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ABSTRACT 

 As subduction science advances, it is becoming increasingly clear that the conventional 

model of subduction driven by cold, strong, dense slabs sinking cohesively in the mantle is 

insufficient to explain observed heterogeneities across a range of scales. The breadth of observed 

features of subduction zones is expanding at the same time as along strike variability is revealed 

within individual subduction systems. Not surprisingly, the driving components of subduction 

zones, and by extension this variability, are the subducting slabs. Thus, in order to revisit the 

traditional model of subduction, this dissertation uses seismic imaging techniques in four distinct 

studies to characterize the structure and behavior of the subducting slabs across two extensive 

subduction systems: South America and the Eastern Mediterranean. These two systems serve as 

the ideal test cases for characterizing variability within and across subduction zones because they 

represent end-member styles of subduction: Andean-type subduction and Mediterranean-type 

subduction, respectively.  

 The first study presents the results of a regional-scale teleseismic tomography inversion 

surrounding the Sierras Pampeanas of Argentina. This study targets the observable response of 

the slab-mantle interaction to subduction of the hot spot-generated Juan Fernández Ridge, 

identifying entrainment of hot subslab asthenosphere and induced tearing of the subducting 

Nazca slab. Through this study I also present a model for explaining the infrequent distribution 

of subslab slow seismic velocity anomalies in subduction systems globally. The second study 

presents the results of a continental-scale teleseismic tomography inversion across the Anatolian 

sub-continent in the Eastern Mediterranean. This study targets the response of the slab to the 

major tectonic transition seen in central Anatolia from ocean subduction in the west to 

continental collision in the east. The resulting seismic images show an increasingly deforming 
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slab from west to east that illustrates the evolutionary process of subduction termination. The 

third study presents new software developed to automatically extract slab geometry from 

teleseismic tomography models. The efficacy of the software is presented through applications to 

the Juan de Fuca/Gorda and Nazca slabs, signifying its broad utility in interpreting tomographic 

images. The fourth study utilizes this new software along with a continental-scale teleseismic 

tomography model across South America to present a detailed model of Nazca slab geometry 

from the surface into the lower mantle. The results of this study reveal that the slab penetrates the 

660 km discontinuity uninhibited while instead interacting with a lower mantle discontinuity. 

This result has far reaching implications for geodynamic models of South American evolution. 

 Together, these studies reveal a broad consistency across subduction zones – that slabs do 

not remain cohesive during their descent in the mantle. Instead, the presence of heterogeneities in 

the downgoing plate induces slab tearing and possibly fragmenting within the upper mantle. 

Despite the relative complexity of the multi-plate Eastern Mediterranean system compared to the 

two-plate South American system, both systems display significant variability along the margins, 

including regions with varying degrees of slab tearing. This observation directly contradicts the 

traditional view of cohesive, strong slabs sinking in the mantle, which has related implications 

for the role of subducting slabs in mantle convection and material recycling over geological 

timescales.   
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INTRODUCTION 

 The descent of lithosphere into the mantle at convergent tectonic plate boundaries, or 

subduction, is fundamentally at the nexus of geoscientific study ranging from hazard mitigation 

to whole mantle evolution due to its driving role in processes such as earthquake generation, 

volcanic production, orogenesis, mantle convection, dynamic topography, and material 

recycling. In the traditional view, cold, strong, dense slabs sink into the mantle as two plates 

converge. Upon continental collision, the dense slab detaches [von Blanckenburg and Davies, 

1995; Duretz et al., 2012] and sinks to the lower mantle slab “graveyard” [Wysession, 1996; 

Garnero and McNamara, 2008; Tackley, 2011; Rao and Kumar, 2014; van der Meer et al., 

2017] after maybe temporarily stalling in the mantle transition zone [Fukao et al., 2001; Fukao 

and Obayashi, 2013; Goes et al., 2017] due to a mineral phase change [Ringwood, 1994] and 

viscosity jump [Mitrovica and Forte, 1997] at the 660 km discontinuity. This simple model has 

been and remains useful for our understanding of many first order subduction zone observations, 

including the generation of megathrust [e.g. Lay et al., 1982] and Wadati-Benioff Zone 

earthquakes [e.g. Wiens et al., 1993], the formation of volcanic arcs [e.g. Syracuse and Abers, 

2006], upperplate deformation [e.g. Heuret and Lallemand, 2005], and broad mantle seismic 

velocity structure [Butterworth et al., 2014; Domeier et al., 2016; van der Meer et al., 2017]. 

When dividing subduction zones into end-member kinematic regimes [Uyeda and Kanamori, 

1979; Stegman et al., 2010], the first order variability of these observations can be accounted for 

at a global scale. 

 Increasingly, it is becoming apparent that this simplified view of subduction is 

insufficient to explain the more detailed variations observed within and among subduction zones. 

In any given subduction zone, variations in upper plate character change not only with time, but 
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also along strike, while the breadth of observed subduction zone characteristics continues to 

expand. Mountain belts are heterogeneous, volcanic arc outputs are geochemically diverse, and 

subduction zone geohazards continue to catch us by surprise. Furthermore, evidence is emerging 

that slabs do not necessarily go down easy, but instead undergo any number of styles of 

deformation as they descend into the mantle [Nolet, 2009], from folding [Ribe et al., 2007; 

Quinteros et al., 2010; Čížková and Bina, 2013; Sigloch and Mihalynuk, 2017; Zhao et al., 2017] 

to tearing [Wortel and Spakman, 2000; Miller et al., 2006; Obayashi et al., 2009; Antonijevic et 

al., 2015] to fragmenting [Obrebski et al., 2010; Biryol et al., 2011]. Such observations, some of 

which are illustrated in Figure 1, bring into question the traditional slab graveyard model, which 

has far-reaching implications for our basic understanding of subduction zone processes. In order 

to fully understand the role of subduction in geohazard generation, upper plate deformation, 

mantle convection, and material recycling, we need to characterize the heterogeneous behavior 

and morphology of subducting slabs.  

 To approach this problem, this dissertation investigates the structure of subducting slabs 

in two large scale, opposite end-member subduction systems: South America and Anatolia. Each 

of these subduction systems provide ideal natural laboratories to investigate variability in 

subduction behavior within a single subduction zone because of their wide margins and observed 

upper plate heterogeneity while investigating the two subduction systems together provides a 

unique opportunity for assessing the breadth of subduction zone variability across systems. The 

South American subduction margin, extending >7,000 km, is the widest two-plate ocean-

continent subduction system on Earth. The subducting Nazca plate is young [Müller et al., 2008] 

and warm, entering the trench at a moderate convergence rate of ~6-7 cm/yr [DeMets et al., 

2010]. Historically, the backarc is largely compressive [Kley and Monaldi, 1998; Oncken et al., 
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2006; Arriagada et al., 2008], with the exception of some periods of extension [Horton, 2018b], 

resulting in the high Andes, including the second largest orogenic plateau on Earth, the 

Altiplano-Puna Plateau [Allmendinger et al., 1997]. Together, these observations define the 

Andean-type subduction zone end-member. The Anatolian subduction system in the eastern 

Mediterranean is a complex multi-plate system that displays opposing qualities to South 

America. The system spans three distinct convergent domains. In parts, a rapidly retreating 

trench [Reilinger et al., 2006] is paired with extension in the backarc [McKenzie, 1978]. Entering 

the convergent margin is Tethyan oceanic lithosphere, the oldest on Earth [Müller et al., 2008], 

and the continental Arabian plate. Convergence between the African-Arabian plates and Eurasia 

is also among the slowest rates on Earth at 10-15 cm/yr [Barka and Reilinger, 1997; Reilinger et 

al., 2006]. This system makes up what represents the Mediterranean-type subduction end-

member.  

 To investigate slab structure within these systems, I employ a seismic imaging technique 

called finite-frequency teleseismic P-wave tomography [Aki et al., 1977; Dahlen et al., 2000; 

Montelli et al., 2004; Schmandt and Humphreys, 2010]. With this method, relative residuals 

between the predicted arrival of teleseismic (30-90° distance) earthquakes at a local seismic 

array based on a one-dimensional seismic velocity model and those observed are inverted along 

their predicted ray paths in a least-squares inversion. Through this process, a three-dimensional 

model of seismic velocity perturbations from the one-dimensional starting model is produced 

beneath the local station array, highlighting lateral seismic heterogeneity in the mantle. Thus, the 

teleseismic tomography method is ideally suited for imaging subducting lithosphere, which is 

relatively seismically fast because it is colder than the surrounding mantle. Utilizing P-wave 

arrivals contributes to increased resolution of detailed slab structure because of their higher 
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frequency content and narrow sensitivity kernels. In four appendices herein, I apply this method 

in three distinct study regions (Figure 2) to produce the most detailed images to date of the 

Nazca slab structure beneath South America and subducted African-Arabian lithosphere beneath 

the Anatolian sub-continent. 

 In the first study, I compile seismic data from Chile and Argentina in a focused 

teleseismic P-wave tomography inversion surrounding the Sierras Pampeanas basement-cored 

uplifts (Figure 2c). Subduction of the Juan Fernández Ridge, a thickened volcanic ridge [Gans et 

al., 2011] produced at the Juan Fernández Hot Spot [Davies, 1988; Montelli et al., 2004; French 

and Romanowicz, 2015], along the Chilean Trench is expected to significantly alter local 

subduction dynamics due to the increased buoyancy of the ridge [Pilger Jr., 1981; Gutscher et 

al., 2000]. From this inversion, I was able to identify two new ways in which the ridge is 

affecting subduction dynamics: unusually hot subslab asthenosphere is entrained in Nazca plate 

motion beneath the ridge into the subduction zone and intrinsic buoyancy contrasts between the 

subducted ridge and the surrounding slab produce localized tearing of the Nazca slab (Figure 3). 

 In the second study, I compile seismic data across the Anatolian sub-continent in a 

teleseismic P-wave tomography inversion (Figure 2b). Anatolia marks the transition in the 

Alpine-Himalayan orogenic belt from primarily subduction-dominated convergence in the west 

to collision-dominated convergence in the east. In the resulting tomography model, I am able to 

show a related transition in the slab character, with a cohesive slab in the Aegean domain, a 

completely fragmented slab in the Bitlis domain, and an actively deforming Cyprean slab in 

between those two domains (Figure 4). From west to east, the downgoing slab becomes 

increasingly deformed and fragmented, which is likely directly related to the character of the 

incoming plate [Granot, 2016] and the stage of the domain in its subduction cycle (Figure 5). 
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 In the third study, I do not perform new seismic imaging, but instead develop a tool to 

help analyze the structure of imaged slabs from tomography models in a subjective, semi-

automated procedure. This tool is critical for analyses performed in Appendix D of the complete 

Nazca slab geometry. 

 In the fourth study, I compile seismic data across all of South America in a 

comprehensive continental-scale P-wave tomography inversion (Figure 2c). The resulting 

tomography model (Figure 6) is a dramatic improvement on the resolution of existing global 

tomography models (i.e. MITP_USA_2016MAY, Figure 7) [Burdick et al., 2017], allowing for a 

complete analysis of Nazca slab structure from the surface into the lower mantle in 

unprecedented detail. In addition to the tear in the slab imaged in Appendix A, I show that the 

Nazca slab has variations in dip, seismic velocity, and lower mantle behavior along the margin 

that have implications for upper plate evolution and deep-focus earthquake generation (Figure 8). 

 Taken together, these studies reveal several important observations about both variability 

and consistency among subduction zones. The studies confirm the stark contrast between the two 

systems, with a mostly coherent slab subducting beneath South America contrasting with a 

highly segmented slab subducting beneath Anatolia. This is most closely tied to the nature of the 

incoming plate. Beneath South America, only oceanic lithosphere is subducting, leading to a 

largely cohesive subducting plate. This closely resembles the character of the Tethyan 

lithosphere subducting at the Aegean Trench, which is also oceanic. However, in the Anatolian 

system, the heterogeneity of the incoming plate is reflected in heterogeneity in the downgoing 

slab. Contrasting with the Aegean domain, the slab in the Cyprean and Bitlis domains are highly 

deformed and fragmented, coincident with continental lithosphere impinging on the plate 

margin. The South American slab most closely resembles the appearance of impinging 
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continental lithosphere in regions where buoyant ridges are impacting the subduction zone. For 

example, the eastern Cyprean slab appears to undergo sub-horizontal subduction before diving 

vertically into the mantle transition zone downdip from the trench. Similarly, the Peruvian Flat 

Slab segment where the Nazca Ridge subducts extends sub-horizontally for hundreds of km 

before diving vertically into the mantle transition zone. Additionally, while the Nazca slab does 

not appear to fragment, tearing of the slab is observed exclusively surrounding the flat slab 

segments where there are subducted buoyant ridges, as seen beneath Argentina adjacent to the 

Pampean Flat Slab (Appendices A and D) and beneath Peru adjacent to the Peruvian Flat Slab 

[Antonijevic et al., 2015; Scire et al., 2016]. While this behavior is predicted by the subduction 

of buoyant impactors [Mason et al., 2010; Hu and Liu, 2016], its similarity to behaviors expected 

in the Mediterranean system [Wortel and Spakman, 2000] is remarkable. 

 Despite the similarities in slab deformational features across the two systems, it appears 

that the degree of deformation remains more significant. In both South America [Antonijevic et 

al., 2016; Lynner et al., 2017] and Anatolia [Faccenna and Becker, 2010; Faccenna et al., 2014; 

Schildgen et al., 2014; Reid et al., 2017], gaps and tears in the slabs have a controlling effect on 

the mantle flow field, but only in Anatolia does this appear to observably affect the surface, 

contributing to various volcanic fields [Biryol et al., 2011; Reid et al., 2017; Schleiffarth et al., 

2018] and uplift and volcanism of the East Anatolian Plateau [Keskin, 2003, 2007; Şengör et al., 

2003]. Thus, the higher degree of deformation and fragmentation observed beneath Anatolia, and 

by extension the impingement of continental lithosphere on the subduction zone, is likely 

necessary for significant effect on the surface. Regardless, it remains that in both systems the 

slabs do not necessarily reach the lower mantle undeformed, which has implications for the role 

of the slabs in mantle convection [Schellart, 2008; Faccenna and Becker, 2010; Faccenna et al., 
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2014] and in how slab material is assimilated into the mantle [Stixrude and Lithgow-Bertelloni, 

2012]. 

 In addition to deformation of the slab, a clear similarity is observed among the two 

systems in slab interaction with the 660 km discontinuity, with both slabs penetrating to the 

lower mantle without notable stalling or folding in the upper mantle. That this is true beneath 

South America supports conventional wisdom [Fukao et al., 2001; Goes et al., 2017], but its 

occurrence beneath Anatolia contradicts existing models of Mediterranean subduction dynamics 

[Piromallo and Morelli, 2003; Spakman and Wortel, 2004]. As opposed to slab settling above 

the 660 km viscosity contrast [Ribe et al., 2007; Quinteros et al., 2010; Čížková and Bina, 2013] 

being a requisite for slow convergence and rapid trench retreat [Lallemand et al., 2005; Stegman 

et al., 2010], the slab structure beneath western and central Anatolia suggests that stagnation is 

not necessary under these conditions. This observation similarly has implications for the role of 

African-Arabian slabs in convection, implying anomalous lower mantle anchoring [Faccenna et 

al., 2013; Schellart, 2017].  

 In the attached Appendices, my coauthors and I go into detail about the structure of the 

slabs subducting beneath South America and Anatolia and the effects of those geometries on the 

dynamics of their respective subduction systems.  



 

 23 

SUMMARY OF WORK 

This dissertation comprises the results of four separate papers that are appended herein. 

Below, I summarize the key findings of each of these four studies. 

In Appendix A, my coauthors and I present the findings of a regional-scale teleseismic P-

wave tomography study in central Chile and Argentina. Central Chile and Argentina is a critical 

region in subduction science because of subduction of the Juan Fernández Ridge along the Chile 

Trench. The Juan Fernández Ridge, a thickened ridge of oceanic crust [Gans et al., 2011], was 

generated at the Juan Fernández hot spot [Davies, 1988; Montelli et al., 2004; French and 

Romanowicz, 2015]. Though somewhat controversial [Skinner and Clayton, 2013] recent 

subduction of the Juan Fernández Ridge is generally considered to cause or contribute to 

localized flattening of the Nazca slab and the formation of the Pampean Flat Slab [Ramos et al., 

2002] due to its increased buoyancy [Pilger Jr., 1981; Gutscher et al., 2000]. The Pampean Flat 

Slab, in turn, is credited for uplift of the basement-cored Sierras Pampeanas [Jordan et al., 1984; 

Jordan and Allmendinger, 1986], and the modern volcanic arc gap [McGeary et al., 1985; Kay 

and Mpodozis, 2002]. Similarly, a previously subducted arm of the Juan Fernández Ridge [Yáñez 

et al., 2002] is thought to control deformation and magmatic patterns dating to the Miocene in 

the Altiplano-Puna region north of the modern flat slab [Kay and Coira, 2009]. 

In our tomography model, we reveal two ways in which the Juan Fernández Ridge affects 

the subsurface. First, we reveal a laterally extensive slow seismic velocity anomaly parallel to 

and below the Nazca slab. This anomaly, along with a similar subslab slow velocity anomaly 

previously imaged beneath the Peruvian Flat Slab [Scire et al., 2016], suggest a correlation 

between subslab slow velocity anomalies and subducting hot spot tracks along the Andean 

margin. Slow seismic velocities may occur within the mantle as a result of high temperatures, 
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partial melt, or high water content. Given that geodynamic models show that the thermal 

signature of hot spots may remain for tens of millions of years [Honda et al., 2007] and that 

significant volumes of subslab asthenosphere may be entrained by the overriding plate into 

subduction zones [Liu and Zhou, 2015], we interpret the slow velocity anomaly as a primarily 

thermal anomaly. The observed correlation between subslab slow seismic velocity anomalies and 

subducting hotspot tracks suggests that we may observe the signature of the entrained 

asthenosphere in our seismic images, confirms predicted estimates of entrained asthenosphere, 

and provides an explanation for observed subslab slow velocity anomalies infrequently 

distributed globally across subduction zones. 

Second, we reveal a gap in the subducting Nazca slab adjacent to the Pampean Flat Slab 

that is filled with slow seismic velocities. A gap in the slab near the Pampean Flat Slab was 

previously predicted by a number of observations including geodynamic modeling [Hu and Liu, 

2016], earthquake focal mechanisms [Anderson et al., 2007], and resistivity anomalies [Burd et 

al., 2013], but our images are the first robust observations of a gap in the fast seismic velocities 

of the subducted Nazca slab. The presence of a gap in the Nazca slab adjacent to the flat slab 

indicates that subduction of the buoyant Juan Fernández Ridge and the buoyancy contrast 

between the ridge and the adjacent dense slab is sufficient to induce tearing in the subducting 

plate. With these two observations, we propose a model for the formation of the slow velocity 

anomalies below central Chile and Argentina in which the Juan Fernández hot spot generates a 

thickened ridge of oceanic crust underlain by hot, buoyant asthenosphere that gets entrained by 

Nazca plate motion into the subduction zone. As the ridge subducts, its positive buoyancy 

relative to the surrounding Nazca slab contributes to a resistance to subduction and induces 

tearing of the slab, which then allows for the passive rise of the buoyant subslab material through 
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the slab. In addition to providing an explanation for geophysical observations beneath central 

Chile and Argentina, this model may help to explain anomalous observations elsewhere 

including slab tearing [Antonijevic et al., 2015; Hall and Spakman, 2015; Scire et al., 2016] and 

subslab slow velocity anomalies [Obayashi et al., 2006; Honda et al., 2007; Bagley et al., 2009; 

Morishige et al., 2010; Obrebski et al., 2010; Tang et al., 2014; Hawley et al., 2016]. 

In Appendix B, my coauthors and I present the findings of a continental-scale teleseismic 

P-wave tomography study across Anatolia in the eastern Mediterranean. Anatolia serves as a 

major tectonic transition in the Alpine-Himalayan convergent belt from the collision-dominated 

domain in the east to the subduction-dominated Mediterranean domain in the west [Bird, 2003]. 

Within Anatolia, this is reflected in the transition from a compressional tectonic regime in 

eastern Anatolia to an extensional tectonic regime in western Anatolia and the Aegean Sea, with 

a transtensional regime in between in central Anatolia [Şengör et al., 1985]. These tectonics are 

driven largely by Miocene collision of Arabia with Eurasia in eastern Anatolia [Şengör and 

Kidd, 1979], contributing to the formation of the East Anatolian Plateau and promoting escape 

tectonics along the East and North Anatolian faults in central Anatolia and into the Aegean 

[Şengör et al., 1985], which is likely facilitated by rollback of the Aegean Trench [Jolivet et al., 

2013]. The transition from collision to extension similarly coincides with a transition in the 

character of African-Arabian lithosphere entering the plate boundary, with a soft transition from 

continental Arabian plate to oceanic Neo-Tethyan lithosphere near the western edge of Cyprus 

[Granot, 2016]. 

With our tomography model we reveal several features of the subducting African-

Arabian lithosphere that indicate the subsurface is reflective of this tectonic transition at the 

surface. Beneath eastern Anatolia, the upper mantle is dominated by slow seismic velocities, 
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consistent with prior seismic images [Gök et al., 2007; Gans et al., 2009; Biryol et al., 2011; 

Mutlu and Karabulut, 2011; Bakırcı et al., 2012; Salaün et al., 2012; Fichtner et al., 2013; Delph 

et al., 2015; Govers and Fichtner, 2016; Delph et al., 2017; Salah, 2017], that have typically 

been interpreted as rising asthenosphere responding to Miocene detachment of the Bitlis slab 

[Keskin, 2003, 2007; Şengör et al., 2003]. Below the upper mantle slow velocity anomaly, the 

mantle transition zone and upper lower mantle contain scattered low amplitude, relatively small 

fast seismic velocity anomalies, with little evidence of a cohesive detached slab. Beneath western 

Anatolia, a thick, continuous fast seismic velocity anomaly extends from the Aegean Trench into 

the lower mantle, indicative of typical long-lived subduction. Between these two regions, we 

image the subducting Cyprean slab. The Cyprean slab is separated from the Aegean slab by a 

vertical tear. The Cyprean slab anomaly itself changes character from west to east, appearing as a 

thick, continuous fast seismic velocity anomaly in the western portion, similar to the Aegean 

slab, but appearing segmented in the eastern section. The eastern Cyprean slab appears to 

subduct sub-horizontally to beneath the Central Taurus Mountains, where a horizontal tear 

separates it from a sub-vertically dipping block extending into the deep mantle transition zone. In 

front of this block, disparate, low amplitude fast seismic velocities appear to extend into the 

lower mantle. 

The distinct slab structures in each domain of the Anatolian convergent margin are 

reflective of the variable character of the overriding plate. Where the upper plate is compressive 

in eastern Anatolia, the slab appears to be detached and fragmented. Where the upper plate is in 

extension and the trench is retreating, the slab looks cohesive. In between, where the upper plate 

is in a transitional tectonic state, the slab appears to transition from a cohesive, simple slab 

geometry to a more complex, fragmented character. This correlation is coincident with variations 
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in the character of the incoming African-Arabian plate, with continental crust underthrusting 

beneath eastern Anatolia, oceanic material subducting at the Aegean Trench, and the boundary 

between the two occurring offshore Cyprus, in the center of the Cyprean Trench [Granot, 2016]. 

These parallel observations suggest that the variable observations of slab structure across 

Anatolia reflect different stages of subduction termination, from main-phase subduction in the 

west to completed subduction in the east. They also suggest that these stages are controlled by 

the character of the incoming plate and that they are directly related to the tectonic regime of the 

upper plate. Thus, in addition to representing a spatial transition across Anatolia, the three 

convergent sections may illustrate three evolutionary stages of a fundamental geodynamic 

process: subduction termination. Eastern Anatolia represents the eventual end stage of the 

Aegean subduction zone in the near geologic future. 

