vel
anomaly is seen dipping eastward (Fig. 4). However-b® t he sl ow velocities
observed dipping east. Negative multipibjch 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 oaaa 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 1525 km in this area.

South of the Jama Fault system (Fig. 1), towards S2An@A, e slablslow 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 thésindeed 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 beinglat€®

structue 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). @tfies showever,
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 treiugie collision from 1 Md 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 staetd 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 (segment2inrA6 Fig. 4) or if the shakdleewer sl ow

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 behavibis 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 AbAly model (Supplemental Fig. S9 and
S11; Lynner et al., 2020he 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 m#ienal (P
69



Formation; Fig. 6) in S1 and the slow shear velocity anomaly beneath the Manabi 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), wheraterpret 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 aDp2) 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 showniAA, the sl ow velocities bel
shallow neathe 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 chkamgeismic

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 hydratias, 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 Platisland. AgurteDetzel 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 contaaigesul
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

70



margin. Regions with thicker sediments may lead to greatames 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 at., (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 (Galiller et al., 2007). All of these facto

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 igljeshat a similar process is happening in
Ecuador where we see significant alestgke 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 behawr. 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 veriaiay 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 mantldhenagya thin layer of serpentinized
material, which behaves in a more ductile manner inhibiting stress build up and brittle failure

associated with large earthquakes. Antigenitd serpentinite may influence the slip behavior of
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a subduction interface,idening 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 megfarust 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 ceencevor
alongstrike segmentation in the composition and/or properties of the forearc crust. We identify
four distinct segments alofgirike that may play important roles in controlling the areal extent of
rupture for large events along the convergenigmaln the northernmost portion of the forearc
(Segment 1), fast velocities consistent with the accreted oceanic lithosphere of the Pifion
Formation are observed. Slightly to the south (Segment 2), there is a relatively slow velocity
anomaly that may beslated to subduction derived fluids or the accretion of a slow velocity
material beneath the base of the Manabi basin and the top of the subducting lithosphere. Further
south, at ~0.5°S, above the southern half of the Carnegie Ridge (Segments 3 arfdrégrihe
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 Manabi Basin to fasterciteds 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 th@datpper

the Ecuadorian forearc majay a role in controlling the behavior of megathrust earthquakes
alongstrike. 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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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 (networ k EC; green) . B lhsetanapsirt uppteri o n's 6
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, 198&nSon 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 ateown as purple ellipses including the Punta Galdwenpiche
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Zone (PMGZ; Vaca et al. 2018; Vallee et al., 2018; Segovia et al., Roladone et al., 2018).
-2200 m bathymetric contour outlines the Carnegie Ridge. Slab contours are from Slab2 (Hayes
et d., 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 €2@09). Yellow lines: major

fault systems; CCF: Chongb@olonche Fault; JPF: Jipijapa Fault; JF: Jama Fault system; PF:
Puijili Fault, CTSZ: Chimbelouchi Shear Zone. Solid black lines show the locations of cross

sections shown in Figs. 3, 4 and 6.

89



EC16 Radial Receiver Functions

EC14 Radial Receiver Functions

~J
(o)

o
o

1N
wul

Distance (degrees)

w
o

0o 2 4 6 8 10

ECO8 Radial Receiver Functions

0o 2 4 6 8 10

Distance (degrees)

0 2 4 6 8 10 0 2 4 6 8 10

VMON Radial Receiver Functions

~l
(9al

I
o

Distance (degrees)
D
o

0 2 4 6 8 10
Time after P-wave (secs)

0 4 6 8 10

Time after P-wave (secs)

90



Figure 2: Moveout plots for the 5.0 Gaussian radial receiver functions for stations EC16, EC14,
ECO08, EC09, CAYO, VMON (Fig. 1; blue triangles). Receiver functions are stacked in
epicentral distance bins of 5°. Black lines delineate primant® conversionsrad dashed green
lines delineate likely multiples. Primary conversions denoted hyaRd multiples by PpRand

PsPs, with subscripts indicating different conversions.
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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 swhidg 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 (Apizel., 2019).
Approximate location fothe Carnegie Ridge and the 2016 Pedernales high slip (> 1 m) rupture
region(AA6 only) are projected in the direction
parameters used for ACCP stacks described in text. Location map (bottom right) showsslocation

of cross sections and our interpretation of segments (S1, S2, S3, and S4) separated by red lines.
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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 Pedales aftershock catalog shown only for trench perpendicular sections
projected from 10 km perpendicular to the section (Aghetzel., 2019). Approximate location

of the Carnegie Ridge and the 2016 Pedernales high slip (> 1 m) rupture rediom (Ao mel vy ) a
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 S1: 1D velocity model constructed by averaging a subset of-headriori Rwave
velocity model from Font et al. (2013). The velocity model was averageda rectangular
region in the Manabi basin area, definedallyox 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 inversiar fndividual 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.
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dispersion (purple) and receiver function (orange) datasets vs joint inversion weighting factor.
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Figure S4Cross sections#A 6 a-Bd B hdifferengsheawave 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 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 sectionghithh@umodels with

dispersion periods >25s removed.
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migration and othergrameters 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 pregted from 10 km perpendicular to the section (Agnétzel., 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).

106



A North Distance (km) South A’

g B ® mg = L L | | F
[ ] [} 7] =gl g | g0

m [
L m Em m im L] [ T | [ L] I
" am = = = . -8

ANT

9¢

2l € °
w
3ol =
Sw e =
|| a0
@ (]
<
('D(JO
—m ——
3 g °
<Al = =
= 20 Z
N =
3 = <
\tff_h @ 40
fop) (M)

Figure @: Cross sectionsA 6 a-Bd B h r o-waydvelschyemadels derived from the
joint inversion of receiver functions and dispersion ditp) @nd the dispersion data only
(bottom Lynner et al., 2020). Lynner et al. (2020) used tiz8priori Rwawve 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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