In Appendix C, my coauthor and I present a new computational technique for interpreting 

slab structure from teleseismic tomography models in a semi-automated approach. Typically, 

models of slab geometry are based primarily on Wadati-Benioff Zone earthquakes which, in 

many subduction zones, clearly delineate the descent of slabs through the upper mantle 

[Gudmundsson and Sambridge, 1998; England et al., 2004; Syracuse and Abers, 2006; Hayes et 

al., 2012]. However, some slabs contain extensive aseismic sections[e.g. Barazangi and Isacks, 

1976; Cahill and Isacks, 1992], most commonly at intermediate depths [Vassiliou et al., 1984; 

Wortel and Vlaar, 1988], making it difficult to comprehensively characterize structure using only 

Wadati-Benioff Zone earthquakes. Teleseismic tomography, conversely, is inherently able to 

map slab structure independently of local earthquake occurrence, making it an ideal complement 

to Wadati-Benioff Zone earthquakes in slab modeling. When used, teleseismic tomography is 

most commonly contoured by hand to develop slab models [Nakajima and Hasegawa, 2007; 
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Richards et al., 2007; Biryol et al., 2011; Antonijevic et al., 2015; Hall and Spakman, 2015; 

Scire et al., 2016], serving as a reliable, but subjective measure of slab location. In order to make 

teleseismic tomography accessible for slab modeling in an automated, objective manner, we 

develop a procedure to computationally extract slab location with minimal user input. 

Our procedure starts with a user-defined, first order estimate of slab location that acts as a 

guide for the search algorithm. From there, at regularly spaced locations, the tomography model 

is sampled in a slab-normal vector both above and below the slab guide. Of those sampled 

points, the slab center is determined as the center of the points that exceed a pre-defined velocity 

threshold. This procedure allows for enough flexibility to be applied to tomography models with 

a variety of locations, sizes, and resolutions. We show the utility of the procedure by reproducing 

key elements of the Juan de Fuca/Gorda and Nazca slabs from several existing tomography 

models [Porritt et al., 2014; Schmandt and Lin, 2014; Burdick et al., 2017]. In the Cascadia 

subduction zone our procedure consistently extracts robust features of the Juan de Fuca/Gorda 

plate including extension into the mantle transition zone, a horizontal step in the slab, and 

fragmented structure between two cohesive segments. In the South American subduction zone, 

we recover along strike variations in Nazca slab dip along with a known gap in the slab [Portner 

et al., 2017]. The code developed for this project has been made publicly available for broad 

usage in slab modeling beyond the noted examples. 

In Appendix D, my coauthors and I present the findings of a continental-scale teleseismic 

P-wave tomography study across South America. South America serves as the widest two-plate 

ocean-continent subduction system on Earth. As such, it is frequently called upon as the type 

example for ocean-continent subduction [Uyeda and Kanamori, 1979] and/or as the modern 

analog for Laramide processes in the continental United States [Jordan and Allmendinger, 1986]. 
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However, heterogeneities at a range of scales along the margin, including in volcanism [Kay et 

al., 1991; Kay and Mpodozis, 2002; Ramos and Kay, 2006; Kay and Coira, 2009; Ramos, 2009; 

DeCelles et al., 2015; de Silva and Kay, 2018], shortening [Kley and Monaldi, 1998; Oncken et 

al., 2006; Arriagada et al., 2008; Schepers et al., 2017], sedimentation [Lamb and Davis, 2003; 

Horton, 2018a], and topography make simple comparisons to other systems difficult without 

complete understanding of the relationships between these heterogeneities and connecting them 

to the character of the subducting Nazca plate. To date, high-resolution studies of the Nazca slab 

have occurred through focused studies, such as those targeting the Peruvian Flat Slab [Scire et 

al., 2016], the Puna Plateau [Bianchi et al., 2013; Scire et al., 2015], the Pampean Flat Slab 

[Portner et al., 2017], and the 2010 Mw8.8 Maule earthquake rupture zone [Pesicek et al., 2012]. 

By using data from >1,000 seismic stations distributed across South America in a single 

tomographic inversion, we image the Nazca slab at the continent scale to facilitate along strike 

comparisons of slab behavior and relate its behavior to models of South American evolution. 

With our tomography model, we show several key features of the Nazca slab that vary 

along strike despite relative uniformity in plate age [Müller et al., 2008] and subduction rate 

[DeMets et al., 2010]. Along the margin, slab dip varies dramatically. With the exception of two 

notable flat slabs in the shallow mantle, the Peruvian and the Pampean flat slabs [Barazangi and 

Isacks, 1976; Cahill and Isacks, 1992], the shallowest dips (~30°) are south of the Pampean Flat 

Slab while dips reach near vertical beneath the central Andes. Similarly, amplitude of the fast 

seismic velocity anomaly of the slab is weakest south of the Pampean Flat Slab and strongest 

beneath the central Andes. Conversely, rather than a central-outward pattern of variation, slab 

character in the lower mantle varies systematically from south to north, displaying increasing 

subducted slab lengths in the north along with increased flattening in the lower mantle. Beneath 
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southern South America, the slab appears to subduct with a consistent dip through the mantle 

transition zone to lower mantle depths of ~800-900 km. Beneath central South America, the slab 

displays a similar character in the lower mantle before turning and extending for ~1,000 km with 

sub-horizontal dip at ~900 km depth. Beneath northern South America, the slab appears to 

penetrate deeper to ~1,100 km depth before flattening and extending for >2,000 km eastward at 

that depth. 

The observed behavior of the slab in the lower mantle has significant implications for 

geodynamics and for models of South American evolution. That the slab extends into the lower 

mantle unimpeded along the margin indicates that the 660 km discontinuity may display a 

smaller viscosity contrast than is observed at other subduction zones where the slab flattens or 

deforms upon encountering the discontinuity [Fukao et al., 2001; Ribe et al., 2007; Quinteros et 

al., 2010; Čížková and Bina, 2013; Fukao and Obayashi, 2013; Goes et al., 2017]. Instead, the 

slab flattens within the lower mantle, signaling a more significant rheological contrast at 900-

1,100 km depth [Ballmer et al., 2015, 2017; Marquardt and Miyagi, 2015; Rudolph et al., 2015]. 

That the slab penetrates to the lower mantle along the entire margin also implies that localized 

anchoring into the lower mantle cannot explain modern day variations in shortening and uplift 

along the Andean margin [Faccenna et al., 2013, 2017; Schellart, 2017]. However, observed 

subducted slab lengths are consistent with Cenozoic rotation of the Nazca slab [Chen et al., 

2019], suggesting that the spatio-temporal pattern of lower mantle penetration may help to 

explain inferred upper plate compressional and extensional regimes [Chen et al., 2019]. While it 

is difficult to resolve the complex history of South American tectonics with our tomographic 

images, our resulting slab model provides important constraints to be used in geodynamic 

models and plate reconstructions of the South American subduction system.   
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FIGURES 

 

Figure 1. Types of Slab Deformation. Cartoon examples of, from left to right, a horizontal slab 

tear, a vertical slab tear, a slab gap, and slab fragmentation. Each are modes of slab deformation 

imaged in prior regional seismic tomography studies and discussed in this dissertation. 
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Figure 2. Maps of Study Regions. (A) Global map showing the locations of the tomography 

study areas in the Appendices. Locations for Appendices B and D are marked as white boxes. 

(B) Map of Anatolia and the surrounding region, the study area for Appendix B. White lines 

represent plate boundaries from [Bird, 2003]. Abbreviated labels are: EAP, East Anatolian 

Plateau; NAF, North Anatolian Fault; BSZS, Bitlis-Zagros Suture Zone. (C) Map of South 

America, the study area for Appendix D. The location for Appendix A is marked as a white box. 

White lines are same as (B). 
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Figure 3. Pampean Flat Slab Geometry Interpretation. (A) Map of central Chile and Argentina, 

the study location for Appendix A. The white line represent plate boundaries from [Bird, 2003]. 

Thin black lines represent contours of the Slab1.0 Nazca slab model [Hayes et al., 2012] in 25 

km intervals. The black line is the trace of the cross section in (B), with white dots spaced in 200 

km intervals along the trace and the large yellow dot indicating the 0 km position of the trace. 

The red triangle and the red line indicate the Juan Fernández hot spot and the Juan Fernández 

Ridge, respectively. (B) Cross section through tomography model SAM4_P_2017 from 

Appendix A, showing the imaged gap in the Nazca slab anomaly, with slow velocities below the 
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slab and within the gap. Asthenosphere is inferred to rise through the gap, indicated by black 

arrows. The solid black line is the 0.2 hit quality contour. (C) Conceptual model for the origin 

and dynamics of the slow velocities imaged surrounding the Pampean flat slab from Appendix 

A. Hot material from the JFHS becomes entrained in Nazca plate motion, remaining hot and 

slow. Downdip of the Pampean flat slab, buoyancy contrast causes tearing in the Nazca slab, 

allowing the buoyant subslab material to rise. The subslab slow extends north due to a bend in 

the subducted JFR (not pictured). Abbreviated labels for all panels are: ESP, Eastern Sierras 

Pampeanas; JFHS, Juan Fernández hot spot; JFR, Juan Fernández Ridge; PFS, Pampean flat 

slab; SSS, subslab slow velocity anomaly.  
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Figure 4. Tomographic Cross Sections Through Anatolia. Cross sections through the 

ANA2_P_2018 tomography model from Appendix B at locations oriented downdip of the (A) 

Aegean slab, (B) west Cyprean slab, (C) east Cyprean slab, and (D) Bitlis- Zagros suture zone. 

Topography and tectonic features are labeled above the profiles. (E) Map indicating the surface 

traces of the cross sections. Red triangles indicate volcanoes active in the Holocene. Thick gray 

lines separate the three convergent domains listed from west to east: the Aegean domain, the 
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Cyprean domain, and the Bitlis-Zagros domain. The solid black line is the 0.5 hit quality 

contour. (F) Color scale for P-wave velocity perturbations. Dashed lines represent interpreted 

anomaly delineation. Abbreviations are as follows: AS, Aegean slab; BS, Black Sea; BZSZ, 

Bitlis-Zagros suture zone; CAP, Central Anatolian Plateau; CAVP, Central Anatolian Volcanic 

Province; CTM, Central Taurus Mountains; EAP, East Anatolian Plateau; EAS, East Anatolian 

slow anomaly; EC, east Cyprean slab; IA, Isparta angle; IZ, İstanbul zone; NAF, North 

Anatolian fault; WC, west Cyprean slab. Figure from Appendix B.  
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Figure 5. Interpreted Slab Geometry Beneath Anatolia. Diagrammatic representation of the 

interpreted slab geometry for each convergent domain in Anatolia from Appendix C. Slab 

geometry is derived from the interpretations in Figure 4, showing increasing deformation from 

west to east. Domains from west to east additionally indicate the progressive process of 

subduction termination. Red triangles indicate volcanoes active in the Holocene. OL, oceanic 

lithosphere; CL, continental lithosphere; STEP, subduction-transform edge propagator system.  
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Figure 6. Sample Tomographic Cross Sections Through South America. Select cross sections 

through tomography model SAM5_P_2019 from Appendix D. Cross sections indicate the Nazca 

slab structure beneath (A) the northern Andes, (B) The Peruvian flat slab region, (C) northern 

Chile and Argentina, and (D) the southern Andes. In each cross section, the solid black line is the 

0.2 hit quality contour, the magenta line is the Slab2 Nazca slab geometry model [Hayes et al., 

2018], green circles are earthquakes within 50 km [Engdahl et al., 1998; International 
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Seismological Centre, 2016], and the dashed black line is a qualitative outline of the slab 

anomaly. Note the differences in slab dip within each cross section and that in each section the 

slab anomaly extends into the lower mantle. (E) Map indicating the traces of each cross section 

(red lines). White dots are spaced in 200 km intervals along the trace and the large yellow dot 

indicates the 0 km position of the trace, which falls along the trench.  
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Figure 7. Comparison with Global Tomography. Select cross sections through tomography 

model SAM5_P_2019 from Appendix D compared to the global P-wave tomography model, 

MITP_USA_2016MAY [Burdick et al., 2017]. In each cross section, the solid black line is the 

0.2 hit quality contour, the magenta line is the Slab2 Nazca slab geometry model [Hayes et al., 

2018], and green circles are earthquakes within 50 km [Engdahl et al., 1998; International 

Seismological Centre, 2016]. Cross section traces are as in Figure 6. Note the much thinner slab 

anomaly in the left hand column than in the right.  
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Figure 8. Nazca Slab Model. New model of Nazca slab surface geometry in three dimensions 

from Appendix D. The slab model was derived by using the software developed in Appendix C 

on a recovered synthetic slab anomaly and combining the result with earthquake, bathymetry, 

active source, and receiver function data using the Slab2 software [Hayes et al., 2018]. The slab 

model indicates variations of dip along strike, the gap imaged in Appendix A, lower mantle slab 

penetration along the margin, and slab flattening in the lower mantle beneath northern South 

America.  
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ABSTRACT 

Slow seismic velocity anomalies are commonly imaged beneath subducting slabs in 

tomographic studies, yet a unifying explanation for their distribution has not been agreed upon. 

In South America two such anomalies have been imaged associated with subduction of the 

Nazca Ridge in Peru and the Juan Fernández Ridge in Chile. Here we present new seismic 

images of the subslab slow velocity anomaly beneath Chile, which give a unique view of the 

nature of such anomalies. Slow seismic velocities within a large hole in the subducted Nazca slab 

connect with a subslab slow anomaly that appears correlated with the extent of the subducted 

Juan Fernández Ridge. The hole in the slab may allow the subslab material to rise into the mantle 

wedge, revealing the positive buoyancy of the slow material. We propose a new model for 

subslab slow velocity anomalies beneath the Nazca slab related to the entrainment of hot spot 

material. 

 

1. INTRODUCTION 

The most prominent features in the upper mantle that seismologists image with seismic 

tomography are the fast velocity anomalies associated with subducted oceanic lithosphere. In 

many global [Bijwaard and Spakman, 2000; Li et al., 2008; Zhao et al., 2013] and regional 

[Huang and Zhao, 2006; Bezada et al., 2010; Li and van der Hilst, 2010; Obrebski et al., 2010; 

Schmandt and Humphreys, 2010; Scire et al., 2015, 2016; Hawley et al., 2016] tomographic 

models of subduction zones, the fast “slab” anomalies are accompanied by a high-amplitude 

subslab slow velocity anomaly. While such anomalies are often dismissed as natural artifacts of 

the tomography method or more recently as an artifact of anisotropy in an isotropic model 

[Bezada et al., 2016], many recent studies have interpreted the anomalies as a true representation 
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of subslab seismic velocities. Interpretations of the slow anomaly imaged beneath the Honshu 

slab of the Japan subduction zone suggest that the slow anomaly may result either from the 

entrainment of hot asthenosphere beneath the Pacific plate in the subduction process [Honda et 

al., 2007; Tang et al., 2014; Liu and Zhou, 2015] or from a midmantle upwelling [Morishige et 

al., 2010], possibly induced by water [Bagley et al., 2009]. Interpretations of a similar slow 

velocity anomaly imaged beneath the Juan de Fuca slab of the Cascadia subduction zone suggest 

that the slow anomaly may result from the accumulation of entrained buoyant asthenosphere 

[Hawley et al., 2016] or by the pooling of hot spot material beneath slab fragments [Obrebski et 

al., 2010]. However, these hypotheses are either applied solely to the Honshu slab [Obayashi et 

al., 2006; Honda et al., 2007; Bagley et al., 2009; Morishige et al., 2010; Obrebski et al., 2010; 

Tang et al., 2014] or the Juan de Fuca slab [Obrebski et al., 2010] or are expected to ubiquitously 

produce subslab slow anomalies at all subduction zones [Liu and Zhou, 2015; Bezada et al., 

2016; Hawley et al., 2016]. Conversely, slow anomalies are observed frequently beneath 

subducting slabs, but not ubiquitously, requiring an explanation that places slow velocity 

anomalies beneath some slabs, or segments of slabs, and not others. 

The South American subduction zone, extending >7000 km, is one of the longest 

continuous subduction zones on Earth. Subduction along the western South American margin 

has been relatively continuous since the Mesozoic, while the nature and dip of subduction has 

varied both along strike and through time [Gutscher et al., 2000; Kay and Coira, 2009; Ramos 

and Folguera, 2009]. Today, shallow slab segments beneath Chile, Peru, and Ecuador are 

associated with the subduction of the hot spot-generated overthickened oceanic crust of the Juan 

Fernández, Nazca, and Carnegie Ridges, respectively [Barazangi and Isacks, 1976; Gutscher et 

al., 2000; Ramos and Folguera, 2009] (Figure A1). Beneath the subducting Nazca plate are two 
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well-imaged subslab slow velocity anomalies [Scire et al., 2015, 2016] (Figure A1), making 

South America an ideal place to investigate the causes of subslab slow anomalies and their 

variability among subduction zones. While the subslab slow anomalies extending beneath 

southern Peru (11°S–15°S; Figure A1b, anomaly S1) and northern-central Chile and Argentina 

(20°S–26°S; Figure A1c, anomaly S2) [Scire et al., 2015, 2016] have been observed with 

teleseismic tomography, results were unable to determine robust interpretations of the anomalies’ 

origins. Here we present new tomographic images beneath Chile and Argentina that show that 

the southern slow velocity anomaly is likely the result of entrainment of buoyant asthenosphere 

from the Juan Fernández hot spot in Nazca subduction. 

 

2. DATA AND METHODS 

Our images are the result of a finite-frequency teleseismic P wave tomographic inversion 

[Dahlen et al., 2000; Schmandt and Humphreys, 2010] using 394 broadband and short-period 

seismic stations from a variety of temporary [Beck et al., 2000; Beck and Zandt, 2007; Sandvol 

and Brown, 2007; Gilbert, 2008; Roecker and Russo, 2010; Waite, 2010] and permanent 

[Albuquerque Seismological Laboratory (ASL)/USGS, 1988, 1993; GEOFON Data Centre, 

1993] deployments (Supplemental Table AS1) located around the cordillera in Chile and 

Argentina between latitudes 25°S and 41°S (Figure A2). We utilize a multichannel cross-

correlation algorithm [VanDecar and Crosson, 1990; Pavlis and Vernon, 2010] to pick relative P 

wave arrivals from 678 earthquakes at all contemporary stations. Our model is calculated in 

reference to the IASP91 Earth model [Kennett and Engdahl, 1991]. However, we employ a 

crustal correction using a regional crustal thickness model [Tassara and Echaurren, 2012] with 

an additional correction that accounts for fast velocities in the forearc crust, as determined by a 
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variety of local P wave tomographic studies [Graeber and Asch, 1999; Koulakov et al., 2006; 

Schurr et al., 2006] and ambient noise tomography [Ward et al., 2013]. For a more complete 

discussion of the data, methods, and model parameterization, please refer to Supplemental Text. 

 

3. IMAGING RESULTS  

The results (Figures A3 and A4) show fast P wave velocities extending N-S across the 

study area that coincide with Wadati-Benioff zone earthquakes and extend with an eastward dip 

to at least 660 km depth. Contrary to prior seismic studies [Li et al., 2008; Hayes et al., 2012; 

Pesicek et al., 2012], the interpreted slab anomaly extends to at least 660 km depth from 24°S to 

at least 40°S (Figure A3). Below and parallel to the fast slab anomaly is a high-amplitude slow 

velocity anomaly that extends from 26°S to 34°S, at depths ranging from 280 km to 715 km 

(anomaly S, Figures A3 and A4). The northern termination of the observed subslab slow 

anomaly is obscured by reduced resolution in the northern portion of the model. However, the 

observed slow anomaly overlaps with a subslab slow anomaly observed in previous work [Scire 

et al., 2015], which extends north to ~20°S. We interpret the previously imaged anomaly as a 

continuation of the anomaly observed in this study, indicating a larger subslab slow velocity 

anomaly that extends from 20°S to 34°S. This anomaly connects to a ~200 km diameter high-

amplitude slow velocity anomaly centered on 32°S, 64°W that disrupts the otherwise continuous 

fast slab anomaly (dashed red circle, Figures A3 and A4). The second slow velocity anomaly, 

which we refer to as the slab hole, connects slow velocity anomalies from the subslab mantle, 

through the slab, and into the mantle wedge (Figures A4b and A4d). Previous tomography results 

[Pesicek et al., 2012; Bianchi et al., 2013] show a similar disruption in the fast slab anomaly 

except with a westward offset, but the slow anomaly is poorly constrained in those models due to 
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its proximity to each models’ edge. Anomaly recovery tests (Supplemental Figure AS5) show 

that high-amplitude slow velocity anomalies below the slab and within the slab hole are 

necessary to recover both of the observed slow velocity anomalies and cannot be produced as an 

artifact of a gap in the slab. 

Constraints on the source of the slow velocities disrupting the slab are provided by a 

recent 3-D magnetotelluric inversion across the study area [Burd et al., 2013], which identifies a 

slab-disrupting low resistivity (high conductivity) anomaly colocated with the observed slab hole 

anomaly. The low amplitude of resistivity observed suggests interconnected partial melt or a 

high concentration of dissolved water (0.1%) within the conductive body [Burd et al., 2013]. 

Overlap of the subslab slow velocity anomaly, slab hole slow velocity anomaly, and the 

resistivity anomaly suggests that they are related, and magnetotelluric evidence indicates that at 

least the slab hole material contains some degree of partial melt or water content in addition to a 

potential thermal anomaly. 

 

4. DISCUSSION AND CONCLUSIONS 

4.1. Subslab Entrainment 

These new high-resolution tomography images provide an opportunity for investigating 

geodynamic processes such as asthenospheric entrainment in subduction zones. Recent 

geodynamic models [Liu and Zhou, 2015] show that significant volumes of sub-oceanic 

asthenosphere are entrained in plate motion when plate convergence exceeds ~4 cm/yr, implying 

substantial coupling between the asthenosphere and overlying lithosphere. The relative degree of 

asthenosphere entrainment varies as a function of viscosity and buoyancy of the asthenosphere, 

though entrainment is almost always expected with realistic parameters [Liu and Zhou, 2015]. 
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While modeling results suggest that significant asthenosphere entrainment is ubiquitous 

in subduction zones, high-amplitude slow anomalies are seen intermittently, requiring an 

anomalous source of heat, partial melt, or water in particular locations where they are observed. 

Four hot spots have been identified beneath the Nazca plate offshore of South America: Juan 

Fernández, San Felix, Easter, and Galápagos [Davies, 1988; Sleep, 1990; Montelli et al., 2006; 

French and Romanowicz, 2015]. The San Felix, Easter, and Galápagos hot spots formed the 

Iquique, Nazca, and Carnegie Ridges, respectively. The Juan Fernández hot spot (JFHS) formed 

the Juan Fernández Ridge (JFR) that intersects the trench at ~32.5°S (Figure A1). Kinematic 

reconstructions of the JFR system [Yáñez et al., 2002] show that the subducting ridge was 

oriented NE-SW until 11–10 Ma when a bend in the ridge subducted, resulting in the present E-

W orientation of the ridge. These kinematics led to a southward migration of the ridge-trench 

intersection from ~20°S to 32°S before 11 Ma and subduction subperpendicular to the trench 

thereafter. Simple calculations of plate motion (Supplemental Text AS2) indicate that the age of 

subducted ridge material ranges from approximately 8 Myr at the trench to 17 Myr at the bend 

and older on the NE-SW arm of the subducted ridge [Yáñez et al., 2002; Somoza and Ghidella, 

2012]. Geodynamic modeling shows that significant thermal anomalies remain hot for at least 25 

Myr, and possibly >100 Myr, depending on the size of the anomaly [Honda et al., 2007]. This 

may apply to the JFHS thermal anomaly as it is entrained in Nazca plate motion, suggesting that 

it should still be visible along the full extent of the inferred subducted ridge if sufficiently 

entrained. 
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4.2. Slab Hole 

In addition to the observed subslab slow velocity anomaly, our tomography model 

reveals a significant hole in the Nazca slab (dashed red circle, Figures A3 and A4). Because 

subslab material appears to rise through the slab hole, the slow velocity material is uniquely 

constrained as buoyant. However, the source of its buoyancy is dependent on the nature of the 

slab hole and its formation. One end-member possibility for its formation is that slab 

deformation and tearing was facilitated by the subslab slow material. This would suggest a 

concentrated thermal origin for the slow velocity anomaly. For example, it has been suggested 

that the rising plume beneath the Yellowstone hot spot in the western United States has 

weakened the overriding Juan de Fuca slab sufficiently to break through and create a hole 

[Obrebski et al., 2010]. However, this process requires significant weakening or thinning of the 

slab prior to impingement on the plume [Obrebski et al., 2010], yet no evidence of significant 

weakening or thinning of the adjacent slab such as reduced updip seismicity [Barazangi and 

Isacks, 1976; Engdahl et al., 1998] or tomographically imaged thinning [Pesicek et al., 2012; 

Bianchi et al., 2013] is apparent in Argentina. Additionally, such a model requires consistent, 

focused heat on the slab, implying a plume rising from below the slab hole. While this is 

possibly consistent with our results, there is no known hot spot or plume of lower mantle origin 

[Montelli et al., 2006; French and Romanowicz, 2015] below the slab hole. One alternative 

plume source is the mantle transition zone. Geodynamic modeling suggests that hydrated slabs 

stagnant in the mantle transition zone can create “wet” plumes that rapidly rise to the surface 

[Richard and Iwamori, 2010]. However, we reject this hypothesis for Argentina for two reasons: 

(1) wet plumes are not long-lived thermal plumes required to induce tearing of an overriding slab 
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and (2) kinematic and tomographic evidence suggests that the required stagnant slab is unlikely 

to be present in the mantle transition zone beneath the modern slab. 

The second end-member possibility is that the hole in the slab formed independently of 

the subslab slow material. In this case, the tear formed due to buoyancy contrasts within the slab. 

Intraplate buoyancy contrasts have been invoked to induce tearing in a variety of settings 

involving crustal thickness variations within the subducting slab [Pennington, 1984; Gutscher et 

al., 2000; Hu and Liu, 2016]. The subducted JFR is likely at least 13 km thick [Gans et al., 

2011], which is thick enough to lead to neutral-positive buoyancy of the local subducting Nazca 

slab [Gutscher et al., 2000]. This allows for a contrast between the neutrally-positively buoyant 

flat slab and the negatively buoyant, normally subducting slab downdip [Pennington, 1984; 

Hacker, 1996] that is significant enough to induce tearing. Such a tear can form independently of 

the material below the slab yet would allow any buoyant material below the slab to rise into the 

mantle wedge. While our tomography model is the first to image this process at the JFR, such 

tearing was recently modeled in a continent-scale simulation of Nazca slab subduction [Hu and 

Liu, 2016; Hu et al., 2016], supporting the second end-member model for tear formation. 

 

4.3. Model for Chilean/Argentinean Slow Velocity Anomaly 

Here we propose a new model for the origin of the slow velocity anomaly beneath the 

Nazca slab in northern-central Chile and Argentina (Figure A5). In our proposed model, the 

JFHS thermal anomaly locally heats the asthenosphere, which is subsequently entrained in Nazca 

plate motion. The entrained asthenosphere remains hot as it subducts, where it is imaged as a 

subslab slow velocity anomaly. The N-S oriented limb of the JFR subducts parallel to the trench, 

extending the slow velocity anomaly north to 20°S. Subduction of the overthickened crust of the 
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JFR leads to the juxtaposition of the neutrally-positively buoyant modern Pampean flat slab with 

the negatively buoyant downdip portion of the slab. The resulting buoyancy contrast causes 

tearing of the slab, allowing for the passive ascension of the hot, buoyant, subslab asthenosphere. 

Decompression from upward flow through the overriding Nazca slab may lead to partial melting 

of the hot asthenosphere, as suggested by magnetotelluric imaging [Burd et al., 2013]. 

Furthermore, hot upwelling asthenosphere may contribute to anomalous Pleistocene volcanism 

in the Sierras de San Luis (Figure A1a), directly above the imaged hole in the slab [Kay and 

Mpodozis, 2002; Ramos et al., 2002]. Our unique image of slow velocity material in a slab hole 

above a subslab slow velocity anomaly reveals that the seismically slow subslab material is 

likely thermally buoyant. 

This model additionally explains the previously imaged slow velocity anomaly beneath 

Peru (Figure A1) [Scire et al., 2016]. The hot spot-generated Nazca Ridge subducts 

subperpendicular to the trench, contributing to the Peruvian flat slab [Ramos and Folguera, 

2009], with a slow velocity anomaly beneath it. In our model, the slow velocity anomaly 

represents a thermal anomaly formed at the Easter hot spot and entrained in Nazca plate motion. 

The imaged anomaly beneath Peru is localized where the Nazca Ridge subducts, suggesting a 

correlation between imaged subslab slow velocity anomalies in South America and subducting 

hot spot tracks. 

As in Chile and Peru, our model predicts slow velocity anomalies beneath the Iquique 

and Carnegie Ridges, subducting beneath Chile and Ecuador, respectively. The Iquique Ridge 

subducts beneath Chile at 21°S, within the resolved region of prior tomography models [Scire et 

al., 2015], but there is no associated subslab slow velocity anomaly imaged. The Iquique Ridge 

has only been subducting since the Pleistocene [Rosenbaum et al., 2005]. Thus, the subducted 



 

 70 

ridge is likely constrained to shallow depths, making it difficult to image with a land-based 

seismic array. Conversely, the Carnegie Ridge, formed at the Galápagos hot spot, subducts 

beneath Ecuador where we do not have sufficient seismic coverage. In future tomography studies 

we expect to see a slow velocity anomaly similar to those in Chile and Peru associated with 

entrained subslab asthenosphere beneath the subducting Carnegie Ridge. While our model has 

been developed to address subslab slow velocity anomalies imaged in the South America 

subduction zone, our model is unique in that it offers a mechanism for infrequent distribution of 

subslab slow velocity anomalies, such as with the anomalies seen in Cascadia (Yellowstone hot 

spot) and Japan (Pacific superplume). Thus, our model may have implications for the origin of 

subslab slow velocity anomalies globally which may be tested with improved regional 

tomography models. 
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FIGURES 

 

Figure A1. South American Ridge Subduction. (a) Map of South America and the Nazca plate, 

with ridges (bold yellow lines) and associated hot spots (yellow stars) labeled as CR (Carnegie 

Ridge), NR (Nazca Ridge), JFR (Juan Fernández Ridge), GHS (Galápagos hot spot), EHS 

(Easter hot spot), and JFHS (Juan Fernández hot spot), respectively. The subducted JFR is 

dashed yellow where inferred by Yáñez et al. [2002]. Red shading shows the locations of the 

subslab slow velocity anomalies imaged by Scire et al. [2015] in Argentina and Scire et al. 

[2016] in Peru. Locations of cross section lines for Figures A1b and A1c are in white. Volcanoes 
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active in the Holocene are shown as red triangles. The area of Figure A2 is outlined in red. Cross 

sections through the tomography models of Scire et al. [2015, 2016] showing the (b) Peruvian 

(S1) and (c) Chilean (S2) subslab slow anomalies. The dashed black line outlines the 0.2 “hit 

quality” contour that indicates well-sampled portions of the model space. The Slab1.0 model of 

Hayes et al. [2012] is shown as a magenta line. Earthquakes from the EHB catalog of Engdahl et 

al. [1998] are indicated with green circles. (d) Color scale for the velocity perturbations. 
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Figure A2. Station Distribution Within Study Area. Map of the study area. Stations used in this 

study are shown as purple circles (two additional stations used are just off the map to the south). 

Contours of the Nazca slab from the Slab1.0 model of Hayes et al. [2012] are shown as black 

lines at 25 km intervals, with 0 km at the trench. As in Figure A1, the JFHS is labeled and 

marked as a yellow star, and the JFR is labeled and marked as a bold yellow line. The red star 

indicates the location of Pleistocene volcanism in the Sierras de San Luis. Additionally, the 

Pampean Flat Slab (PFS) is labeled. 
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Figure A3. Tomography Results in Map View. P wave velocity perturbations of our new 

tomography model are shown in map view at (a) 200 km, (b) 320 km, (c) 455 km, and (d) 605 

km depth. (e) Color scale for the velocity perturbations. The area is the same as Figure A2. “S” 

labels indicate the subslab high-amplitude slow anomalies, while dashed red lines outline the 

slow velocity anomaly of the interpreted slab hole. Contours of the Nazca slab from the Slab1.0 

model of Hayes et al. [2012] are shown as magenta lines. Thick black dashed lines in Figure A3a 
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indicate cross section lines A, B, C, and D, shown in Figure A4. Additional features are as in 

Figure A1. 
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Figure A4. Tomography Results in Cross Section. P wave velocity perturbations of our new 

tomography model are shown in cross section at latitudes (a) 26°S, (b) 32°S, and (c) 38°S, and 
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(d) cross section along longitude 64°W, with elevation profiles above. (e) Locations of cross 

section lines in map view, with area the same as in Figure A2. (f) Color scale for the velocity 

perturbations. Additional features are as in Figures A1 and A2. 
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Figure A5. Conceptual Model for Subslab Slow in Chile. Our conceptual model for the origin 

and geometry of the subslab slow beneath Chile. Hot material from the JFHS becomes entrained 

in Nazca plate motion, remaining hot and slow. Downdip of the Pampean Flat Slab (PFS), 

buoyancy contrast causes tearing in the Nazca slab, allowing the buoyant subslab material to rise. 

The subslab slow extends north due to a bend in the subducted JFR (not pictured).  
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SUPPLEMENTAL TEXT AS1 

This study incorporates data from 394 broadband and short period seismic stations 

deployed throughout Chile and Argentina between 1999 and 2015, including stations from 10 

different temporary networks and 6 different permanent networks [Albuquerque Seismological 

Laboratory (ASL)/USGS, 1988, 1993; GEOFON Data Centre, 1993; Beck et al., 2000; Beck and 

Zandt, 2007; Sandvol and Brown, 2007; Gilbert, 2008; Roecker and Russo, 2010; Waite, 2010] 

(Figures A2 and AS6, Table AS1). Direct P phases are picked from 508 earthquakes with 

magnitude 5.0 and greater between 30˚ and 90˚ from the stations and PKIKP phases are picked 

from 170 earthquakes with similar magnitudes between 155˚ and 180˚ from the stations 

(Supplemental Figure AS1a). Earthquakes used in this study come primarily from the North 

American subduction systems, the South Sandwich subduction zone, and the southwestern 

Pacific subduction systems, leading to an uneven backazimuthal distribution of travel paths 

(Supplemental Figure AS1b). 

Residuals from broadband stations are picked on the vertical component in up to four 

frequency bands (0.5 to 1.5 Hz, 0.2 to 0.8 Hz, 0.1 to 0.4 Hz, and 0.04 to 0.16 Hz) while residuals 

from short period stations are picked on the vertical component only in the 0.5 to 1.5 Hz band. In 

total, 22,674 direct P phases and 7,591 PKIKP phases are included in the inversion, with 45% in 

the 0.5 to 1.5 Hz band, 28% in the 0.2 to 0.8 Hz band, 15% in the 0.1 to 0.4 Hz band, and 12% in 

the 0.04 to 0.16 Hz band. Picks are dominated by the highest frequency band (0.5 to 1.5 Hz) due 

to the inclusion of short period data and the improved pick quality from more impulsive arrivals. 

P-wave arrivals were determined relative to the IASP91 velocity model [Kennett and 

Engdahl, 1991] using a multi-channel cross correlation algorithm [VanDecar and Crosson, 1990; 

Pavlis and Vernon, 2010]. Travel time residuals were demeaned for each event to determine 
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relative residuals and were corrected for variations in crustal thickness across the study area 

using a regional crustal model [Tassara and Echaurren, 2012]. An additional correction is 

applied to stations in the forearc to account for faster than average seismic velocities in the crust 

as imaged by several local P-wave studies [Graeber and Asch, 1999; Koulakov et al., 2006; 

Schurr et al., 2006] and ambient noise tomography [Ward et al., 2013]. 

We use finite-frequency teleseismic tomography [Dahlen et al., 2000; Schmandt and 

Humphreys, 2010]. The finite-frequency approximation uses frequency-dependent sensitivity 

kernels to determine the sampled volume surrounding the geometrical ray path rather than 

assuming an infinitesimally thin sampling ray. We approximate sampling to occur only within 

the first Fresnel zone, with differential sensitivity calculated using the Born theoretical “banana-

doughnut” kernels [Dahlen et al., 2000]. For a more detailed discussion of the finite-frequency 

teleseismic tomography methodology used in this study, see Schmandt et al. [2010].  

The tomographic inversion is a smoothed and damped least squares inversion of relative 

travel time residuals within a parameterized model space to determine velocity perturbations 

from the IASP91 reference model within the modeled volume. Smoothing and damping 

parameters are determined using a tradeoff analysis between the variance reduction of the 

inversion and the L2 model norm (Supplemental Figure AS2). Based on the tradeoff curve, we 

choose a smoothing parameter of 5 and a damping parameter of 6, yielding a variance reduction 

of 53%. Station-side and event-side corrections are additionally incorporated in the inversion to 

account for velocity perturbations outside of the modeled volume. 

The model space is parameterized into an irregularly spaced grid of discrete nodes, 

covering an area at the surface approximately 2400 km (east to west) x 3200 km (north to south) 

centered on (33.5˚S, 69˚W) from 60 km to 1010 km depth. In the shallowest layer, horizontal 
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node spacing gradually dilates away from the center of the model from 35 km in the center to 56 

km on the edges. In the deepest layer, horizontal node spacing similarly dilates from 54 km to 88 

km (east to west) and 109 km (north to south). Vertical node spacing dilates with depth from 35 

km between the shallowest nodes and 70 km between the deepest. The node spacing is chosen to 

optimize the crossing ray paths allowed by our station geometry, as determined by measurements 

of node hit quality. Hit quality is a quantitative measure of backazimuthal distribution of rays 

sampling a given node, with a node awarded a perfect hit quality of 1 if it has at least six rays 

sampling it from the six 30˚ backazimuthal bins as well as at least six PKIKP phase rays. 

Model quality was further tested with a series of synthetic recovery tests using our ray 

distribution to qualitatively assess model resolution and distinguish recoverable structures from 

inversion artifacts. In general, anomaly recovery within the well-sampled portions of the model 

space (hit quality > 0.2) is good, although we observe some along-path smearing and amplitude 

loss. Both smearing and amplitude loss are stronger on the edges of the model space. 

Our initial synthetic recovery test is a standard checkerboard pattern, with alternating 

two-nodes-per-edge blocks of positive and negative anomalies, separated by neutral zones with a 

perturbation of 0% (Supplemental Figures AS3, AS4). The input anomalies are +8% and -8% Vp 

respectively. On average, ~40% of the anomaly amplitude is recovered within the well-sampled 

portion of the model space. In these regions, the broad checkerboard pattern is well recovered. 

However, significant vertical smearing is apparent by the recovery of non-zero velocity anomaly 

within neutral input layers, while high-amplitude anomalies tend to smear into the neutral spaces 

between alternating blocks (Supplemental Figures AS3a, AS3d). Additionally, there is 

significant along-path smearing along the edges of sampled model space due to a lack of 
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backazimuthal coverage in those nodes. This artifact is more prevalent at depth and in the upper 

150 km. 

Further recovery tests were performed to test the quality of prominent anomalies seen in 

our model solution. The first, an input of a +5% slab anomaly (~150 km thick) extending from 

the surface to the 660 km discontinuity with a gap between 200 and 500 km depth between 31˚S 

and 33˚S, shows weak smearing of the fast slab anomaly into the gap (Supplemental Figure 

AS5a) indicating that a hole in the slab is not sufficient to produce a slow anomaly. This is 

further supported by a similar recovery test with synthetic slow anomalies (-5%) mimicking the 

observed slow anomalies discussed in the text (Supplemental Figure AS5b). A high-amplitude 

slow input anomaly is necessary to produce similar amplitude slow anomalies in the recovered 

model. 

 

SUPPLEMENTAL TEXT AS2 

To calculate the approximate age of the subducted ridge segment, we measure the length of the 

reconstructed hotspot track [Yáñez et al., 2002] and use reconstructed convergence rates between 

the Nazca and South America Plates at (32˚S, 73˚W) [Somoza and Ghidella, 2012]. In these 

calculations, we assume 1) trench-perpendicular convergence, 2) all convergence is taken up by 

subduction, and 3) the material is generated at a hot-spot that is stationary relative to the Nazca 

Plate. 

 

Hot-spot age at trench 

! = !#$%&ℎ()*+,-)*+*./01( = 75056 
78 = 9:$;#7%#$9#	7=&#8+>?@ = 88 BC

CD.
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7EE = 9:$;#7%#$9#	7=&#EE+8?@ = 108 BC

CD.
 

! = 78 ∗ 56H7 + 7EE ∗ (=%# − 56H7) 
75056 = 88 BC

CD.
∗ 56H7 + 108 BC

CD.
∗ (=%# − 56H7) 

=%# = 7.876H7 ≅ 86H7 
 

Hot-spot age at bend 

!E = !#$%&ℎ()*+,-)*+*./01( = 75056 
!O = !#$%&ℎ*./01(+P/0Q = 110056 

78 = 9:$;#7%#$9#	7=&#8+>?@ = 88 BC

CD.
 

7EE = 9:$;#7%#$9#	7=&#EE+8?@ = 108 BC

CD.
 

7ER = 9:$;#7%#$9#	7=&#ER+EE?@ = 114 BC

CD.
 

7O> = 9:$;#7%#$9#	7=&#O>+ER?@ = 138 BC

CD.
 

!E + !O = 78 ∗ 56H7 + 7EE ∗ 66H7 + 7ER ∗ 56H7 + 7O> ∗ (=%# − 166H7) 
75056 + 110056

= 88 BC

CD.
∗ 56H7 + 108 BC

CD.
∗ 66H7 + 114 BC

CD.
∗ 56H7 + 138 BC

CD.
∗ (=%# − 166H7) 

=%# = 17.396H7 ≅ 176H7 
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SUPPLEMENTAL FIGURES 

 

Figure AS1. Data Distribution. A) Earthquake distribution relative to the center of our station 

array (blue star). Events with direct P arrivals used in this study (between 30˚ and 90˚ from 

stations) are shown in red and events with PKIKP arrivals used in this study (between 155˚ and 

180˚ from stations) are shown in green. B) Backazimuthal distribution of rays used in the study. 
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Figure AS2. Tradeoff Analysis. Tradeoff analysis between variance reduction and L2 model 

norm of inversions with varying damping (D1-D10) and smoothing (S1-S10) weights. The final 

inversion was run with damping and smoothing parameters of 6 and 5, respectively (yellow star). 
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Figure AS3. Checkerboard Test Results in Map View. Results of the checkerboard test are 

shown in map view at A) 200 km, B) 320 km, C) 455 km, and D) 605 km depth. E) shows the 

color scale for the velocity perturbations. The area is the same as Figure A2. The dashed black 

line in the output outlines the 0.2 “hit quality” contour that indicates well-sampled portions of the 

model space. The input model is shown on the left with the output results on the right. Note that 

the input at depths 200 km and 605 km are neutral, yet there are non-zero output results, 

indicating some degree of vertical smearing. 
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Figure AS4. Checkerboard Test Results in Cross Section. Results of the checkerboard test are 

shown in latitudes A) 26˚S, B) 32˚S, and C) 38˚S, and D) Cross section along longitude 64˚W. 

E) Color scale for the velocity perturbations. Cross sections match those in Figure A4. The 

dashed black line in the output outlines the 0.2 “hit quality” contour that indicates well-sampled 

portions of the model space. The input model is shown on the left with the output results on the 

right.  
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Figure AS5. Slab Tear Resolution Test. Three resolution tests shown at latitude 32˚S. A) Input 

represents a slab hole with no slow velocities. The lack of slow velocities in the output indicates 

that the slow velocities in the results are not an artifact of the hole. B) Input includes sub-slab 

slow velocities. This result indicates that sub-slab slow velocities alone are not sufficient to 

produce slow velocities within and above the slab hole. C) Input includes slow velocities. This 

result indicates that slow velocities in the true model are necessary to see slow velocities as in 

the results. D) Color scale for the velocity perturbations. The dashed black line in the output 

outlines the 0.2 “hit quality” contour that indicates well-sampled portions of the model space. 

The input model is shown on the left with the output results on the right. 
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Figure AS6. Detailed Station Map. Map showing the distribution of stations used in this study, 

with different symbols denoting different seismic networks, deployment types, and instrument 

types as denoted in the legend. The inset shows the map’s location within South America, as map 

bounds are different than others shown in the paper. 
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SUPPLEMENTAL TABLES 
 
Experiment name Code # of 

stations 
Instrument type Operating 

time 
GTSN GT 1 Broadband 1994 – present 
GEOSCOPE G 1 Broadband 1995 – present 
GSN IU 1 Broadband 1998 – present 
ISSA 
ISSA 

ZP 
ZP 

70 
20 

Short period 
Broadband 

1999 – 2000 
1999 – 2001 

CHARGE YC 24 Broadband 2000 – 2002 
PUNA X6 44 Broadband 2007 – 2009 
SIEMBRA ZL 44 Broadband 2007 – 2009 
Eastern Sierras Pampeanas XH 12 Broadband 2008 – 2010 
Chilean National Seismic Network C 11 Broadband 2009 – present 
Chile RAMP XY 58 Broadband 2010 
IMAD - UK 3A 20 Broadband 2010 
IMAD – Germany ZE 30 Short period 2010 – 2011 
IMAD – France/Chile XS 29 Broadband 2010 – 2011 
Villarica Experiment YM 3 Broadband 2010 – 2012 
West Central Argentina Network WA 1 Broadband 2011 – present 
Red Sismologica Nacional C1 25 Broadband 2014 – present 

 
Table AS1. Station Network Metadata. Seismic networks used in this study, sorted by operating 

time. Experiment names in bold represent permanent networks. Codes represent FDSN network 

codes. Codes in bold represent data retrieved from the GFZ-Potsdam data portal; all other data 

was retrieved from the IRIS database. Number of stations refers to number of stations used in 

this study rather than total number of stations within the network. Available references are 

included in Supplemental Text AS1. 
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ABSTRACT 

Using finite-frequency teleseismic P-wave tomography, we developed a new three-

dimensional (3-D) velocity model of the mantle beneath Anatolia down to 900 km depth that 

reveals the structure and behavior of the subducting African lithosphere beneath three convergent 

domains of Anatolia: the Aegean, Cyprean, and Bitlis-Zagros domains. The Aegean slab has a 

relatively simple structure and extends into the lower mantle; the Cyprean slab has a more 

complex structure, with a western section that extends to the lower mantle with a consistent dip 

and an eastern section that is broken up into several pieces; and the Bitlis slab appears severely 

deformed, with only fragments visible in the mantle transition zone and uppermost lower mantle. 

In addition to the subducting slabs, high-amplitude slow velocity anomalies are imaged in the 

shallow mantle beneath recently active volcanic centers, and a prominent fast velocity anomaly 

dominates the shallow mantle beneath northern Anatolia and the southern Black Sea. As a whole, 

our model confirms the presence of well-established slow and fast velocity anomalies in the 

upper mantle beneath Anatolia and motivates two major findings about Eastern Mediterranean 

subduction: (1) Each of the slabs penetrates into the lower mantle, making the Eastern 

Mediterranean unique within the Mediterranean system, and (2) the distinct character of each 

slab segment represents different stages of subduction termination through progressive slab 

deformation. Our findings on the destructive processes of subduction termination and slab 

detachment have significant implications for understanding of the postdetachment behavior of 

subducted lithosphere. 

 

 

 



 

 104 

1. INTRODUCTION 

The interpretation of fast seismic velocity anomalies as subducted lithosphere from 

images in the lower mantle using seismic tomography is frequently used to inform tectonic 

reconstructions of past subduction and infer properties of mantle dynamics such as slab sinking 

rates, lower-mantle viscosity, and ambient mantle flow [Van der Voo et al., 1999a; Hafkenscheid 

et al., 2006; Sigloch et al., 2008; van der Meer et al., 2010; Domeier et al., 2016; Wu et al., 

2016]. Such interpretations assume that subducted lithosphere remains stiff for up to hundreds of 

millions of years as it descends in the mantle before settling at the core-mantle boundary in the 

“slab graveyard” [Wysession, 1996; Rao and Kumar, 2014]. However, slabs do not always 

remain cohesive, but instead can tear and segment as they descend into the mantle [Wortel and 

Spakman, 2000; Nolet, 2009; Biryol et al., 2011]. This process is particularly notable in regions 

of continental collision through slab detachment [von Blanckenburg and Davies, 1995; Van der 

Voo et al., 1999b; Duretz et al., 2014]. 

The Eastern Mediterranean marks a major transition in the character of African-Arabian-

Eurasian convergence from collision-dominated convergence in the east to subduction-

dominated convergence in the west, making it an ideal region in which to investigate slab 

deformation during the latter stages of subduction. With this paper, we present some of the best-

resolved seismic images to date of the Eastern Mediterranean subduction zones down to 900 km 

depth using a composite seismic array that includes data from the recent Continental Dynamics–

Central Anatolian Tectonics (CD-CAT) seismic deployment in central Anatolia. Driven by these 

new images, we interpret the character of the modern subducted lithosphere beneath the entire 

Anatolian subcontinent in the context of Anatolian tectonics and discuss its implications for the 

fate of slabs in the mantle. 



 

 105 

 

1.1. Tectonic Background 

Anatolia formed from the amalgamation of major lithospheric blocks during a long 

history of Tethyan subduction that dates back at least to the Cretaceous [Şengör and Yilmaz, 

1981; Menant et al., 2016; van Hinsbergen et al., 2016]. Today, Anatolia is in a complex 

tectonic regime that can be described in three discrete neotectonic regions: the East Anatolian 

Contractional Province, the West Anatolian Extensional Province, and the Central Anatolian 

Province [Şengör et al., 1985]. These neotectonic regions roughly correlate with the three 

convergent domains used later herein to describe our results: the Bitlis-Zagros domain, the 

Aegean domain, and the Cyprean domain (Figure B1). 

In eastern Anatolia, the Bitlis-Zagros suture zone marks the modern boundary between 

the Arabian and Eurasian plates (Figure B1). The Bitlis-Zagros suture zone formed in the mid-

Miocene when the Arabian and Eurasian plates collided upon closure of the southern branch of 

the Neo-Tethys ocean [Şengör and Yilmaz, 1981; Okay et al., 2010; Nouri et al., 2016]. Around 

11–10 Ma, following Arabian-Eurasian collision, steepening and delamination of the subducted 

Neo-Tethyan slab from beneath eastern Anatolia resulted in an overriding crust with a thin or 

missing mantle lithosphere [Şengör et al., 2003; Angus et al., 2006]. Subsequent detachment 

opened a slab window, allowing for the upwelling of hot, fertile asthenosphere beneath what is 

now the high-elevation East Anatolian Plateau [Keskin, 2003, 2007; Şengör et al., 2003]. 

Asthenospheric upwelling led to late Miocene to recent broad, domal uplift [Şengör et al., 2003] 

and enriched-mantle volcanism across the plateau [Pearce et al., 1990; Keskin, 2003] and 

continues to support the undercompensated crust of the plateau [Özacar et al., 2010]. Today, 

convergence continues at a rate of 15 mm/yr [Reilinger et al., 2006], which is accommodated 
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both by north-south–oriented shortening [Şengör et al., 2003] and the westward extrusion of 

Anatolia along the North Anatolian and East Anatolian faults [Barka and Reilinger, 1997]. 

The modern tectonic regime in western Anatolia is controlled by subduction along the 

Aegean Trench. Since at least 35–30 Ma, the Aegean Trench has migrated southward [Le Pichon 

and Angelier, 1979; Jolivet et al., 2013], contributing to extension in the overriding plate and 

thinning of the Aegean continental lithosphere. However, several mechanisms may contribute to 

extension, including trench migration, tectonic escape, and orogenic collapse [McKenzie, 1978; 

Şengör et al., 1985; Seyítoǧlu and Scott, 1996; Reilinger et al., 2006; Jolivet et al., 2013]. Today, 

the western Anatolian/Aegean crust is ~25– 30 km thick [Zhu et al., 2006; Karabulut et al., 

2013] after ~50% extension in the Aegean [McKenzie, 1978]. An active arc and continuous 

Wadati-Benioff zone down to ~200 km depth [Papazachos et al., 2000] indicate continued active 

subduction along the Aegean Trench, while global positioning system (GPS) data indicate 

continued southward trench retreat [Reilinger et al., 2006].  

Due to the Miocene collision of Arabia with Eurasia, the North Anatolian fault zone and 

conjugate faults in central-eastern Anatolia formed, accommodating westward extrusion and 

counterclockwise rotation of the Anatolian plate [Barka and Reilinger, 1997; Şengör et al., 

2005]. Deformation within central Anatolia is dominated by transtension, as expressed by 

increased exhumation rates and extensional basin formation related to the Central Anatolian fault 

zone [Koçyiǧit and Beyhan, 1998; Fayon and Whitney, 2007; Higgins et al., 2015], which have 

facilitated the voluminous Miocene to recent volcanism of the Central Anatolian Volcanic 

Province [Toprak and Göncüoǧlu, 1993; Toprak, 1998; Kuscu and Geneli, 2010] within the 

interior of the Central Anatolian Plateau. Conversely, the Central Taurus Mountains, which 

bound the southern margin of the Central Anatolian Plateau, have undergone little internal 
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deformation since the mid-Miocene, despite ~2 km uplift since 8 Ma [Cosentino et al., 2012; 

Schildgen et al., 2012]. Active deformation in central Anatolia occurs in the context of ongoing 

subduction along the Cyprean Trench. The Cyprean trench connects to the Aegean Trench to the 

west via the Pliny-Strabo subduction-transform edge propagator (STEP) system [Govers and 

Wortel, 2005] and to the Bitlis-Zagros suture to the east through the diffuse plate boundary 

beneath the Adana Basin [Abgarmi et al., 2017]. The subducting material along the Cyprean 

trench is itself complex. The western edge of Cyprus marks a boundary between subducting 

continental lithosphere to the east and oceanic lithosphere to the west (Figure B1) [Granot, 

2016]. The arrival of two attenuated fragments of Gondwanan continental lithosphere, the 

Eratosthenes and Anaximander Seamounts, complicate subduction further (Figure B1). The 

Eratosthenes Seamount is a Gondwana-derived rifted continental fragment actively 

underthrusting beneath Cyprus [Robertson, 1998] and potentially contributing to the shallow slab 

dip angle of the Cyprean slab [Biryol et al., 2011; Bakırcı et al., 2012]. The Anaximander 

Mountains are being underthrust offshore of Anatolia’s southwestern coast beneath the Isparta 

angle, which is a unique, largely undeforming, independently moving block separating the 

central Anatolian (Cyprean) and Aegean convergent domains [Barka and Reilinger, 1997; Zitter 

et al., 2003]. While subduction of the Cyprean slab is a key control on the complexity of central 

Anatolian tectonics, a Wadati-Benioff zone that is largely restricted to the upper 100 km limits 

direct observations of Cyprean slab geometry. 

Most attempts to understand the complex tectonics of Anatolia, as with the greater 

Mediterranean region, begin with African-Arabian subduction beneath Eurasia and its role in 

affecting mantle flow [Wortel and Spakman, 2000; Faccenna et al., 2014]. For example, models 

proposed to explain the Eastern Anatolian and Central Anatolian Plateaus’ kinematic, magmatic, 
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and/or uplift history invoke a variety of mechanisms, including propagating slab detachment 

[Wortel and Spakman, 2000; Cosentino et al., 2012; Schildgen et al., 2012, 2014], slab rollback–

related delamination [Göğüş and Psyklywec, 2008; van Hinsbergen et al., 2010; Bartol and 

Govers, 2014], multiple contemporaneous subduction zones [Gürer et al., 2016; van Hinsbergen 

et al., 2016], and slab-induced mantle convection [Faccenna and Becker, 2010; Reid et al., 

2017]. Each proposed mechanism makes predictions about the current structure of subducted 

Tethyan lithosphere and the surrounding mantle structure that can only be probed with seismic 

imaging techniques. 

 

1.2. Previous Seismic Imaging 

Several studies have investigated the seismic structure of the mantle beneath Anatolia at a 

variety of scales. Studies of the uppermost mantle show velocities slower than the global average 

across the entire region [Gans et al., 2009; Mutlu and Karabulut, 2011; Salaün et al., 2012; 

Delph et al., 2015b; Govers and Fichtner, 2016]. Evidence from Pn tomography [Gans et al., 

2009; Mutlu and Karabulut, 2011], surface wave tomography [Bakırcı et al., 2012; Salaün et al., 

2012; Delph et al., 2017], teleseismic tomography [Biryol et al., 2011; Salah, 2017], ambient 

noise tomography [Warren et al., 2013], full-waveform tomography [Fichtner et al., 2013; 

Govers and Fichtner, 2016], and joint receiver function–surface wave dispersion inversion [Gök 

et al., 2007; Delph et al., 2015a] all suggests that velocities are particularly slow beneath eastern 

Anatolia throughout the upper mantle, supporting the hypothesis of rising hot asthenosphere 

through a slab window [Keskin, 2003; Şengör et al., 2003]. Slow velocities as far west as the 

Isparta angle have been included with those beneath the East Anatolian Plateau to represent 
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inflowing asthenosphere resulting from recent large-scale slab delamination and rollback beneath 

central and eastern Anatolia [Bartol and Govers, 2014; Govers and Fichtner, 2016]. 

The subducting Aegean and Cyprean slabs have also been imaged at a variety of scales 

beneath Turkey. The shallow slabs are thought to be separated by a vertical STEP-related tear 

approximately below the Isparta angle [de Boorder et al., 1998; Biryol et al., 2011; Salaün et al., 

2012]. While the Aegean slab appears to dip at a typical subduction angle at shallow depths 

[Salaün et al., 2012], the Cyprean slab appears to subduct subhorizontally as far north as 38°N 

[Bakırcı et al., 2012; Abgarmi et al., 2017; Delph et al., 2017]. Regional- and global-scale body 

wave tomography images show both slabs continuing through the mantle transition zone, where 

they appear to connect, thicken, and temporarily flatten [Bijwaard et al., 1998; Piromallo and 

Morelli, 2003; Biryol et al., 2011]. However, while the Aegean slab appears continuous with a 

near-constant dip through the upper mantle in most models, the Cyprean slab anomaly appears 

more diffuse and irregular, suggesting the slab may be actively deforming and segmenting as it 

subducts [Biryol et al., 2011]. Upon flattening in the mantle transition zone [Biryol et al., 2011], 

both slabs appear to continue into the lower mantle [Bijwaard et al., 1998; Piromallo and 

Morelli, 2003] as a result of the accumulation of a critical mass of oceanic lithosphere [Faccenna 

et al., 2003]. 

The abundance of seismic research in Anatolia provides an excellent framework within 

which to view the general character of Eastern Mediterranean slabs from the surface into the 

lower mantle, but methodological and data limitations in these studies inhibit their ability to 

resolve the finer-scale structure of the various slab segments beneath Anatolia, which are critical 

to evaluating the tectonic and geodynamic evolution of the Eastern Mediterranean system. More 

recent regional body wave tomography has improved upon this with the incorporation of 
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frequency-dependent sensitivity kernels and a denser seismic network, providing images of tears 

within a once-continuous Tethyan slab and revealing the segmented nature of the subducting 

Cyprean slab [Biryol et al., 2011]. However, this model lacks the resolution in central Turkey to 

delineate the structure, deformation, and segmentation of the Cyprean slab due to relatively 

sparse station density in the region at the time of the study. The model presented in this paper 

builds on the work of Biryol et al. [2011] through the addition of a dense data set in central 

Turkey and incorporation of data from the largely expanded national seismic network in Turkey 

(Figure B2), allowing us to obtain a detailed image of the structure of the Cyprean slab and 

surrounding slabs down to 900 km depth. 

 

2. DATA AND METHODS 

The tomography model presented here serves as a significant update on the tomography 

model of Biryol et al. [2011]. Next, we briefly review the data and methodology used in these 

studies while highlighting the relevant modifications made for the current study. For a more 

detailed description of the methodology and its limitations, see Biryol et al. [2011] and Schmandt 

and Humphreys [2010]. 

 

2.1. Data 

For this study, we utilized the data set of Biryol et al. [2011], which consists of 33,990 

direct P and PKIKP phase arrival times from 409 unique earthquakes recorded at a variety of 

temporary[Sandvol, 1999; Mitchell and Zhu, 2002; Beck and Zandt, 2005] and permanent 

[Albuquerque Seismological Laboratory (ASL)/USGS, 1988; GEOFON Data Centre, 1993; 

Bogazici University Kandilli Observatory And Earthquake Research Institute, 2001] seismic 
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networks. Arrival times in that study were picked on seismograms filtered in three frequency 

bands with corner frequencies of 0.2–0.8 Hz, 0.1–0.4 Hz, and 0.04–0.16 Hz for broadband 

stations and one frequency band with corner frequencies of 0.5–1.5 Hz for short-period stations. 

We added data collected between 2013 and 2015 across two broadband seismic networks: 

the recent CD-CAT Project (72 stations) [Sandvol, 2013] seismic array, and the Kandilli 

Observatory Digital Broadband Seismic Network (KOERI; 121 stations) [Bogazici University 

Kandilli Observatory And Earthquake Research Institute, 2001] ( see Figure B2). We picked 

arrivals from earthquakes with magnitude 5.0 and greater at distances between 30° and 90° from 

the stations for direct P phases (509 earthquakes) and between 155° and 180° from the stations 

for PKIKP phases (18 earthquakes; Figure B3a). An excess of earthquakes from the west Pacific 

subduction zones led to an uneven back-azimuthal distribution (Figure B3b), so to more evenly 

distribute the back-azimuthal distribution of rays, we excluded from our data set ~47,000 rays 

from earthquakes in the west Pacific by preferentially removing earthquakes with fewer 

recovered residuals. Arrival times were picked on seismograms filtered in four frequency bands 

with corner frequencies of 0.5–1.5 Hz, 0.2–0.8 Hz, 0.1–0.4 Hz, and 0.04–0.16 Hz for all stations. 

After combining data sets, we used 66,331 arrival times (12% from bandpass 0.5–1.5 Hz, 34% 

from bandpass 0.2–0.8 Hz, 31% from bandpass 0.1–0.4 Hz, and 23% from bandpass 0.04–0.16 

Hz), consisting of 65,352 direct phases and 979 core phases from 936 earthquakes over the time 

period between 1999 and 2015. 

 

2.2. Traveltime Residuals 

To obtain traveltime residuals, we used a multichannel cross-correlation algorithm 

[VanDecar and Crosson, 1990; Pavlis and Vernon, 2010]. Relative traveltimes were determined 
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with respect to the IASP91 one-dimensional (1-D) P-wave velocity model [Kennett and Engdahl, 

1991] and de-meaned for each event. We additionally made a correction to the traveltime 

residual for crustal thickness beneath each station by assuming a vertical ray and constant 

velocity of 6.2 km/s in the lower crust. Crustal thicknesses were determined using the Moho map 

of Vanacore et al. [2013] and adjusted with more recent constraints from Abgarmi et al. [2017]; 

see Supplemental Figure BS1. Outside of these models, crustal thickness was manually 

extrapolated. Notably, the crustal correction had negligible effect on the resulting model. 

Average traveltime residuals for each station are summarized in Figure B4. 

 

2.3. Tomography Inverse Method 

The method used in this study was the finite-frequency teleseismic tomography method 

[Dahlen et al., 2000; Schmandt and Humphreys, 2010]. The finite-frequency method accounts 

for the frequency-dependent volumes surrounding the geometric ray path that are sampled by 

any given ray by approximating sensitivity with the Born theoretical “banana-doughnut” kernels 

for the first Fresnel zone [Dahlen et al., 2000]. The inversion is a smoothed, damped least-

squares inversion to account for uncertainty in ray geometry and to regularize the inversion. 

Trade-off analysis indicates that a range of damping and smoothing parameters are justified 

(Figure BS2). We chose to adopt damping and smoothing parameters of 6 and 7, respectively, in 

accordance with the study of Biryol et al. [2011], for consistency and to facilitate comparison. 

Station and event terms were additionally included in the inversion to account for small-scale 

heterogeneity unaccounted for by our model geometry, such as local site effects. 

The most significant changes to the Biryol et al. [2011] approach were in model space 

parameterization. The modeled region is 3300 km (E-W) by 2300 km (N-S) centered on 39°N, 
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35°E, with horizontal node spacing at the surface ranging from 35 km in the center to 56 km on 

the edges and dilating with depth to a maximum spacing ranging from 55 to 90 km at the base of 

the model space. Vertically, the model space extends from 60 km depth to 1010 km depth, with 

spacing ranging from 35 km near the surface to 70 km at the bottom. This is in contrast to Biryol 

et al. [2011], which extended from 35 km to 655 km. Model parameterization was chosen to 

optimize crossing-ray density as determined by hit quality, which quantitatively assesses the 

quantity and back-azimuthal distribution of rays sampling a given node [Schmandt and 

Humphreys, 2010; Biryol et al., 2011]. The inclusion of 32,341 additional arrival times, 

primarily from the CD-CAT seismic array in central Anatolia, served to most significantly 

improve sampling of the upper mantle beneath central Anatolia and the transition zone and 

uppermost lower mantle across the study area, while having a minor effect on sampling of the 

upper mantle beneath western and eastern Anatolia (Figure BS3). This new data allowed our 

modeled region to have sufficient hit quality (hit quality > 0.5) within the lower mantle to justify 

extending the model space to 1010 km depth (Figure BS3g). However, various tests suggest that 

the deepest two layers of the model space exhibit artificially high-amplitude velocity 

perturbations (Figure BS4); thus, we only interpreted results to 900 km depth. 

 

3. RESULTS 

3.1. Model Quality 

Data variance reduction is a commonly used metric to assess the fit of a model to the data 

for the tomographic inverse problem. For this study, we obtained a variance reduction of 70%. 

However, while variance reduction indicates fit to the data, there is no such quantitative indicator 
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for uncertainty. Instead, we performed a series of synthetic anomaly recovery tests to 

qualitatively assess uncertainty and the model’s ability to recover structure. 

First, we performed a standard checkerboard analysis, using alternating square synthetic 

input anomalies of ±5% separated by neutral zones of the same size (Figures BS5 and BS6). On 

average, the checkerboard structure is well recovered beneath Turkey, where up to 50% of 

checker amplitude is recovered. Nonzero amplitude recovery in neutral input layers (Figure 

BS5c) implies some degree of vertical smearing, while amplitude recovery between checkers 

indicates some lateral smearing induced by the smoothness constraint. Outside of Turkey 

(including beneath the Aegean Sea, the Black Sea, the Mediterranean Sea, and the Arabian 

plate), the checkerboard recovery drops significantly. In general, we found that anomaly 

geometry was recovered within the 0.5 hit quality contour, so we used this quantity to outline the 

well-resolved portion of our model in the results. However, this outline is not a deciding factor 

for model resolution; it was instead used as a proxy for the well-sampled portions of the model 

space. 

Finally, in addition to the standard checkerboard analysis, isolated anomaly recovery tests 

were performed to assess the potential of our model to resolve synthetic structures and their 

geometries within the well-sampled portion of the model space (Figures BS7-10). These 

recovery tests are described in the discussion section. 

 

3.2. Mantle P-Wave Velocity Model 

The bulk character of the tomography model (Figure B5) indicates dominantly slow 

velocity perturbations throughout the upper mantle, consistent with previous imaging efforts 

[Gans et al., 2009; Salaün et al., 2012; Delph et al., 2015b; Govers and Fichtner, 2016]. These 
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slow velocity perturbations grade into dominantly fast velocity perturbations below 500 km 

depth. Images of the tomography model are shown in Figures B6-7, as well as with a discrete 

color scale in Figures BS11-12. Several prominent velocity anomalies stand out in the upper 

mantle: a fast velocity anomaly parallel to the Aegean trench (labeled Aegean slab, or AS, in 

figures), a fast velocity anomaly north of the Cyprean trench (labeled WC and EC in figures), a 

slow velocity anomaly (labeled East Anatolian slow, or EAS, in figures) beneath the high 

elevations of eastern Anatolia, and a fast velocity anomaly (labeled as İstanbul zone, or IZ, in 

figures) underlying the İstanbul zone and the Pontide block in northern Anatolia. These 

prominent anomalies give way to interconnected low-amplitude fast velocity anomalies in the 

lower mantle across the whole region. To more clearly illustrate the three-dimensional (3-D) 

geometries of each of these anomalies, we present further descriptions of the model in three 

separate convergent domains, here listed from west to east: the Aegean domain, the Cyprean 

domain, and the Bitlis-Zagros domain. 

In the Aegean domain, the most prominent anomaly is the fast velocity anomaly 

coincident with the Aegean Wadati-Benioff zone, anomaly AS (Figures B6 and B7). However, 

while Wadati-Benioff zone earthquakes terminate at ~200 km depth [Papazachos et al., 2000], 

anomaly AS extends to the base of the model domain at 900 km depth, with a regular dip of ~60° 

toward the northeast (Figure B7a). Anomaly AS has a reduced amplitude (average velocity 

perturbation ~1%) between 300 and 400 km depth before widening in the transition zone and 

uppermost lower mantle. 

The Cyprean domain is dominated by a fast velocity anomaly to the north of the Cyprean 

trench that is distinct from the fast velocity anomaly in the Aegean domain, separated by 

vertically extensive slow velocities (labeled STEP tear in Figure B6b). We refer to this as the 
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Cyprean slab anomaly (labeled as EC and WC in Figures B6, B7b, and B7c). The character of 

the Cyprean slab anomaly varies from west to east. The western part of the Cyprean anomaly 

(anomaly WC) coincides with Wadati-Benioff zone earthquakes that extend to ~150 km depth. 

Anomaly WC dips regularly to the northeast with high amplitude (average velocity perturbation 

~3%) in the upper mantle (Figure B7b). Upon reaching the transition zone, the amplitude of the 

anomaly is significantly reduced to ~2%, and the anomaly widens to the north by ~200 km. Low-

amplitude fast velocity anomalies in the uppermost lower mantle beneath the Cyprean slab 

appear to be connected to the anomaly in the transition zone. Conversely, the eastern part of the 

Cyprean fast velocity anomaly (anomaly EC) directly north of Cyprus extends northward to 

~37.5°N and in depth from the model surface to 200 km at a subhorizontal angle (Figure B7c). 

Approximately 50 km to the north, there is a high-amplitude (average velocity perturbation 

~3%), subvertically dipping, fast velocity anomaly (anomaly EC2) that extends from 200 km to 

700 km depth. In cross section, this block appears separated from anomaly EC by low-amplitude 

slow velocities. While the amplitude of the intervening slow velocities is low (<1%), synthetic 

recovery tests indicate that significant separation between EC and EC2 is necessary to allow for 

intervening slow velocities, suggesting the separation is robust (Figure BS8). Within the mantle 

transition zone, this large, vertically dipping anomaly appears connected to a more disparate, 

low-amplitude fast velocity anomaly (anomaly EC3; average velocity perturbation ~1.5%) 

extending to the north, as well as into the lower mantle. In the lower mantle, smaller fast velocity 

anomalies are scattered below the larger blocks. Notably, while the western and eastern portions 

of the Cyprean slab anomaly display distinct character, they appear to be connected. 

The Bitlis-Zagros domain (Figure B7d) is almost completely dominated by slow velocity 

perturbations (anomaly EAS), particularly at depths above ~200 km (average velocity 
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perturbation ~–3%). One prominent exception is a small fast velocity anomaly (anomaly EAF), 

centered at 42°E, 40°N, that is ~100 km in diameter and extends from ~100 to 300 km depth 

(average velocity perturbation ~2%). Below 200 km depth, the amplitudes of slow velocity 

perturbations are significantly lower (average velocity perturbation ~–1%; Figure B7d). Below 

~300 km, additional small, low-amplitude fast velocity anomalies (average velocity perturbation 

~1%) appear scattered across the domain. Interconnected low-amplitude fast velocity anomalies 

(average velocity perturbation ~1.5%) are prevalent near the base of the model (Figure B6g). 

Across all three convergent domains at shallow depths, there is a prominent fast velocity 

anomaly (anomaly IZ) that extends below the İstanbul zone, the Pontide block, and the southern 

Black Sea (Figure B6). Anomaly IZ (average velocity perturbation ~3%) exhibits variable 

amplitude and shape, but it extends vertically to ~200 km depth. Widespread slow velocity 

perturbations separate anomaly IZ from the shallow slab anomalies. 

 

4. DISCUSSION 

4.1. Model Comparison 

Before discussing the implications of the new features imaged with this model, we 

confirm the consistency of our model with other published seismic models in the literature by 

identifying expected velocity anomalies in the model domain that have previously been deemed 

robust. The most obvious expected anomalies are fast velocity anomalies associated with 

Wadati-Benioff zone earthquakes. Wadati-Benioff zones extend within our study region down-

dip from the Aegean Trench to ~200 km depth and from the Cyprean trench to ~100 km depth. 

As expected, earthquakes in both Wadati-Benioff zones fall within high-amplitude fast velocity 

anomalies in the tomography model (Figure B6a) that we interpret as the Aegean and Cyprean 
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slabs, respectively. From prior seismic tomography [Bijwaard et al., 1998; Piromallo and 

Morelli, 2003], the Aegean slab anomaly has been known to extend into the lower mantle to at 

least 1000 km depth [Faccenna et al., 2003], and the Cyprean slab has been seen to extend at 

least into the mantle transition zone, indicating that both slabs are aseismic at depth. Both 

observations are confirmed with our new model. 

A second expected feature in the tomography model is the presence of widespread slow 

velocity anomalies throughout the uppermost mantle beneath Anatolia, with particularly slow 

velocities beneath eastern Anatolia [Gök et al., 2007; Gans et al., 2009; Biryol et al., 2011; 

Mutlu and Karabulut, 2011; Bakırcı et al., 2012; Salaün et al., 2012; Warren et al., 2013; 

Fichtner et al., 2013; Delph et al., 2015b; Govers and Fichtner, 2016; Salah, 2017]. At the 

regional scale, shallow slow velocities are typically explained by mantle upwelling in response to 

slab detachment in eastern Anatolia [Keskin, 2003; Şengör et al., 2003], drip-style lithospheric 

delamination in central Anatolia [Göğüş et al., 2017], or rollback-style lithospheric delamination 

across central and eastern Anatolia [Bartol and Govers, 2014] and western Anatolia [van 

Hinsbergen et al., 2010]. This manifests at the surface in a number of young volcanic fields that 

show an asthenospheric contribution to their geochemical signatures, such as in the widespread 

volcanism across the East Anatolian Plateau [Pearce et al., 1990; Şengör et al., 2008], mafic 

volcanism in the Central Anatolian Volcanic Province [Reid et al., 2017], the Miocene–Pliocene 

Kırka-Afyon-Isparta volcanic field [Francalanci et al., 2000], and the Pliocene–Pleistocene Kula 

volcanic field [Richardson-Bunbury, 1996; Savaşçın and Oyman, 1998; Tokçaer et al., 2005; 

Dilek and Altunkaynak, 2009]. Our model confirms the presence of slow velocities at shallow 

depths across the region (Figure B6a), with particularly slow velocities beneath eastern Anatolia 

(Figure B4). 
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A third expected feature is the shallow fast velocity anomaly observed at the northern 

edge of the model (anomaly IZ; Figures B6a and B7a). A similar anomaly was present in 

previous regional P-wave [Biryol et al., 2011; Yanovskaya et al., 2016] and S-wave [Bakırcı et 

al., 2012; Salaün et al., 2012; Fichtner et al., 2013] tomographic velocity models. This is 

typically interpreted as the strong mantle lithosphere of the Black Sea [Jiménez-Munt et al., 

2003; Yegorova et al., 2013], the İstanbul zone near the western Pontides [Biryol et al., 2011], 

and the Sakarya zone (Figure B1) near the central Pontides [Fichtner et al., 2013]. Alternatively, 

correlation of the anomaly’s southern boundary with the Izmir-Ankara-Erzincan suture zone has 

led to the interpretation of the anomaly as a remnant of Neo-Tethys subduction [Pourteau et al., 

2010; Salaün et al., 2012] and/or partly related to underthrusting of the crystalline Kırşehir block 

[Espurt et al., 2014]. However, synthetic recovery tests (Figure BS7) indicate that our model is 

unable to distinguish additional details of the structure of the anomaly, so we refrain from 

interpreting its origin. 

As a whole, the present model accordingly corroborates each of the aforementioned 

studies, showing fast velocity anomalies corresponding to the locations of expected subducting 

slabs, prevalent slow velocities throughout most of the upper mantle beneath eastern Anatolia 

and recently active volcanism in central and western Anatolia (Figure B7d), and fast seismic 

velocities at shallow depths north of the Izmir-Ankara-Erzincan suture zone. 

 

4.2. Slab Structure and Tectonics 

Significant fast velocity anomalies are observed in the upper mantle with varying 

intensity and structure in each of the three convergent domains: the Aegean domain, the Cyprean 

domain, and the Bitlis-Zagros domain. Here, we present our interpretations of these fast velocity 
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anomalies and their relationship to subducted African-Arabian lithosphere. Our interpretation of 

the subducted slab structure is summarized in Figure B8. 

 

4.2.1. Aegean and Cyprean Slabs 

Fast velocity anomaly AS is coincident with Wadati-Benioff zone earthquakes at shallow 

depths and extends to the base of our model at 900 km depth (Figures B6 and B7). The slab 

appears as a high-amplitude fast velocity anomaly that is continuous from the shallowest layers 

in our model to the lower mantle. Besides the concave curvature of the Aegean slab at shallow 

depths, which is related to the shape of the trench, the slab appears to have an otherwise simple 

character, with a consistent dip through the mantle. In contrast, the subducting Cyprean slab can 

be described in two parts: the western Cyprean slab (Figure B7b) and the eastern Cyprean slab 

(Figure B7c). Along the western Cyprean trench, where oceanic lithosphere is entering the trench 

[Granot, 2016], the slab exhibits a simple geometry similar to the Aegean slab. Here, the slab 

appears to subduct continuously through the upper mantle with a dip of ~45° to the NE, 

coinciding with a clear Wadati-Benioff zone. However, along the eastern portion of the Cyprean 

trench, the complex geometry of the eastern slab may be a result of the underthrusting of 

attenuated continental lithosphere at the trench [Delph et al., 2017], such as the Eratosthenes 

Seamount [Robertson, 1998; Schattner, 2010]. Not only did the impingement of the Eratosthenes 

Seamount on the trench contribute to recent uplift on Cyprus [Robertson, 1998], but the 

subduction of attenuated continental material along the Cyprean trench is well correlated with a 

region of relative aseismicity in the shallow slab and northward-directed subhorizontal 

subduction (anomaly EC) between longitudes 32°E and 34°E (Figure B7c). While relatively poor 

resolution near the surface hinders our ability to image the shallow slab segment in detail, this 
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result is consistent with previous seismic imaging studies sensitive to uppermost mantle velocity 

structure [Bakırcı et al., 2012; Abgarmi et al., 2017; Delph et al., 2017]. 

Our interpretation of the eastern Cyprean slab supports a buoyancy-driven slab 

deformation mechanism. The shallowly subducting slab segment is separated from a large 

vertically dipping block of the Cyprean slab (anomaly EC2) that appears to be connected to the 

western Cyprean slab in the mantle transition zone. If the shallow segment consists of subducted 

continental lithosphere while the separated block consists of the leading oceanic lithosphere, we 

would expect a discrepancy in buoyancy, leading to a difference in the dip of the slab segments. 

Separation of the two slab segments (Figure B6c; Figure BS8) further implies that this buoyancy 

contrast recently induced horizontal tearing of the slab. We infer the tearing to be propagating 

from east to west, where it ends near the edge of the subducting continental material, in a similar 

fashion to what is observed elsewhere in the Mediterranean system [Wortel and Spakman, 2000]. 

Such a tear, coupled with slab rollback, likely alters mantle flow, allowing for upwelling through 

the tear and possibly contributing to the observed slow upper-mantle velocities and active 

volcanism in the Central Anatolian Volcanic Province above the vertical block. Additionally, 

detachment of the vertical block and potential rebound of the buoyant continental material have 

previously been interpreted to contribute to recent uplift of the Central Taurus Mountains 

[Schildgen et al., 2014; Abgarmi et al., 2017; Delph et al., 2017]. 

 

4.2.2. Bitlis-Zagros Slabs 

To the east of the Cyprean trench, there is the Bitlis-Zagros suture zone, which 

demarcates the former subduction margin of the once-expansive Neo-Tethys Ocean [Şengör and 

Kidd, 1979; Bozkurt, 2001; Okay et al., 2010]. This segment bridges the gap between the active 
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subduction zone at the Cyprean trench to the west and the Zagros collision front to the east. We 

observe the eastern edge of the Cyprean slab at longitude 35°E in our tomography model. The 

Zagros slab to the east has been well imaged with teleseismic tomography [Alinaghi et al., 2007], 

but poor resolution on the edge of that model prevented a clear demarcation of the western edge 

of the Zagros slab. Similarly, our model has poor resolution of the Zagros slab, but we do 

observe a fast velocity anomaly just outside our well-resolved model space (labeled as “Zagros 

slab?” in Figure B6). This confirms that the Zagros slab fast anomaly is not continuous with the 

Cyprean slab anomaly across the Bitlis-Zagros suture zone. Instead, the upper mantle is 

dominated by slow velocity anomalies—a marked contrast to the Aegean and Cyprean domains, 

which each contain prominent fast velocity anomalies in the upper mantle. Since collision along 

the Bitlis-Zagros suture zone, the subducted Neo-Tethyan lithosphere in this region, which we 

refer to as the Bitlis slab, steepened and detached [Keskin, 2003, 2007; Şengör et al., 2003] and 

likely sank into the mantle. Sinking of the Bitlis slab and the resultant upwelling of 

asthenosphere are often interpreted to be the source of slow upper-mantle velocities beneath 

eastern Anatolia [Lei and Zhao, 2007; Zor, 2008]. Thus, our results are consistent with slab 

detachment beneath eastern Anatolia, but they raise the question of the current whereabouts of 

the detached slab. 

One approach to predicting the current lateral location of the detached Bitlis slab is to 

assume steady plate kinematics since the time of detachment ca. 10 Ma [Şengör et al., 2003]. If 

we assume that (1) Arabian plate velocity has been nearly constant since the early Miocene 

[ArRajehi et al., 2010] with absolute velocities of ~35 mm/yr WNW, (2) the slab detached at the 

reconstructed location of the Bitlis-Zagros suture zone, and (3) the slab sank vertically since 

detachment, then we predict that the detached Bitlis slab should be roughly 350 km to the ESE of 
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the Bitlis-Zagros suture zone, in the same location as the imaged Zagros slab [Alinaghi et al., 

2007]. This would imply that the poorly resolved fast anomaly we see in the southeast portion of 

our model could be the Bitlis slab rather than the Zagros slab. However, this interpretation does 

not allow for the observed fast velocity anomalies to comprise the total volume of subducted 

lithosphere, which we would expect to span the entire margin. If the poorly resolved fast velocity 

anomaly is in fact the Bitlis slab, then there is no space in the mantle to accommodate the 

subduction of the Zagros slab to the east, suggesting the anomaly is unlikely to be the Bitlis slab. 

This further implies that a cohesive Bitlis slab is not present at these depths (~350 km and 

below), or it has migrated laterally outside of our model domain, presumably due to ambient 

mantle flow. 

Another possible anomaly that could account for the Bitlis slab is anomaly EAF (Figure 

B6a-b). Previous authors have interpreted this anomaly to represent the detached Bitlis slab [Lei 

and Zhao, 2007; Bakırcı et al., 2012]. However, the observed anomaly accounts for only a small 

portion of the expected subducted slab volume. If it represents the detached Bitlis slab, its 

presence at 100 km also implies the body was dense enough to detach from the Arabian plate at 

the surface, but it must have quickly become neutrally buoyant, allowing it to remain at shallow 

depths from the mid-Miocene to the present. 

Instead of these two possibilities, neither of which can account for the assumed once 

laterally continuous subducted slab, we consider it more likely that the Bitlis slab did not detach 

as a large, intact body, but rather the Bitlis slab fragmented as it detached. Around 11–10 Ma, 

collision and tearing of the leading oceanic lithosphere allowed for the opening of a slab window 

and subsequent asthenospheric upwelling [Keskin, 2003; Şengör et al., 2003]. Following this 

initial opening, further tearing and deformation caused the subducted slab to fragment, leading to 
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the dispersed, small, and low-amplitude fast velocity anomalies seen in our images (Figure B7d). 

These anomalies, and thus the fragmented Bitlis slab, are located beneath eastern Anatolia 

between the Cyprean and Zagros slabs, indicating that detachment, deformation, and 

fragmentation are not instantaneous, but rather represent a multistage process [Wortel and 

Spakman, 2000; Govers and Wortel, 2005]. This in turn prevents the detaching Bitlis slab from 

decoupling from the surrounding Cyprean and Zagros slabs and sinking independently of plate 

motion. The Bitlis slab fragments have not previously been imaged as seen in this study. 

However, analyses of conversion amplitudes from the 410 and 660 km discontinuities and 

transition zone thickness beneath eastern Anatolia using the receiver function technique suggest 

that cold temperatures influence phase conversions in this region [Ozacar et al., 2008]. Ozacar et 

al. [2008] interpreted this as the presence of fragments of delaminated Eurasian lithosphere, 

rather than African-derived lithosphere. As noted in that study, however, the presence of cold 

slab fragments is equally consistent with the observed variations in transition zone thickness. 

Given the wide range of upper-mantle slab sinking rates in the literature [Billen, 2010; 

van der Meer et al., 2010; Butterworth et al., 2014; Ballmer et al., 2015], it is difficult to 

determine if the depth of the Bitlis slab fragments matches the inferred mid-Miocene timing of 

slab break-off. One common way to investigate the appropriate depth is to assume that slab 

sinking speed is equal to convergence rate [Schellart et al., 2009]. With an Arabia-Eurasia 

convergence rate of 15 mm/yr, this amounts to a slab depth of ~150 km after a 10 Ma 

detachment. However, detachment and fragmentation of the Bitlis slab make this a minimum 

estimate because free sinking would likely be faster than the relatively slow Arabia-Eurasia 

convergence rate. The high end of estimated sinking rates (up to 150 mm/yr) would place the 

slab well into the lower mantle and possibly below our model domain, even when considering a 



 

 125 

sinking deceleration in the lower mantle [Lithgow-Bertelloni and Richards, 1998]. While this 

would provide an alternative explanation for the lack of a continuous fast velocity anomaly, 

these rates are considered outliers, as sinking rates >60 mm/yr only apply to continuous slabs 

that have stalled in the mantle transition zone [Billen, 2010]. Thus, having the shallowest Bitlis 

fragments visible within our model domain in the transition zone and uppermost lower mantle is 

consistent with our interpretation. 

Interpreting the disparate fast velocity anomalies beneath eastern Anatolia as slab 

fragments requires that the small, low-amplitude fast velocity anomalies we image are robust. 

While it is difficult to prove that such low-amplitude anomalies are not artifacts of the 

tomographic inversion, we show that anomalies of that magnitude beneath eastern Anatolia are 

unlikely to appear without true fast velocities. This is made clear with synthetic recovery tests of 

slab fragments with varying input amplitude (Figure BS9). In such tests, only true velocity 

anomalies with high amplitude (at least 3%) yield recovered amplitudes comparable to the 

observed velocities. Last, synthetic tests with induced data noise [Rawlinson et al., 2014] 

indicate that unreasonably high amounts of noise (>100% of model misfit) are required to 

produce anomalies as strong as the interpreted fragments beneath eastern Anatolia (Figure 

BS10). These tests are described in more detail in the Supplemental Material. 

 

4.3. Slabs in the Transition Zone 

One key feature of the Biryol et al. [2011] model is that each of the subducted slabs 

beneath Anatolia appears to flatten in the mantle transition zone, at least temporarily. However, 

this may be an artifact resulting from a model domain that does not extend into the lower mantle. 

As we find in our model, significant amplitude is artificially placed in the deepest layers of the 
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model during inversion (Figure BS4). It is likely that a similar effect occurred during inversion 

for the model of Biryol et al. [2011], such that artificially fast velocity anomalies were seen to be 

continuous and flat-lying in the mantle transition zone. 

Our new model differs from the model of Biryol et al. [2011] in that the model domain 

extends into the lower mantle, allowing for the assessment of the subducting African 

lithosphere’s interactions with the 660 km discontinuity. Seismic tomography [Fukao et al., 

2001; Scire et al., 2017] and geodynamic modeling [Čížková et al., 2007; Billen, 2010; Stegman 

et al., 2010; Garel et al., 2014] studies indicate that the viscosity jump observed at the base of 

the mantle transition zone [Quinteros et al., 2010; Rudolph et al., 2015] may serve to inhibit slab 

descent through stagnation and/or deformation. The way in which the subducting plate interacts 

with the mantle transition zone has broad implications for processes such as mantle convection 

[van der Hilst et al., 1997], overriding plate volcanism [Richard and Iwamori, 2010], and 

possibly for orogenic plateau development [Faccenna et al., 2013]. 

In the Mediterranean region, southward trench migration from slab rollback is generally 

thought to cause stagnation in the mantle transition zone as the 660 km discontinuity serves to 

block slab descent into the lower mantle [Wortel and Spakman, 2000; Piromallo and Morelli, 

2003]. This constrains mantle convection to the upper mantle, which may have a significant 

impact on surface kinematics and deformation [Faccenna et al., 2013, 2014]. Previous seismic 

imaging efforts differ on how slabs beneath Anatolia relate to this model. While the regional 

tomography model of Biryol et al. [2011] shows the subducted lithosphere lying flat in the 

mantle transition zone, global tomography models show that the subducted lithosphere beneath 

Anatolia may temporarily stagnate, but eventually sinks into the lower mantle [Bijwaard et al., 

1998; Piromallo and Morelli, 2003]. In our new model, fast seismic velocity perturbations do not 
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dominate the mantle transition zone (Figures B5-7), appearing more disjointed, but they 

nonetheless continue into the lower mantle throughout the study area (Figure B6e-f). 

In the Aegean domain, the Aegean slab anomaly is continuous from the surface into the 

lower mantle, appearing to traverse the transition zone relatively uninhibited (Figure B7a). It is 

possible that the thickness of the Aegean slab fast velocity anomaly in the transition zone (~300 

km) indicates deformation associated with slab penetration into the lower mantle [Stegman et al., 

2010; Garel et al., 2014]. However, due to a number of factors, including the relatively constant 

thickness of the slab anomaly and continuous penetration into the lower mantle, we consider the 

slab thickness to more likely result from a combination of tomographic smearing in the Aegean 

region and the 3-D concave structure of the Aegean slab. In the Cyprean domain, the vertical 

limb of the Cyprean slab anomaly cohesively extends to the base of the transition zone without 

penetrating to the lower mantle (anomaly EC2; Figure B7c). However, north of the vertical 

block, lower-amplitude fast velocity perturbations extend from the transition zone into the lower 

mantle (anomaly EC3). While the vertical block itself appears continuous in its descent, one 

interpretation is that, contrary to the Aegean slab, the vertical Cyprean slab block buckles upon 

interacting with the 660 km discontinuity. Weaker fast velocities in front of the separated block 

may be fragments of older Cyprean slab that have broken off, piled up, and eventually sunk into 

the lower mantle. Thus, in central Anatolia, the 660 km discontinuity induces slab deformation 

but allows for slab penetration to the lower mantle in lieu of stagnation. In the Bitlis-Zagros 

domain (Figure B7d), disparate fast velocity bodies are scattered within the transition zone and 

uppermost lower mantle. We similarly interpret these fast velocity anomalies as fragments of the 

detached Bitlis slab, though it is unclear whether fragmentation was associated with the slab’s 

interaction with the 660 km discontinuity or took place at shallower depths. As with the Cyprean 
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slab, fast velocity perturbations in the uppermost lower mantle indicate that the 660 km 

discontinuity does not prevent the descent of the deformed Bitlis slab fragments into the lower 

mantle. Across each domain, contrary to the greater Mediterranean system, the viscosity 

boundary associated with the transition from the upper to lower mantle does not appear to cause 

long-term stagnation of Eastern Mediterranean slabs in the mantle transition zone, but instead 

likely induces at least some slab deformation. 

 

4.4. Terminal Stages of Subduction 

The traditional view of subduction is one in which denser lithosphere descends into the 

upper mantle, possibly stalling in the transition zone due to a viscosity contrast at the 660 km 

discontinuity [Fukao et al., 2001; Goes et al., 2017], before coming to rest near the core-mantle 

boundary [Wysession, 1996; Rao and Kumar, 2014]. However, evidence is mounting that many 

slabs do not follow such a simple path [Nolet, 2009]. In particular, Mediterranean slabs are seen 

to significantly deform prior to reaching the 660 km discontinuity [von Blanckenburg and 

Davies, 1995; Wortel and Spakman, 2000; Biryol et al., 2011] and often do not readily continue 

their descent into the lower mantle [Piromallo and Morelli, 2003]. Eventually, continental 

impingement on a trench may lead to detachment of the slab and a transition from subduction to 

collision, as inferred from seismic tomography in the India-Asia collision [Van der Voo et al., 

1999b; Koulakov and Sobolev, 2006]. 

Anatolia marks a major transition from primarily oceanic subduction in the west to 

continental collision in the east, separated by a transitional segment in central Anatolia where 

attenuated continental lithosphere is subducting. In Anatolia, we suggest that we can relate the 

variable morphology of subducting lithosphere across three distinct convergent domains with the 
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temporal evolution of subduction termination. Thus, Figure B8 can be viewed not only as an 

interpretation of the modern mantle structure beneath Anatolia, but additionally as a depiction of 

the temporal evolution of the subduction termination process when viewed from west to east. 

With this model, the Aegean domain represents the continuous subduction of oceanic lithosphere 

beneath a continental upper plate, which occurs throughout the majority of the lifetime of a 

subduction zone. In this domain, we observe a Wadati-Benioff zone down to ~200 km depth and 

a continuous, relatively undeformed slab extending from the surface down into the lower mantle. 

East of the Aegean domain, the Cyprean domain represents subduction actively transitioning to 

termination. Here, slab character is variable, in that the western Cyprean slab appears continuous 

with a consistent dip and a Wadati-Benioff zone extending to ~150 km depth, while the eastern 

Cyprean slab exhibits signs of severe deformation and fragmentation, with a horizontal tear 

separating slab segments of distinct dip. The variation in subduction character within the 

Cyprean domain is likely determined by the character of material entering the trench on the 

downgoing plate, with oceanic lithosphere subducting at the western Cyprean trench and thinned 

continental lithosphere further to the east (Figures B1 and B8). The severe, shallow slab 

deformation associated with the impingement of continental lithosphere on the trench is evidence 

in the mantle that the Cyprean domain is both a spatial transition from the Aegean domain and a 

transition in subduction stage. Finally, the Bitlis-Zagros domain east of the Cyprean domain 

represents the final stage in the transition from subduction to the collision of two continental 

plates and the complete removal of the subducting lithosphere. Subduction is thought to have 

ended ca. 10 Ma in this region following collision and slab detachment [Keskin, 2003; Şengör et 

al., 2003], such that the most recently subducted slab has likely descended to at least the mantle 

transition zone. What remains is a collection of torn, deformed fragments of Bitlis slab with a 
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weakened seismic signature. This evolutionary model predicts that the mantle character of the 

eastern Cyprean domain is approximately what subduction in the Bitlis-Zagros domain may have 

looked like ca. 10 Ma, and what the Aegean domain will look like when the African continental 

margin begins to enter the Aegean Trench. This model additionally has significant implications 

for the fate of subducted material. While some slabs may be able to cohesively traverse the 

mantle to the core-mantle boundary [Wysession, 1996], our images suggest that in other cases, 

slab destruction and assimilation are catalyzed at much shallower depths by tearing and 

fragmentation upon continental collision. 

 

5. CONCLUSIONS 

We used finite-frequency teleseismic P-wave tomography to obtain an improved seismic 

velocity model of the Eastern Mediterranean mantle. Our new P-wave tomography model reveals 

the complex, segmented structure of subducting African-Arabian lithosphere beneath Anatolia 

and its interactions with the surrounding mantle and the mantle transition zone in three separate 

convergent domains. Three main conclusions can be drawn across convergent domains: 

(1) Our model confirms the work of several well-established features of Anatolian mantle 

velocity structure shown in prior seismic studies, including: (a) a continuous fast velocity 

anomaly associated with the Aegean slab extending from the surface into the lower mantle, (b) 

widespread slow velocities in the shallow mantle beneath Anatolia, with particularly slow 

velocities throughout the upper mantle beneath eastern Anatolia, and (c) fast seismic velocities in 

the shallow mantle north of the Izmir-Ankara-Erzincan suture zone. 

(2) Slabs in the Eastern Mediterranean interact with the 660 km discontinuity differently 

than is generally observed in the greater Mediterranean system. Rather than flattening in the 
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mantle transition zone, slabs beneath Anatolia all appear to descend into the lower mantle, with 

the Aegean slab crossing the discontinuity unimpeded, the Cyprean slab continuing into the 

lower mantle with signs of significant deformation in the mantle transition zone, and a 

significantly fragmented Bitlis slab appearing both above and below the 660 km discontinuity. 

(3) The distinct character of subduction within each convergent domain is correlated with 

the material entering the trench on the downgoing plate, varying from oceanic lithosphere 

subducting at the Aegean Trench to continental lithosphere colliding with eastern Anatolia at the 

Bitlis-Zagros suture zone. This allows us to interpret spatial variations in slab structure as 

different temporal stages of subduction termination. The Aegean slab is undergoing little to no 

deformation as it dips continuously into the lower mantle, implying it is in its main subduction 

stage. The Cyprean slab, which is severely deformed through tearing and fragmentation, is the 

middle stage between those of the Aegean and Bitlis slabs, when continental lithosphere is 

beginning to underthrust at the trench, likely blocking subduction, inducing tearing, and 

initiating the breakup of the downgoing Cyprean slab. Thus, the Cyprean slab exhibits 

subduction termination in progress. The Bitlis slab is completely fragmented within and below 

the mantle transition zone and shows no continuity with the surface plate, indicating a complete 

transition from subduction to continental collision in the Bitlis-Zagros domain. This model has 

significant implications for our view of a slab’s life cycle, suggesting that some slabs may 

significantly fragment at the end of subduction rather than cohesively sink through the mantle 

after detachment. 
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FIGURES 

 

Figure B1. Topographic Map of Study Area. Topographic map with major tectonic features of 

the Anatolian region. Red arrows indicate plate motion, with velocities (on arrowheads, in 

mm/yr) and directions derived from global positioning system (GPS) measurements relative to 

stable Eurasia [Barka and Reilinger, 1997; Reilinger et al., 2006]. Dashed line indicates 

boundary between subducting oceanic (OL) and continental lithosphere (CL) [Granot, 2016]. 

Black arrows indicate sense of shear along strike-slip faults. Red triangles indicate volcanoes 

active in the Holocene. Thick gray lines separate the three convergent domains listed from west 

to east: the Aegean domain, the Cyprean domain, and the Bitlis-Zagros domain. Abbreviations 

are as follows: AM—Anaximander Mountains; CAFZ—Central Anatolian fault zone; CAP—

Central Anatolian Plateau; CAVP—Central Anatolian Volcanic Province; CTM—Central Taurus 

Mountains; DSFZ—Dead Sea fault zone; EAFZ—East Anatolian fault zone; EAP—East 
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Anatolian Plateau; ES—Eratosthenes Seamount; FL—Fethiye Lobe; IA—Isparta angle; IZ—

İstanbul zone; NAFZ—North Anatolian fault zone; SZ—Sakarya zone. 
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Figure B2. Map of Seismic Stations. Map of seismic stations used in this study. Yellow and 

orange triangles without a bold outline indicate stations that were included in the original data set 

of Biryol et al. [2011], while orange and red triangles with bold outlines are new to the data set. 

Orange triangles without a bold outline indicate stations that were included in the original data 

set but data between 2013 and 2015 were added for the present study. KOERI—Kandilli 

Observatory Digital Broadband Seismic Network; CD-CAT—Continental Dynamics–Central 

Anatolian Tectonics Project.  
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Figure B3. Earthquake Distribution. (A) Earthquakes used for this study, with the complete data 

set (green) compared to the data included from Biryol et al. [2011] (red) in relation to the study 

area (blue star). Core phases were picked from earthquakes at distances of 155° to 180°, while 

direct phases were picked from earthquakes at distances of 30° to 90°. (B) Back-azimuthal 

distribution of incoming rays, from the data set of Biryol et al. [2011] (red) and the combined 

data set (green). Ray paths are dominated by the large number of earthquakes in the western 

Pacific subduction zones. 
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Figure B4. Average Station Residuals. Map of stations used for this study, with color scaled by 

the average traveltime residual for that station. Traveltime residuals were determined after 

crustal thickness corrections. Note the relative delays in the east compared to early arrivals in 

western and central Anatolia, indicating slower velocities beneath eastern Anatolia. 
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Figure B5. Average Velocity by Layer. Average P-wave velocity perturbation for nodes with a 

hit quality >0.5 in each layer of the tomography model. Blue points represent fast average 

velocities, and red points represent slow average velocities. Gray points represent uninterpreted 

layers. The shaded region demarcates the mantle transition zone. Note that velocities are 

generally relatively slow in the upper mantle and fast in the lower mantle. 
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Figure B6. Results in Depth Slices. Results from the tomographic inversion at depths of (A) 130 

km, (B) 200 km, (C) 320 km, (D) 410 km, (E) 555 km, (F) 715 km, and (G) 895 km. (H) Color 

scale for P-wave velocity perturbations. The dashed white lines in A indicate the locations of the 

cross sections in Figure B7. Solid black line surrounded by dark shading represents the 0.5 hit 

quality contour. Green circles are earthquake locations from the U.S. Geological Survey 

Advanced National Seismic System (ANSS) Comprehensive Earthquake Catalog (ComCat). As 

in Figure B1, red triangles indicate volcanoes active in the Holocene, and thick gray lines 

separate the three convergent domains. Abbreviations are as follows: AS—Aegean slab; CS—

Cyprean slab; EAF—East Anatolian fast anomaly; EAS—East Anatolian slow anomaly; EC—

east Cyprean slab; IZ—İstanbul Zone; STEP—subduction-transform edge propagator system; 

WC—west Cyprean slab. 
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Figure B7. Results in Cross Sections. Cross sections through the tomography model at locations 

oriented downdip of the (A) Aegean slab, (B) west Cyprean slab, (C) east Cyprean slab, and (D) 

Bitlis-Zagros suture zone. Topography and tectonic features are labeled above the profiles. (E) 

Map indicating the surface traces of the cross sections. Volcanoes and convergent domains are as 

in Figures B1 and B4. (F) Color scale for P-wave velocity perturbations. Dashed lines represent 

interpreted anomaly delineation. Abbreviations are as follows: AS—Aegean slab; BS—Black 
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Sea; BZSZ—Bitlis-Zagros suture zone; CAP—Central Anatolian Plateau; CAVP—Central 

Anatolian Volcanic Province; CTM—Central Taurus Mountains; EAP—East Anatolian Plateau; 

EAS—East Anatolian slow anomaly; EC—east Cyprean slab; IA—Isparta angle; IZ—İstanbul 

zone; NAF—North Anatolian fault; WC—west Cyprean slab. 
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Figure B8. Interpreted Slab Geometry. Diagrammatic representation of the interpreted slab 

geometry for each convergent domain. To create the isosurface, a synthetic velocity structure 

imitating our interpretation of the slab structure was created, and a synthetic recovery test was 

performed. The isosurface itself is an isovelocity contour of the output model of the synthetic 

test. As such, the surface is not derived from data and is not a quantitative representation of the 

tomography model, but is instead our interpretation. Red triangles indicate volcanoes active in 
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the Holocene. OL—oceanic lithosphere; CL—continental lithosphere; STEP—subduction-

transform edge propagator system. 
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SUPPLEMENTAL FIGURES 

 

Figure BS1. Crustal Thickness Map. Map of seismic stations recording data used for this study, 

with color scaled by the crustal thickness at each station used for the crustal correction. Crustal 

thickness measurements are from the Moho maps of Vanacore et al. [2013] and Abgarmi et al. 

[2017]. Outside of these models, crustal thickness was manually extrapolated. 
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Figure BS2. Tradeoff Analysis. Tradeoff analysis between variance reduction and L2 model 

norm of inversions with varying damping (D1-D10) and smoothing (S1-S10) parameters. The 

final inversion was run with damping and smoothing parameters of 6 and 7, respectively (blue 

star). 
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Figure BS3. Normalized Hit Quality. Map of normalized hit quality at depths of A) 130 km, B) 

200 km, C) 320 km, D) 410 km, E) 555 km, F) 715 km, and G) 895 km (corresponding to depth 

slices in Figure B6). H) Color scale for normalized hit quality. The thick, solid black line is the 

0.5 hit quality contour. Hit quality quantitatively asses the quantity and backazimuthal 

distribution of rays sampling a given node. To calculate hit quality, direct rays are separated into 

60˚ backazimuthal bins, with core phases representing a seventh bin. Then rays are counted in 

each bin up to a maximum of five rays per bin and divided by a maximum total of 35. Thus, a hit 

quality of “1” signifies sampling of at least 5 rays within each bin for the given node and a hit 

quality of “0” means a complete lack of sampling of the node. This figure shows high hit quality 

throughout the upper mantle, and extending into the lower mantle. In the deepest layer (895 km 

depth), all of Anatolia is covered with hit quality >0.6, while hit quality is >0.2 across the whole 

region. We use a hit quality contour of 0.5 (pictured) as a proxy for the well resolved region of 

the model because it best represents the region of recovered amplitude at all depths. The dashed 

white lines in (A) indicate the traces for the cross sections in Figures BS7 and BS12. 
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Figure BS4. Average Amplitudes by Layer. Average amplitude of velocity perturbation for each 

layer in the tomography model. This value was calculated by taking the average of the absolute 

value of velocity for the nodes in each layer with a hit quality >0.5. Note the clear decaying trend 

over the upper 19 layers. The deepest two layers, denoted by the shaded region, are outliers to 

this trend, supporting our interpretation that high amplitudes in the deepest two layers are an 

inversion artifact. Thus, we ignore the deepest two layers in our interpretations. 
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Figure BS5. Checkerboard Test Results in Depth Slice. Results of a checkerboard recovery test 

are shown in map view at A) 130 km, B) 320 km, C) 555 km, and D) 895 km depth. E) shows 

the color scale for P-wave velocity perturbations. The input model for each layer is shown in the 

left column while the output is shown on the right. The thick solid black line in the output 

column represents a hit quality contour of 0.5. Note that the input at 555 km depth is neutral. 

Non-zero velocities in the output at 555 km depth indicate some vertical smearing. Overall, the 

checkerboard structure is best recovered below continental Anatolia where there are stations. 
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Figure BS6. Checkerboard Test Results in Cross Section. Results of a checkerboard recovery 

test are shown in cross section view along longitudes A) 27˚E, B) 34˚E, and C) 39˚E. D) shows 

the color scale for P-wave velocity perturbations. The input model for each layer is shown in the 

left column while the output is shown on the right. The thick solid black line in the output 

column represents a hit quality contour of 0.5. Note the correlation between neutral input and 

lower amplitude, indicating that while there is some smearing, there is good recovery of structure 

when present. Note also the lower amplitude recovery outside of the hit quality contour. The thin 

red layers at shallowest depths are plotting artifacts and not velocity perturbations. 
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Figure BS7. Black Sea Anomaly Recovery Test Results. Results of several synthetic recovery 

tests are shown in cross section along longitude 30˚E. Synthetic anomalies are continuous fast 

velocity anomalies at shallow depth beneath northern Anatolia and the southern Black Sea with 

A) no dip, B) southward dip, and C) northward dip. The input anomaly (left column) is 5% for 

each test. Low amplitude slow velocity anomalies appearing in the input are artifacts of 

interpolation and not included in the input model. Note amplitude reduction in the output (right 

column) for each test. Note also the similarity in recovered structure between each test. 

Abbreviations and adjacent dashed lines indicate the intersection of the cross section with the 

North Anatolian Fault Zone (NAFZ) and the Black Sea coastline (C). C marks a distinct 

recovered amplitude boundary, with higher amplitudes recovered below Anatolia and lower 

amplitude recovered below the Black Sea. D) shows the color scale for P-wave velocity 

perturbations. The thin red layers at shallowest depths are plotting artifacts and not velocity 

perturbations. 
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Figure BS8. Slab Gap Recovery Test Results. Results of several synthetic recovery tests are 

shown in cross section along cross-section C-C’ from Figure B6. Synthetic anomalies are fast 

velocity anomalies in the upper mantle beneath central Anatolia, meant to duplicate the 

recovered east Cyprean slab. Each test shows the east Cyprean slab with A) no separation 

between anomaly synthetic anomaly EC and EC2, B) a gap of one node between anomalies, and 

C) a gap of two nodes between anomalies. The input anomaly (left column) is 5% for each test. 

Low amplitude slow velocity anomalies appearing in the input are artifacts of interpolation and 

not included in the input model. Note the smearing between anomalies in (B) and (C). These 

tests indicate that a physical gap between anomaly EC and EC2 is required to allow for slow 

velocities to separate the two. Thus, a continuous slab is recoverable and the gap between the 

two anomalies noted in Figure B7c is likely not an artifact. E) shows the color scale for P-wave 

velocity perturbations. The thin red layers at shallowest depths are plotting artifacts and not 

velocity perturbations. 
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Figure BS9. Fragmented Slab Recovery Test Results. Results of several synthetic recovery tests 

are shown in cross section along cross-section D-D’ from Figure B6. Synthetic anomalies are 
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fast velocity anomalies beneath eastern Anatolia, meant to duplicate some of the recovered 

fragments of the Bitlis slab. Each test shows the same synthetic fragments with A) 5%dVp input 

anomalies, B) 3%dVp input anomalies, and C) 1%dVp input anomalies. Low amplitude slow 

velocity anomalies appearing in the input are artifacts of interpolation and not included in the 

input model. Note the reduced amplitude recovery in the output models, indicating that 

recovered velocities underestimate true velocities. Note also that larger, contiguous input 

anomalies yield a higher recovery. Lastly, note that (B) most closely represents the fragments in 

Figure B7d, indicating that true velocity anomalies of at least 3% may be necessary to produce 

the observed velocities and that the observed anomalies are unlikely to be artifacts of the 

inversion. D) shows the color scale for P-wave velocity perturbations. The thin red layers at 

shallowest depths are plotting artifacts and not velocity perturbations. 
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Figure BS10. Noise Recovery Test Results. Results of several synthetic recovery tests are shown 

in cross section along cross-section D-D’ from Figure B6. In each synthetic test, the input model 

contains no velocity anomalies. Random Gaussian noise is then added to the synthetic data 

before inversion. The standard deviation of the Gaussian used for each inversion is A) 100%, B) 

75%, and C) 50% of the standard deviation of data misfit after the tomographic inversion. Thus, 

a standard deviation of 100% (A) represents the assumption that all remaining misfit after 

inversion is the result of data noise and not due to simplifications of the forward problem. Note 

that only at 100% noise (A) do noise-induced anomaly amplitudes approach those interpreted as 

slab fragments. 100% and higher noise is unreasonably high, indicating that reasonable data 

noise alone is unlikely to produce the fast velocity anomalies interpreted as fragments, again 

suggesting that the interpreted fragments are likely not artifacts of the inversion. D) shows the 

color scale for P-wave velocity perturbations. The thin red layers at shallowest depths are 

plotting artifacts and not velocity perturbations. 
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Figure BS11. Alternate Results in Depth Slice. Same as Figure B6 except with a discrete color 

scale to better assess precise velocity perturbations to 0.5%dVp. Results from the tomographic 

inversion at depths of A) 130 km, B) 200 km, C) 320 km, D) 410 km, E) 555 km, F) 715 km, and 

G) 895 km. H) Color scale for P-wave velocity perturbations. Solid black line surrounded by 

dark shading represents the 0.5 hit quality contour. The dashed white lines in (A) indicate the 

traces for the cross sections in Figure BS12. Green circles are earthquake locations from the 

USGS ComCat. As in Figure B1, red triangles indicate volcanoes active in the Holocene and 

thick gray lines separate the three convergent domains. Abbreviations are as follows: AS, 

Aegean slab; CS, Cyprean slab; EAF, East Anatolian fast anomaly; EAS, East Anatolian slow 

anomaly; EC, east Cyprean slab; IZ, İstanbul Zone; WC, west Cyprean slab. 

 

  



 

 180 

 

Figure BS12. Alternate Results in Cross Section. Same as Figure B7 except with a discrete color 

scale to better assess precise velocity perturbations to 0.5%dVp. Cross sections through the 

tomography model at locations oriented down-dip of the A) Aegean slab, B) West Cyprean slab, 

C) East Cyprean slab, and D) Bitlis-Zagros Suture. Topography and tectonic features are labeled 

above the profiles. Volcanoes, earthquakes, and convergent domains are as in Figures B1 and 

B4. E) Map indicating the surface traces of the cross sections. F) Color scale for P-wave velocity 
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perturbations. Abbreviations are as follows: AS, Aegean slab; BS, Black Sea; BZSZ, Bitlis-

Zagros Suture Zone; CAP, Central Anatolian Plateau; CAVP, Central Anatolian Volcanic 

Province; CTM, Central Taurus Mountains; EAP, East Anatolian Plateau; EAS, East Anatolian 

slow anomaly; EC, east Cyprean slab; IA, Isparta Angle; IZ, İstanbul Zone; NAF, North 

Anatolian Fault; WC, west Cyprean slab. 
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ABSTRACT 

Earthquake-based models of slab geometry are limited by the distribution of earthquakes 

within a subducting slab, which is often heterogeneous. The fast seismic velocity signature of 

slabs in tomography studies is independent of the distribution of earthquakes within the slab, 

providing a critical constraint on slab geometry when earthquakes are absent. In order to utilize 

this constraint, researchers typically hand-contour images of subducting slabs in tomography 

models, leading to a subjective final slab model. With this paper, we present an automated 

procedure for extracting slab geometry from teleseismic tomography volumes that limits this 

subjectivity and provides constraints on the structure of aseismic segments of slabs. This 

procedure is designed as a complement to earthquake-based slab models rather than as a 

replacement, which can help to broaden the extent of existing subduction zone geometry 

databases. 

 

1. INTRODUCTION 

Well-constrained models of slab geometry are critical to a number of geological and 

geodynamic applications, such as plate reconstructions, geodynamic force balance, mantle 

convection models and earthquake source studies [Richards et al., 2007; Hu et al., 2016; Wu et 

al., 2016]. Traditionally, models of slab geometry are controlled by the locations of Wadati-

Benioff zone (WBZ) earthquakes. Slab models based primarily on WBZ geometry 

[Gudmundsson and Sambridge, 1998; England et al., 2004; Syracuse and Abers, 2006; Hayes et 

al., 2012] are particularly robust in subduction zones such as Japan and Tonga where seismicity 

is relatively dense and pervasive throughout the length of the subducting slab. However, such 

methods are limiting in subduction zones where portions of the slab are partially or completely 
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aseismic. This is particularly noteworthy in the Cascadia subduction zone, where the Juan de 

Fuca and Gorda slabs are almost devoid of earthquakes deeper than 70 km [McCrory et al., 

2012], and in the South America subduction zone (Figure C1), where the Nazca slab is 

prominently aseismic between �300 and 500 km depth and deeper seismicity (>500 km depth) is 

constrained to a narrow band between the equator and latitude 30°S [Barazangi and Isacks, 

1976; Cahill and Isacks, 1992]. Regional-scale models tend to circumvent this issue by 

modelling only the shallow slab [Anderson et al., 2004; Mulcahy et al., 2014; Kyriakopoulos et 

al., 2015]. On a global scale, methods based on WBZ earthquakes typically handle aseismicity 

by interpolating between active slab segments, thus ignoring the potential for more detailed 

structure at intermediate depths [Syracuse and Abers, 2006; Hayes et al., 2012]. 

More recently, high-resolution regional seismic tomography models have provided 

additional constraint on geometry in aseismic slab segments. Tomography models in Cascadia 

show the Juan de Fuca/Gorda slab extending much deeper than the WBZ [Schmandt and 

Humphreys, 2010; Schmandt and Lin, 2014; Hawley et al., 2016] and models in South America 

show sharp contortions or gaps in the slab at intermediate depths [Pesicek et al., 2012; Scire et 

al., 2015, 2016; Portner et al., 2017]. Many studies are taking advantage of these constraints, 

producing detailed slab models from tomographic images in subduction settings, including South 

America [Antonijevic et al., 2015; Scire et al., 2016], the southwest Pacific [Richards et al., 

2007; Hall and Spakman, 2015], Japan [Nakajima and Hasegawa, 2007], and the Mediterranean 

[Biryol et al., 2011]. However, while valid interpretations, these models are limited by 

subjectivity due to their reliance on hand-contouring imaged slab anomalies. Here, with 

examples from Cascadia and South America, we present an automated approach to modelling 
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slab geometries using seismic tomography models that limits subjectivity and provides physical 

constraint on slab geometry in aseismic slabs. 

 

2. METHODOLOGY 

Our approach to using teleseismic tomography to constrain slab geometry is based on 

three key premises: (1) subducting slabs are characterized by relatively fast seismic velocity 

anomalies; (2) the most robust feature of tomographic images of subducting slabs is the slab 

centre and (3) variations in anomaly thickness and amplitude are primarily the result of variable 

sampling, parametrization or smearing induced by the smoothing constraints in the inversion, 

rather than true variation in structure. 

Dipping fast seismic velocity anomalies consistently coincide with WBZ earthquakes in 

tomography studies, but limitations from resolution and feasible parametrization of the 

tomographic inverse problem prevent imaged slabs from perfectly reflecting the predicted size 

and shapes of subducted lithosphere. Properties of tomographic images such as smearing and 

smoothing lead to diluted images of the seismically fast slab anomalies that contain the true slab, 

but quantifying the effect of these properties is difficult. In some cases, thickening of slab 

anomalies in the transition zone is attributed to deformation processes [Bijwaard et al., 1998; 

Scire et al., 2017]. By directly relating this style of anomaly thickening to buckling and folding 

of slabs that is suggested by geodynamic modelling [Čížková and Bina, 2013; Garel et al., 

2014], some researchers attempt to extract structure from within diluted slab anomalies [Wu et 

al., 2016; Pownall et al., 2017]. While the efficacy of this approach is an area of active research, 

we utilize a simpler approach by assuming that the centre of the slab anomaly, or the central 
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dipping plane, reflects the structure of a dipping slab. A more detailed discussion of the validity 

of the base premises utilized for this method is included in Supplemental Text CS1. 

Our procedure, outlined below, is designed to find the centre of the fast slab anomaly in 

three dimensions at any point both along strike and downdip within the upper mantle. This is 

performed by strategically sampling 3-D tomographic volumes of seismic velocities, such that 

the fast slab anomaly is uniquely, but fully characterized. While this is an automated process, a 

number of input parameters are user defined to allow for self-consistency, utility amongst 

different tomography models with variable resolutions, and for a wide array of applications of 

this method. Examples from the US-SL-2014 [Schmandt and Lin, 2014] tomography model of 

the Cascadia subduction zone are included to illustrate the effects of varying select parameters on 

the output solution (Figure C2). Here we present in detail each stage of the eight-step procedure. 

A descriptive example of this procedure with accompanying illustrations can be found in 

Supplemental Text CS2 and Figure CS1. A description of the input tomography model and how 

it is processed can be found in Supplemental Text CS3. 

(1) Create slab guide. A slab guide is a surface roughly approximating the location of the 

slab in question that is used as a starting point for searching the tomography volume. The 

primary function of the slab guide is to aid in the isolation of the fast slab anomaly from other 

fast velocity anomalies that may be present in the region of interest. Thus, slab models derived 

from interpolation of Wadati-Benioff zone earthquakes such as Slab1.0 [Hayes et al., 2012] or 

from hand-contouring of tomography models are sufficient. 

(2) Create a 2-D grid. The geographic region of interest must be laterally gridded at the 

desired slab output model node spacing (hnode). The slab guide is sampled at each grid node to 

define the volume in which the slab is well resolved in the given tomography model. Because 
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sampling is set in 2-D at the surface, this method is restricted to slabs that are a function of 

lateral space. Thus, model precision is reduced in regions of subvertical to vertical dip, such as 

the southern Izu-Bonin slab [Yang et al., 2017]. 

(3) Determine starting point. The starting point for sampling at each node is simply the 3-

D location of the slab guide directly below the surface location of the present grid node. If this 

point is less than a user defined limit (shallim), that node is skipped. This prevents the use of 

shallow layers in the input tomography model which is typically poorly resolved in teleseismic 

tomography studies. 

(4) Calculate guide-normal vector. At each node, a 3-D vector is calculated within the 

spherical earth that is perpendicular to the local slab guide surface using the local slab guide 

strike and dip. 

(5) Sample along vector. An interpolated 3-D tomography volume is then sampled at 

regular intervals along the calculated vector in the positive and negative directions. The vector 

lengths in the positive (posmag) and negative (negmag) directions as well as the sampling 

interval (vnode) are user defined based on the observed thickness of the slab anomaly. 

Parameters should be chosen such that the entirety of the slab anomaly is sampled while non-slab 

fast velocity anomalies are avoided. Choice of sampling interval has little effect on the resulting 

slab model (Figure C2a). However, vector lengths in the positive and negative direction can 

make a significant difference on the output and should be selected with care, particularly if large 

values lead to the sampling of non-slab fast velocity anomalies (Figure C2b). 

(6) Determine slab location. The slab anomaly is isolated (and correspondingly the 

sample points are reduced) by filtering according to a user defined velocity anomaly threshold 

criteria (thresh) such that only points along the vector with velocity anomalies above the defined 
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threshold are included. Choice of threshold can make a significant difference on the output and 

should also be made with care (Figure C2c). For example, choosing a lower threshold may 

reduce spatial gaps in the slab model, but may also lead to distortion from non-slab related fast 

velocity anomalies. This process effectively reduces the length of the sample vector from step 5. 

The resulting ‘reduced-length’ sampling vector is the interpreted location of the slab within the 

sampling vector. An additional check using user defined parameters is performed to remove 

reduced-length vectors that are too short (minlen) or too long (maxlen). Thus, while the choice of 

thresh is somewhat subjective, this filter ensures that anomalies too thin or thick to be a slab are 

not identified as such, particularly if large vector lengths (posmag, negmag) are necessary. 

(7) Determine the slab centre. The slab centre at the given node is then defined at the 

nearest sample point to the mean guide-normal distance of the reduced-length vector. If this is 

within a user defined distance from the slab guide (maxdist), the value is retained. This 

parameter should be adjusted based on confidence in the slab guide, and can be effectively 

turned off in unconstrained regions by being set arbitrarily high. 

(8) Perform steps 3–7 for each node. Repeat this process for each node of the 2-D 

geographic grid. Once completed, this provides a set of irregularly spaced points that represent 

the centre of the slab anomaly in the slab-normal direction which can be averaged further or 

smoothed into a surface. 

 

3. SAMPLE SLAB MODELS 

Here we present examples of our procedure applied to the Juan de Fuca/Gorda slab using 

tomography model US-SL-2014 [Schmandt and Lin, 2014], and to the southern Nazca slab using 

tomography model SAM4_P_2017 [Portner et al., 2017]. These final slab models are shown in 
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Figure C3, while the choices of user defined parameters for each sample model are presented in 

Table C1. 

 

3.1. Juan de Fuca/Gorda Slab Model 

The shallow Juan de Fuca/Gorda slab is relatively aseismic, with a distinctly non-uniform 

distribution of seismicity. The shallow structure is typically interpreted to be relatively self-

similar along strike [McCrory et al., 2012]. This result is corroborated by teleseismic 

tomography models that show a north–south striking slab throughout the upper �200 km of the 

mantle [Obrebski et al., 2010; Schmandt and Humphreys, 2010; Porritt et al., 2014; Schmandt 

and Lin, 2014; Hawley et al., 2016; Burdick et al., 2017]. Each tomography model additionally 

shows continuity of the slab deeper than 200 km depth, with laterally variable structure [Sigloch 

et al., 2008; Obrebski et al., 2010; Schmandt and Humphreys, 2010; Sigloch, 2011; Porritt et al., 

2014; Schmandt and Lin, 2014; Hawley et al., 2016; Burdick et al., 2017]. The Gorda slab 

segment extends into the mantle transition zone before stepping east (i.e. Figure C2) and 

continuing to the lower mantle. Beneath Washington, the Juan de Fuca slab segment is also 

continuous into the lower mantle. These two slab segments are separated by a region with 

relatively low seismic velocities (weakly seismically fast) at shallow depths, and devoid of a fast 

velocity anomaly below �200 km depth. This significant variability in upper mantle slab 

structure indicates possible slab tearing, which is likely the result of a complex subduction 

history [Schmandt and Humphreys, 2010] that involves interaction of the slab with the 

Yellowstone plume since at least the Miocene [Obrebski et al., 2010]. These details have been 

critical to a variety of applications including plate reconstructions [e.g. Sigloch and Mihalynuk, 
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2017] and geodynamic modelling [e.g. Liu and Stegman, 2011; Liu, 2015] of the North 

American-Farallon system, and thus are important for any Juan de Fuca/Gorda slab models. 

Due to complexity in the subducting slab structure including significantly variable slab 

anomaly amplitude within the Juan de Fuca and Gorda slabs, we first create separate models for 

the Juan de Fuca and Gorda slab segments before combining them. Our combined model retains 

each key feature of the Juan de Fuca/Gorda slab discussed above (Figure C3a). To the south, the 

Gorda slab segment extends continuously into the mantle transition zone, where it abruptly steps 

eastward and continues down. North of this region is a gap where the slab is clearly visible only 

at shallow depths. Further north again, the Juan de Fuca slab segment also extends into the 

mantle transition zone. 

To further assess the precision of our method, we apply our procedure to the Gorda slab 

segment imaged in two additional tomography models: DNA13 [Porritt et al., 2014] and the 

global MITP_USA_2016MAY [Burdick et al., 2017]. Comparison between the resulting slab 

geometries (Figure C4) shows good agreement among different tomography input models. 

Resulting slab geometries differ by less than 50 km depth throughout most of the modelled 

Gorda slab segment, which is within the minimum resolution of typical regional tomography 

models. Larger variations among calculated slab centres can be directly attributable to variations 

in the tomographic images themselves, yet all three tomography models reveal the critical 

features of slab structure illustrated above. This comparison also illustrates that our procedure 

may be applied to both regional- and global-scale tomography models, with the primary 

limitation being tomographic resolution. 
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3.2. Nazca Slab Model 

Recent regional tomography models have revealed features of the Nazca slab that 

seismicity and seismicity-based models [Barazangi and Isacks, 1976; Cahill and Isacks, 1992; 

Hayes et al., 2012] could not identify. Most notably, earthquake-based models fail to resolve 

structure of (or in some cases, existence of) the slab below �200 km depth south of latitude 30°S 

because there are no deep WBZ earthquakes in this region (Figure C1a). Regional teleseismic 

tomography images show that the Nazca slab extends into the mantle transition zone and south to 

at least latitude 38°S [Pesicek et al., 2012] or 40°S [Portner et al., 2017]. Within this region, 

structure is complex with variable subduction angles and a large gap in the slab adjacent to the 

Pampean flat slab segment [Lynner et al., 2017; Portner et al., 2017]. In the Peruvian flat slab 

region near latitude 10°S, the large intermediate depth seismicity gap (Figure C1a) leads to a 

mischaracterization of slab structure in seismicity-based slab models. For example, the Slab1.0 

model [Hayes et al., 2012] infers a smooth spatial transition from the Peruvian flat slab segment 

to steeper subduction at its downdip edge, but a variety of seismic imaging techniques show that 

the flat slab continues eastward aseismically at a shallow angle before diving subvertically into 

the mantle transition zone [Antonijevic et al., 2015; Scire et al., 2016; Bishop et al., 2017]. 

Our sample model of the southern Nazca slab emphasizes the improvements our 

technique can provide in the context of a complex slab with an irregular distribution of 

intermediate depth and deep seismicity by filling in gaps in seismicity (Figures C3b and CS2). 

The most prominent features illustrated in the Nazca slab model are a large hole downdip of the 

Pampean flat slab and continuity of the slab deeper than WBZ earthquakes. The model also 

clearly illustrates the variations in slab dip along strike, with shallower subduction south of the 

Pampean flat slab (�30° dip) and steeper subduction north of the flat slab region (�60° dip). 
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4. CONCLUSION 

The sample Juan de Fuca/Gorda and Nazca slab models created with our procedure 

successfully retain key features of slab morphology imaged with teleseismic tomography that are 

not elucidated by WBZ earthquakes. We note that while each sample model retains the key 

characteristics of the slab anomalies imaged by seismic tomography, there are several clear 

artefacts in the final output. For example, our model indicates that a small segment of the Nazca 

slab turns upwards in the mantle transition zone rather than flattening or continuing to sink 

(Figure C3c). Close inspection of this region reveals that this feature is driven by outlying slab 

centre values that are moved to an artificially shallow depth by a non-slab fast velocity anomaly 

above the slab. Variability along strike in the thickness and amplitude of the slab anomalies, and 

the proximity of other fast velocity anomalies to the slab make some such artefacts unavoidable 

with an automated procedure such as ours. However, we emphasize that we do not envision our 

new methodology to be used independently, but rather that it will be incorporated into WBZ-

based slab models to add constraint where earthquakes are lacking. 

When incorporating slab centre points into WBZ-based slab models, the relationship 

between WBZ earthquakes and the slab centre must be considered. This relationship is not 

always simple, as is evidenced by the presence of a double seismic zone such as in parts of 

Cascadia [Cassidy and Waldhauser, 2003] and South America [Rietbrock and Waldhauser, 

2004; Sippl et al., 2018]. The general lack of overlap between double seismic zones (which are 

typically observed at depths <100 km) and the resolution of teleseismic tomography (which 

typically has poor resolution at depths <100 km) make it difficult for our methodology to help 

assess the relationship between double seismic zones and the slab centre. Most WBZ-based slab 
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models are designed to represent the upper surface of a slab rather than its centre, regardless of 

the complexity of the WBZ. In such a case, the calculated slab centre points can be shifted to 

shallower depths in order to be properly incorporated into slab surface models. The magnitude of 

this shift can be derived from estimates of lithospheric thickness based on, for example, 

incoming plate age. Such shifts have been implemented in the new Slab2 slab geometry models 

[Moore et al., 2017]. 

The sample models presented here show that our new procedure provides a significant 

addition to purely WBZ-based slab models (e.g. Figure CS2) while avoiding the subjective 

nature of hand-contouring tomographic images. Our procedure effectively produces slab 

geometry data where earthquakes are absent while revealing critical features of slab geometry. 
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FIGURES 

 

Figure C1. Seismicity in the Nazca and Juan de Fuca/Gorda Slabs. (A) Map showing 

earthquakes deeper than 70 km in South America (NEIC ComCat), with colour scaling to depth. 

The dashed white line shows the cross-section trace for (C). (B) Map showing earthquakes 

deeper than 30 km in the Cascadia subduction zone [McCrory et al., 2012], with colour scaling 

to depth. In both maps, insets show the global location of the map and solid white lines indicate 

plate boundaries [Bird, 2003]. The white corners indicate the regions used for Figure C3. (C) A 

cross-section through tomography model SAM4_P_2017 [Portner et al., 2017] with earthquakes 

overlain. The range of %dVp variations in the colour palette is given in the top right-hand corner 

of the cross-section. Contours are of 0.0, 0.5 and 1.0%dVp. The solid black line is the Slab1.0 

model for reference [Hayes et al., 2012]. The grey area shades out extrapolated and poorly 
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resolved velocity perturbations in the upper 100 km. In all three panels, transparent white ovals 

indicate notable gaps in slab seismicity. Note in (C) that while the fast velocity anomaly is 

continuous, the earthquakes are discontinuous, leading to a misrepresentation of slab geometry 

by the slab model. 
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Figure C2. Effects of Modifying Select Input Parameters. The results of tests with different 

values for input parameters using tomography model US-SL-2014 [Schmandt and Lin, 2014] in 

the western United States, shown in cross-section. Tests vary (A) vector sampling interval—

vnode, (B) positive and negative sampling vector distances—posmag/negmag, and (C) minimum 

anomaly threshold—thresh. Each symbol represents the slab centre recovered from each model 

run, with different symbols representing variations in the given parameter. The X axis shows 

distance along the cross-section from the trench. The default for each parameter is vnode = 1, 

posmag/negmag = 75 and thresh = 0.0 when that parameter is not varied. In each cross-section, 

the solid black line shows the slab guide used for the model runs. Contours of 0.0, 0.5 and 

1.0%dVp are indicated in grey lines. The grey area shades out extrapolated and poorly resolved 

velocity perturbations in the upper 100 km. (D) shows the trace of the cross-section used in the 
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context of the western United States, with the yellow dot indicating the origin and white dots in 

100 km increments. 
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Figure C3. Sample Slab Models. Sample slab models created for (A) the Juan de Fuca/Gorda 

slab and (B) the Nazca slab using tomography models US-SL-2014 [Schmandt and Lin, 2014] 

and SAM4_P_2017 [Portner et al., 2017], respectively. In (A), ‘+’ symbols indicate output slab 

centre points for the Gorda slab segment and ‘o’ symbols indicate output slab centre points for 

the Juan de Fuca slab segment. In (B), ‘x’ symbols indicate output slab centre points for the 

Nazca Plate. The shaded grey region indicates the region shown in (C). The region for each 

model is indicated on the maps in Figure C1. (C) shows an enlarged portion of the Nazca slab 

model in order to highlight outliers within the slab model that artificially make the slab appear to 

shallow in the transition zone away from the trench. 
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Figure C4. Comparison between Tomography Models. Sample cross-sections through slab 

centre models of the Gorda plate produced using (A) tomography model US-SL-2014 [Schmandt 

and Lin, 2014], (B) tomography model DNA13 (Porritt et al. 2014) and (C) tomography model 

MITP_USA_2016MAY [Burdick et al., 2017] in the western United States. The cyan, magenta 

and yellow symbols show the results for US-SL-2014 (A), DNA13 (B) and 

MITP_USA_2016MAY (C), respectively, while the grey symbols show results for the other 

tomography models as noted. In each cross-section, the solid black line shows the slab guide 

used for the model runs. The grey contour lines reflect the anomaly threshold used for each 

respective model run: (A) 0.5, (B) 0.15 and (C) 0.3%dVp. Note the different magnitude range for 

each cross-section (top right of each cross-section). (D) shows the trace of the cross-section used 
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in the context of the western United States, with the yellow dot indicating the origin and white 

dots in 100 km increments.  
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TABLES 

Parameter Unit Description Gorda Juan de Fuca Nazca 
minlat degrees 

Geographic region boundaries 

39.00 44.00 -40.00 
maxlat degrees 46.00 50.00 -24.00 
minlon degrees -123.00 -123.00 -70.00 
maxlon degrees -112.00 -112.00 -60.00 
posmag km Above-slab vector length 200.00 200.00 200.00 
negmag km Below-slab vector length -150.00 -150.00 -250.00 
hnode degrees Geographic grid node spacing 0.20 0.20 0.20 
vnode km Along-vector sampling interval 1.00 1.00 1.00 
thresh %dV Slab anomaly threshold 0.50 1.50 0.75 
shallim km Shallow sampling limit 100.00 100.00 150.00 
minlen km Thin slab limit 50.00 30.00 50.00 
maxlen km Wide slab limit 200.00 200.00 225.00 
maxdist km Guide-normal distance limit 80.00 100.00 150.00 

 

Table C1. Parameter Choices for Sample Slab Models. The parameters used for each of the 

sample slab models in Figure C3. Each of these parameters is user defined for each model run. 

Further descriptions of each parameter can be found in the text.  
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SUPPLEMENTAL TEXT CS1 

Discussion of basic premises for the method. 

A justification of the three key premises on which our method is based is included below. 

The first premise is that subducting slabs are characterized by relatively fast seismic 

velocity anomalies. In the upper mantle, temperature is the primary contributor to seismic 

velocity heterogeneity. Slabs, being cold relative to the surrounding mantle, appear as fast 

seismic velocity anomalies. This is supported by a consistent correlation between dipping fast 

velocity anomalies in the upper mantle and WBZ earthquakes. However, while slabs consistently 

appear as fast seismic velocity anomalies, not all fast seismic velocity anomalies in the mantle 

need be slabs. Fast anomalies may instead indicate chemical heterogeneity or other forms of 

thermal heterogeneity, such as delamination events. Ambiguity in the source of a fast seismic 

velocity anomaly requires a means of distinguishing between slab material and other fast 

velocity anomalies. This motivates the use of a slab guide (see Step 1 below), which aids in the 

isolation of the fast anomaly that is identified as the target slab a priori and allows for the 

assumption that fast velocities within our sample volume represent subducted slab. 

The second premise is that the most robust feature of tomographic images of subducting 

slabs is the slab center. Artifacts are introduced by tomographic inversion that make precisely 

imaging sharp interfaces difficult. Instead, tomography is particularly well-suited to imaging 

bulk structure. Parameterization of the earth into geometric nodes naturally dilutes seismic 

anomaly boundaries to the size of the nodes they occupy, allowing finite node size to act as the 

absolute minimum for the size of feature that can be precisely imaged. In addition to the 

limitations imposed by parameterization, smoothing constraints are introduced to tomographic 

inverse problems to select among nonunique solutions. Smoothing has the effect of minimizing 
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gradients in the model solution, thus blurring, or smearing, anomaly edges. Each of these 

limitations imposed by parameterization and smoothing effects in the tomographic method are 

reduced away from seismic anomaly edges, making the center of an anomaly the most robust 

feature of the image. 

The third premise, that variations in anomaly thickness and amplitude are primarily the 

result of variable sampling, parameterization, or smearing induced by the smoothing constraints 

in the inversion, is a subject of active research. A number of theories have been proposed to 

explain the variable thickness and amplitude of slab anomalies that may be applicable to a given 

subduction zone, including mechanisms related each to the physical properties and behavior of 

the slab and to the tomographic technique. Our model focuses solely on slabs in the upper 

mantle, so we can ignore the effect on slab amplitude of increased temperatures and viscosity in 

the lower mantle. In the upper mantle, however, slab-transition zone interactions can 

significantly alter slab character. Geodynamic modeling studies indicate that the viscosity 

contrast at the 660 km discontinuity can induce buckling and folding of slabs in the transition 

zone [Čížková and Bina, 2013; Garel et al., 2014]. Indeed, thickening of slabs in the mantle 

transition zone is increasingly attributed to deformation processes [Bijwaard et al., 1998; Scire et 

al., 2017]. This is the premise for a number of recent efforts to use global tomography to model 

slab geometry by assuming that the volume of a slab anomaly is directly attributable to the 

volume of slab present [Wu et al., 2016; Pownall et al., 2017]. Alternatively, deformation may 

have the effect of fragmenting, rather than of piling slabs [Obrebski et al., 2010; Biryol et al., 

2011], which could result in slab amplitude reduction. Each of these sources for slab thickness 

and amplitude variation require subjective interpretations of the true slab structure. We prefer the 

simpler approach of assuming that variations in thickness and amplitude are induced by the 
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tomographic method. A number of technical limitations of the tomography method may induce 

variability in the slab structure: dilation of node spacing with depth, a common feature of 

teleseismic tomography, dilutes anomaly amplitude in a similar fashion to smearing induced by 

smoothing constraints; and uneven ray sampling of the subducted lithosphere can have a 

corresponding variability in amplitude recovery of the fast seismic velocity slab anomaly. 

Because imaging of the center of the anomaly is assumed to be robust, however, variations in 

anomaly thickness and amplitude will not affect modeling of slab geometry unless they are 

directly related to true slab structure. While we acknowledge that this assumption may be 

limiting for applications in tectonic reconstruction, it allows for the use of the center of the 

sampled fast velocity anomaly to represent slab structure, thus retaining objectivity in our 

methodology. In specific cases where a priori knowledge supports internal structure resulting 

from slab deformation, the method presented in this paper may be limited, but in most upper 

mantle subduction systems, this assumption is robust. 

 

SUPPLEMENTAL TEXT CS2 

Detailed description of the procedure using a specific example. 

Our procedure is detailed below. This description is accompanied by schematic 

illustrations found in Supplemental Figure CS1 along the cross-section used in Figure 2C. The 

example used is of the Gorda segment of the Juan de Fuca plate using tomography model US-

SL-2014 [Schmandt and Lin, 2014]. 

1. Create a slab guide. This step is illustrated in Supplemental Figure CS1a. The slab 

guide is used to direct the algorithm’s search of the tomography model. The required degree of 

accuracy depends entirely on the complexity of the tomography model and in particular, the 
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proximity of non-slab fast velocity anomalies to the slab fast velocity anomaly. In many cases, 

earthquake-based slab geometry models such as Slab1.0 [Hayes et al., 2012] are ideal to use as a 

slab guide, and this procedure will serve only to refine the model. In this case, however, Slab1.0 

does not extend deep enough to be used. Thus, we created a rough slab guide. To do this, we 

approximated the structure of the slab anomaly in teleseismic tomography models in cross-

section by eye. Then, because the first-order structure of the Juan de Fuca slab is self-similar 

along strike, we extrapolated our cross-section model across the length of the subduction zone. 

The black curve in Figure CS1 is a cross-section through the slab guide. 

2. Create a 2D grid. This step is illustrated in Supplemental Figure CS1b. The second step 

is to develop the grid over which a slab center model will be calculated. A regular grid is created 

in map view using the input parameter hnode as the horizontal grid spacing. In this example, 

hnode = 1° such that our procedure is performed at 1° intervals in both longitude and latitude. 

This is a relatively coarse node spacing. 

3. Determine starting point. This step is illustrated in Supplemental Figure CS1c. For a 

single node in the grid created in Step 2, a starting point for sampling the tomography model 

needs to be determined. To do this, the slab guide grid is simply sampled at that location. In 

Figure CS1, the large yellow star at the surface is the node being analyzed and the yellow star at 

depth is the starting point for sampling. Once the depth to the slab guide is determined, it is 

compared to the input parameter shallim to ensure that it is below the user defined shallow limit 

for sampling. This parameter is used to accommodate the typically poor resolution of teleseismic 

tomography models at shallow depths. In this example, shallim = 100 km, which means that the 

procedure will not be performed for nodes at which the depth to the slab guide is shallower than 

100 km. Here, shallim is satisfied so the procedure continues. 
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4. Calculate guide-normal vector. This step is illustrated in Supplemental Figure CS1d. 

To calculate the direction in 3D that should be sampled, the local strike and dip of the slab guide 

is calculated. These are used to calculate a slab guide-normal direction for sampling in 3D. 

5. Sample along vector. This step is illustrated in Supplemental Figure CS1e. After 

determining the sampling direction, sampling points are calculated at regular intervals vnode 

away from the starting point until posmag in the above-guide direction and negmag in the below-

guide direction. In this example, vnode = 10 km, posmag = 200 km, and negmag = 150 km. 

Thus, the tomography model is sampled along the sampling direction at 10 km intervals between 

150 km below the slab guide and 200 km above the slab guide. The black dots in Figure CS1 

indicate sampling points. Note this choice of vnode is relatively coarse for illustrative purposes. 

At each sampling point, the velocity perturbation of the tomography model at that point is 

determined and saved into the sampling vector. 

6. Determine slab location. This step is illustrated in Supplemental Figure CS1f. To 

determine the location of the slab, the sampling vector is filtered to include only velocity 

perturbations above the user defined threshold velocity anomaly thresh. In this example, thresh = 

0.0 %dVp, which is indicated by the grey contours in Figure CS1. Thus, only sampling points 

with a velocity perturbation above 0.0 %dVp are retained in what is called the “reduced-length” 

sampling vector. These sampling points are indicated by white circles in Figure CS1. Note that 

the white circles are only present within the grey contour and not outside it where velocity 

perturbations are lower. The reduced-length sampling vector indicates the interpreted slab 

location. However, non-slab fast velocity anomalies can unintentionally contribute to the 

reduced-length sampling vector. For this reason, an additional check is performed to ensure that 

the thickness of the interpreted slab anomaly is appropriate. The thickness of the slab anomaly, 
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or the length of the reduced-length sampling vector, is compared with the user defined maximum 

and minimum allowed slab thicknesses, or minlen and maxlen. If it the slab thickness is not 

between minlen and maxlen, the node is discarded. In this example, minlen = 50 km and maxlen 

= 200 km. The calculated slab thickness of 130 km satisfies this requirement so the node is not 

discarded. 

7. Determine the slab center. This step is illustrated in Supplemental Figure CS1g. If the 

node satisfies shallim, minlen, and maxlen, the nearest sampling point to the center of the 

reduced-length sampling vector is considered the slab center for that node. This is indicated by 

the cyan diamond in Figure CS1. At this point the node undergoes one final checkpoint in which 

the slab center point must be within a user defined distance maxdist from the slab guide. In this 

example, maxdist = 80 km, ensuring that the slab center is not more than 80 km above or below 

the slab guide. Here, the slab center is 40 km above the slab guide, satisfying maxdist. Thus, the 

slab center value for this node will be retained for the final slab model. 

8. Perform steps 3-7 for each node. This step is illustrated in Supplemental Figure CS1h. 

This process is repeated for each node of the 2D geographic grid set up in Step 2. This is 

indicated in Figure CS1h by showing a second node being processed in the same way. 

 

SUPPLEMENTAL TEXT CS3 

Description of input tomography data. 

Seismic tomography can come in a variety of flavors, including surface wave and body 

wave tomography, local, regional, and global tomography, and P-wave and S-wave tomography. 

Our procedure is intended to be used solely for regional or global teleseismic body wave 

tomography because these are most effective at imaging subducted slabs at depth. The procedure 
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is most effectively used on P-wave regional-scale tomography because it generally has superior 

resolution of slab structure. However, if an S-wave and/or global tomography model has 

sufficient resolution, there is nothing to prevent their application to this method. 

While tomography models are presented in a number of forms, they must be converted to 

a specific format for use in our procedure. First, velocities must be presented as laterally relative 

velocities (%dV) rather than absolute velocities. This is necessary to allow for a single velocity 

isocontour to outline a slab, rather than a depth-dependent isocontour. Second, the tomography 

model must be presented in depth layers. The final form of the input file is a four column text 

file, with columns [ longitude latitude depth %dV ]. Each line refers to a point in 3D and its 

corresponding relative velocity. Each point must be in one of the arbitrary laterally continuous 

depth layers. 

Once loaded into the tomo_slab code, the tomography model is processed to be more 

readily sampled at arbitrary positions in 3D. Each depth layer is interpolated in 2D over the input 

geographic region with a node spacing of 0.05 degrees using a linear interpolation scheme. Then, 

a 1D linear interpolation is performed at each geographic node at an interval of 5 km. This 

interpolated volume is sampled at finer resolution for each sampling point using a 3D linear 

interpolation scheme. 
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SUPPLEMENTAL FIGURES 
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Figure CS1. Illustrated Procedure. The eight-step procedure described in this paper 

schematically illustrated in detail. Each cross-section is a section of the cross-section used in 

Figure C2. This example uses the same tomography model used in the text (US-SL-2014) 

[Schmandt and Lin, 2014], but uses different input parameters to more easily illustrate the 

procedure. An accompanying detailed description of each step illustrated here can be found in 

Supplemental Text CS2.  
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Figure CS1. Illustrated Procedure. (continued)  
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Figure CS1. Illustrated Procedure. (continued)  



 

 220 

 

Figure CS1. Illustrated Procedure. (continued)  



 

 221 

 

Figure CS2. Model Comparison in South America. A cross-section through tomography model 

SAM4_P_2017 [Portner et al., 2017] comparing teleseismic tomography, earthquakes (grey 

circles), an earthquake-based slab model (Slab1.0) [Hayes et al., 2012], and our sample Nazca 

slab model (cyan diamonds). The cross-section trace is the same as Figure C1c. The range of 

%dVp variations in the color palette is given in the top right corner of the cross-section. The grey 

contour is of 0.75 %dVp, the thresh value used to create the sample slab model. The grey area 

shades out extrapolated and poorly resolved velocity perturbations in the upper 100 km. 
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ABSTRACT 

Nazca subduction beneath South America is our best modern example of long-lived 

ocean-continent subduction on the planet, serving as the foundation for our understanding of 

subduction processes. Within that framework, persistent heterogeneities at a range of scales in 

both the South America and Nazca plates is difficult to reconcile without detailed knowledge of 

the subducted Nazca slab structure. Here we use teleseismic traveltime residuals from >1,000 

broadband and short period seismic stations across South America to produce the highest 

resolution P-wave tomography model of the subducting slab and surrounding mantle beneath 

South America to date. Our model reveals a continuous trench-parallel fast seismic velocity 

anomaly across the majority of South America that is consistent with the subducting Nazca slab. 

The imaged anomaly indicates a number of robust features of the subducted slab, including 

variable slab dip, extensive lower mantle penetration, slab flattening in the lower mantle, and 

variable slab amplitude, that are incorporated into a new, comprehensive model of the geometry 

of the Nazca slab surface to ~1,100 km depth. Lower mantle slab penetration along the entire 

margin suggests that lower mantle slab anchoring is insufficient to explain along strike upper 

plate variability while slab flattening in the lower mantle indicates that the 1,000 km 

discontinuity is dominant beneath South America. 

 

1. INTRODUCTION  

1.1. Background 

The Nazca-South America subduction zone has long served as the simple, end-member 

case for warm, compressive ocean-continent subduction systems [Uyeda and Kanamori, 1979]. 

To first order, it is a relatively simple two-plate system with a wide margin that has persisted 
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since the Mesozoic [e.g. Mégard, 1987]. Convergence is uniformly ~6-7 cm/yr [DeMets et al., 

2010] and the incoming plate is relatively young (<50 Myr old) along the entire margin [Müller 

et al., 2008]. However, complexity and heterogeneity are readily observable at a range of scales.  

The incoming plate displays heterogeneity through several bathymetric features entering 

the trench. Several hotspot-derived ridges with relatively thick oceanic crust, including the Nazca 

and Juan Fernández ridges, enter the trench irregularly along the margin (Figure D1A). These 

ridges vary each in width, thickness, and purported effect on subduction [Martinod et al., 2013]. 

The trench itself is devoid of sediment north of ~33°S and increases southward in sediment 

volume [Völker et al., 2006]. The age of the incoming plate (Figure D1B), while young across 

the margin, varies systematically from 0 Myr old at the subducting Chile Ridge up to almost 50 

Myr old near the Arica bend at ~20°S and down to 0 Myr old north of the Carnegie Ridge 

[Müller et al., 2008]. Jumps in incoming plate age occur across several major fracture zones 

subducting along the trench [Tassara et al., 2006], but otherwise plate age varies smoothly along 

strike. 

In the downgoing plate, heterogeneity is prominent in its seismic productivity (Figure 

D1B). Along the megathrust, major earthquake occurrence is partitioned, indicating varying 

degrees of plate coupling along strike [Iaffaldano and Bunge, 2008; Métois et al., 2016]. At 

intermediate depths, there are both regions of earthquake density, such as the Bucaramanga Nest 

[Schneider et al., 1987; Frohlich et al., 1995; Zarifi et al., 2007; Prieto et al., 2012], and regions 

of earthquake sparsity, such as the Peruvian flat slab [Kumar et al., 2016]. At deep-focus depths, 

earthquakes are limited to latitudes 4-30°S [International Seismological Centre, 2016], 

highlighted by two unique earthquakes: the 1994 M8.2 Bolivia earthquake that is the largest at its 
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depth [e.g. Kikuchi and Kanamori, 1994] and the 1989 M6.5 Paraguay earthquake that occurs 

~200 km from the nearest earthquake [Lundgren and Giardini, 1994]. 

The upper plate displays additional along-strike heterogeneity in volcanism, topography, 

and deformation. Today, the active volcanic arc is discontinuous, displaying two large gaps 

between the Northern, Central and Southern Volcanic Zones (Figure D1A). The position, 

volcanic productivity, and geochemistry of the active arc have been highly variable through the 

Cenozoic [Kay et al., 1991; Kay and Mpodozis, 2002; Ramos and Kay, 2006; Kay and Coira, 

2009; Ramos, 2009; DeCelles et al., 2015; de Silva and Kay, 2018], while the height and width 

of the Andes vary systematically along the margin, increasing towards the Bolivian orocline and 

decreasing away from it (Figure D1A). This correlates with the pattern of shortening, which 

peaks at ~300-400 km around latitude 20°S and decreases to <100 km both to the north and 

south [Kley and Monaldi, 1998; Oncken et al., 2006; Arriagada et al., 2008; Schepers et al., 

2017]. In the backarc, flexural [Chase et al., 2009; DeCelles, 2012] and tectonic [Horton, 2018b] 

basins with thick sedimentary sequences reflect a complex history of backarc compression and 

extension [Horton, 2018a]. The extensive foredeep is separated by relative topographic highs of 

the Fitzcarrald Arch [Espurt et al., 2007] and the basement-cored Sierras Pampeanas [Jordan 

and Allmendinger, 1986; Ramos et al., 2002; Stevens Goddard et al., 2018] associated with 

subduction of the Nazca and Juan Fernández ridges, respectively. 

  

1.2. Evolutionary Models 

Models for explaining the complexity of the Andean margin are wide ranging. However, 

while some invoke independent driving mechanisms for Andean variability such as climate-

controlled trench sedimentation [Lamb and Davis, 2003], inherited lithospheric strength 
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variations [Beck et al., 2015], plate kinematics [Oncken et al., 2006; Sobolev et al., 2006; Espurt 

et al., 2008], shortening-induced lithospheric delamination [Beck and Zandt, 2002; DeCelles et 

al., 2009, 2015; Beck et al., 2015], and mantle convection cells [Husson et al., 2012], the vast 

majority are directly related to Nazca slab character and behavior [Espurt et al., 2008; Ramos 

and Folguera, 2009; Kay and Coira, 2009; Ramos, 2009; Dávila and Lithgow-Bertelloni, 2013; 

Faccenna et al., 2013; Martinod et al., 2013; Quinteros and Sobolev, 2013; Flament et al., 2015; 

Hu and Liu, 2016; Schepers et al., 2017; Chen et al., 2019]. 

Dynamic topography across South America, which is largely controlled by the geometry 

of the Nazca slab, may correlate with the topographic evolution of the Andes [Flament et al., 

2015] as well as the current long-wavelength topographic highs of the Fitzcarrald Arch and the 

Sierras Pampeanas [Dávila and Lithgow-Bertelloni, 2013]. Conversely, temporal variations in 

topography, shortening, and subsidence have been explained by periodic variations in slab dip 

angle [Kay and Coira, 2009; Ramos, 2009; Ramos and Folguera, 2009; Schepers et al., 2017]. 

Periods of flat slab subduction, induced by plate kinematics [Espurt et al., 2008], mantle 

overpressure [Schepers et al., 2017], or the subduction of buoyant ridges [Kay and Coira, 2009] 

explain deformation patterns and gaps in arc volcanism, while subsequent slab steepening may 

induce lithospheric delamination and ignimbritic eruptions [Kay and Coira, 2009; Ramos and 

Folguera, 2009; Beck et al., 2015]. Further, geodynamic modeling shows that the presence of 

flat slab segments likely induces slab tearing, which can significantly alter the geochemistry of 

backarc volcanism [Hu and Liu, 2016]. 

Another alternative suggests that slab penetration to the lower mantle induces whole-

mantle convection that drives periods of shortening in the upper plate [Faccenna et al., 2013, 

2017; Schellart, 2017] and controls convergence rate [Quinteros and Sobolev, 2013] while a lack 
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of lower mantle slab penetration yields extension in the upper plate [Schellart, 2017]. When 

considered with timing of subduction initiation, slab penetration has been applied to the 

formation of the Altiplano-Puna plateau [Faccenna et al., 2013] as well as more broadly to the 

spatio-temporal patterns of uplift and subsidence along the entire margin [Chen et al., 2019]. 

In order to fully understand the role of the slab-driven models in controlling Andean 

variability and the relationships between the numerous heterogeneous characteristics of the 

subduction system, we need a holistic view of the geometry and behavior of the Nazca slab as it 

descends through the upper mantle and into the lower mantle.  

  

1.3. Prior Seismic Imaging 

 Seismology has always been and continues to be our best tool for directly investigating 

the structure and behavior of the subducting Nazca slab. From early studies of Wadati-Benioff 

zone seismicity we have known the basic structure of the Nazca slab, including segmentation of 

the slab by dip and the presence of the Peruvian and Pampean flat slab segments [Barazangi and 

Isacks, 1976; Cahill and Isacks, 1992]. These models have repeatedly been refined using both 

high-density regional seismic arrays [Anderson et al., 2007; Mulcahy et al., 2014; Kumar et al., 

2016; Sippl et al., 2018] and refined earthquake catalogs [Syracuse and Abers, 2006; Hayes et 

al., 2012, 2018] to reveal the more complete, more detailed geometry of the seismic slab. 

Wadati-Benioff zone seismicity is inherently limited by the seismic productivity of the 

slab, making it insufficient to characterize aseismic slab segments – most notably at intermediate 

depths and in the lower mantle. Seismic imaging techniques that use seismic waves rather than 

seismic sources to image slab structure are used to fill in these gaps. Global tomography models 

show the first order slab structure across these gaps, revealing broad continuity of the Nazca slab 
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across the intermediate depth seismic gap and into the lower mantle across northern South 

America [e.g. Grand, 1994; Bijwaard et al., 1998; Li et al., 2008]. Detail within that broader 

structure has been revealed using a number of regional-scale techniques, such as surface wave 

tomography and receiver function analysis. At shallow depths, these have shown variability in 

slab thickness [Gans et al., 2011], buoyancy [Antonijevic et al., 2015], and hydration [Porter et 

al., 2012; Ma and Clayton, 2014] and/or eclogitization [Ammirati et al., 2015; Ward et al., 2016; 

Bishop et al., 2017]. Regional teleseismic tomography models have expanded this detail to 

deeper in the upper mantle, showing slab gaps and tearing [Pesicek et al., 2012; Scire et al., 

2016; Portner et al., 2017], episodes of subduction-induced lithospheric delamination [Bianchi et 

al., 2013; Beck et al., 2015; Scire et al., 2015], sub-slab asthenospheric properties [Scire et al., 

2015, 2016; Portner et al., 2017], and variations in slab thickness [Scire et al., 2017]. With these 

detailed slab models in mind, shear wave splitting studies have shown how the mantle responds 

to slab dynamics, revealing a complex mantle flow pattern [MacDougall et al., 2012] that 

responds to slab rollback [Russo and Silver, 1994], slab gaps and windows [Russo et al., 2010; 

Lynner et al., 2017], and slab geometry [Anderson et al., 2004; Eakin et al., 2015]. Together 

these seismic imaging efforts have provided key constraints on both the first order structure of 

the Nazca slab and regional details in specific areas of interest along the margin. 

With this paper, we build on these previous efforts to characterize the structure and 

behavior of the subducting Nazca slab by developing a continent-scale P-wave tomography 

model and creating a comprehensive model of slab geometry from the surface to ~1,100 km 
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depth. We then revisit the existing hypotheses for understanding variability in the South 

American subduction system in light of our new Nazca slab model. 

  

2. DATA 

The data used in this study come from 42 seismic networks across South America, including 

permanent [IPGP Datacenter, 1982; Scripps Institution of Oceanography, 1986; Albuquerque 

Seismological Laboratory (ASL)/USGS, 1988, 1993; GEOFON Data Centre, 1993; GFZ German 

Research Centre for Geosciences and Institut des Sciences de l’Univers-Centre National de la 

Recherche CNRS-INSU, 2006; Observatório Nacional, Rio de Janeiro, 2007; Universidad de 

Chile, 2013; Poveda et al., 2015; Barrientos and National Seismological Center (CSN) Team, 

2018; Bianchi et al., 2018] and temporary [Silver et al., 1994; Haberland et al., 1996; Beck et 

al., 2000, 2010; Asch et al., 2002; Assumpção et al., 2002; Russo, 2004, 2007; Sandvol and 

Brown, 2007; Beck and Zandt, 2007; Heit et al., 2007; Gilbert, 2008; Roecker and Russo, 2010; 

Wagner et al., 2010; Waite, 2010; Vilotte and RESIF, 2011; PeruSE, 2013; Regnier et al., 2016; 

Meltzer and Beck, 2016; Meltzer et al., 2019] networks seismic stations (Table DS1). These data 

include traveltime residuals used in our previous studies [Scire et al., 2015, 2016, 2017; Portner 

et al., 2017], along with additional traveltime picks across South America. In total, data from 

1,113 broadband and short-period seismic stations were used (Figure D1C) in our final inversion. 

These include 83,675 traveltime residuals recorded from 2,084 unique earthquakes of magnitude 

5.0 and greater, of which 48,793 (58%) are direct P phases at a distance of 30°-90° from the 
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source and 34,882 (42%) are PKIKP phases at a distance of 155°-180° from the source (Figure 

D2A). 

  

3. METHODS  

3.1. Traveltime Residuals 

Data input for our inversion consists of relative traveltime residuals determined using a 

multichannel cross-correlation algorithm [VanDecar and Crosson, 1990; Pavlis and Vernon, 

2010]. Traces from all seismic stations that recorded a given event, regardless of seismic 

network, were correlated together in a composite seismic array unless the composite array 

covered a region extending >20°. In such cases, the composite array was divided into 

overlapping subarrays that were treated as recording distinct events.  

Before cross-correlating, seismograms were filtered in four overlapping frequency bands 

with corner frequencies of 0.5-1.5 Hz, 0.2-0.8 Hz, 0.1-0.4 Hz, and 0.04-0.16 Hz. Traveltime 

residuals recorded at short-period seismic stations were picked using only the highest frequency 

band, while those recorded at broadband seismic stations were picked using all four frequency 

bands. Traveltime residuals are distributed relatively evenly across frequency bands, with 30% 

from bandpass 0.5-1.5 Hz, 31% from bandpass 0.2-0.8 Hz, 19% from bandpass 0.1-0.4 Hz, and 

20% from bandpass 0.04-0.16 Hz. Traveltime residuals are calculated relative to the IASP91 

one-dimensional (1D) P-wave velocity model [Kennett and Engdahl, 1991]. These residuals are 

then corrected to account for variations in crustal thickness, a relatively fast crust in the forearc 

(7.0 km/s) and a relatively slow lower crust across the Andes (6.1 km/s) before being de-meaned 

among each event. Crustal thicknesses (Figure D1C) are determined using a combination of 

receiver function analyses, active source seismic profiles, and gravity inversions [Assumpção et 
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al., 2002, 2004, 2013; Niu et al., 2007; Julià et al., 2008; Lloyd et al., 2010; Tassara and 

Echaurren, 2012; Poveda et al., 2015; Albuquerque et al., 2017; Condori et al., 2017; Rodriguez, 

2017] and forearc lower crustal velocities are inferred from local P-wave [Graeber and Asch, 

1999; Koulakov et al., 2006; Schurr et al., 2006] and ambient noise [Ward et al., 2013] inversion 

results. 

Lastly, to avoid biasing in ray coverage from the disproportionate number of teleseismic 

earthquakes in the North American, southwestern Pacific, and South Sandwich subduction zones, 

events were randomly removed from oversampled backazimuths until a relatively uniform 

backazimuthal distribution of rays was achieved (Figure D2B). This reduced the input dataset by 

~60,000 to the final dataset consisting of 83,675 traveltime residuals. We note, however, that 

culling the dataset by backazimuth had a negligible effect on the final velocity model and did not 

impact the interpretations herein. 

  

3.2. Tomographic Inversion 

We use the finite-frequency teleseismic P-wave tomography inversion technique [Dahlen 

et al., 2000; Schmandt and Humphreys, 2010], similar to our prior studies [Scire et al., 2015, 

2016, 2017; Portner et al., 2017]. Rays are traced through the IASP91 1D P-wave velocity 

model [Kennett and Engdahl, 1991] and the velocity sensitivity of each ray is approximated 

using the Born theoretical “banana-doughnut” kernels for the first Fresnel zone [Dahlen et al., 

2000]. These sensitivities are incorporated into a smoothed, damped least-squares inversion. 

Analysis of smoothing and damping tradeoff between the L2 model norm and data variance 

reduction was used to choose smoothing and damping parameter weights of 6 and 3, respectively 

(Figure DS1), but we note that choice of parameter weights primarily effects absolute anomaly 
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amplitudes and does not significantly impact our interpretations. Our choice in parameter 

weights yielded a data variance reduction for the inversion of 75.4%. 

After an initial tomography model is determined from this procedure, we perform 

iterative three-dimensional (3D) ray tracing through the calculated velocity model using the 

FMTOMO wave-front tracking code [de Kool et al., 2006; Rawlinson et al., 2006]. After each 

iteration, the calculated velocity model is converted from relative to absolute velocities using the 

AK135 1D P-wave velocity model [Kennett et al., 1995]. Raypaths are recalculated using the 3D 

velocity model in the upper 750 km (a 1D velocity model is used below 750 km depth), and then 

the inversion is repeated. In total ten inversion iterations were performed (the first using a 1D 

velocity model for ray tracing, the following nine using updated 3D velocity models). The 

inversion is stopped after ten iterations because ten are sufficient to stabilize the resulting 

velocity model. This is shown by calculating the root mean square (RMS) of the difference 

between the velocity model calculated after each iteration and that determined in the previous 

iteration (Figure DS2). Note that all analyses, including data selection, model parameterization, 

tradeoff analysis, bootstrap analysis (see below), and synthetic anomaly recovery tests (see 

below), were performed prior to 3D ray tracing. The model produced by the final iteration of 3D 

ray tracing is used only in the results images and for interpretation. For an assessment of the 

effect that 3D ray tracing has on the resulting tomography model, see Section 4.3 below. 

After data selection, the most significant difference between this and prior inversions is 

model parameterization. Our expanded dataset and array aperture provide improved crossing ray 

coverage deeper into the mantle, allowing for the expansion of the model domain to 1450 km 

depth. However, irregularity in station coverage leads to relative sparsity in ray coverage beneath 

Brazil, northern Peru, and further north (see Figure D1C). Node spacing in those parts of the 
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model was correspondingly expanded (Figure D3). The full model domain extends from 60 km 

depth to 1450 km depth, with vertical node spacing of 35 km at the surface and expanding to 70 

km at the bottom. The shallowest layer extends for 7,746 km in the E-W direction and 11,589 km 

in the N-S direction, centered approximately on 20°S, 58°W. In this layer, lateral node spacing is 

35 km where station density is high (Chile, western Argentina, southern Peru) and expands to 

115 km where station density is lowest. Lateral node spacing increases gradually with depth such 

that in the deepest layer, lateral spacing ranges from 64 km to 212 km. 

Model parameterization is justified by assessment of the semi-quantitative hit quality 

parameter (Figure DS3). Hit quality is calculated by binning the rays sampling a given node into 

six groups by backazimuth and a seventh group containing core phases. Rays are added to a 

maximum of ten rays for each group, summed, and normalized. Therefore, a perfect hit quality 

of 1.0 indicates high sampling from diverse rays while a hit quality of 0.0 indicates an unsampled 

node. 

  

3.3. Slab Modeling 

Irregular model sampling, heterogeneous slab anomaly amplitudes, and complex extra-

slab mantle structure make modeling the geometry of the Nazca slab directly using our resulting 

tomography model difficult. Instead, we combine a slab geometry interpreted from our 

tomographic images with existing slab geometry datasets to create a comprehensive model of 

Nazca slab geometry from the trench to the lower mantle. 

First, a synthetic slab anomaly was manually created by duplicating the interpreted slab 

anomaly and inferring continuity across regions of poor ray sampling. A synthetic anomaly 

recovery test (see section 4.1) was performed to determine a tomographic volume of recoverable 
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slab geometry. The center of the recovered slab was calculated using the TomoSlab software 

[Portner and Hayes, 2018] with a velocity threshold of 1.5% dVp. The resulting slab center data 

was then input into the Slab2 software [Hayes et al., 2018] as a replacement for existing 

tomographic inputs. Notably, the Slab2 software incorporates Wadati-Benioff zone earthquake 

data and results in a model of the slab top, rather than the slab center. Finally, a clipping mask 

was manually created and overlain on the slab model to reflect a known gap in the slab adjacent 

to the Pampean flat slab [Portner et al., 2017]. This last step is necessary because the Slab2 

software interpolates across data gaps by default to compensate for aseismic slab segments 

[Hayes et al., 2018]. Additional gaps/tears previously imaged seismically in the Nazca slab 

[Pesicek et al., 2012; Antonijevic et al., 2015; Scire et al., 2016] were deliberately excluded from 

the clipping mask because they are either not present or not resolvable in our new tomographic 

images. 

  

4. RESULTS  

4.1. Model Quality Assessment 

 The quality and stability of the inversion results were assessed using hit quality measures 

as well as a bootstrap analysis on the data input. Overall, this analysis leads us to ignore the 

boundary layers of the model such that we only interpret between 100-1,300 km depth, but 

otherwise confirms model stability within the interpreted part of the model. For a detailed 

discussion of the bootstrap analysis, see Supplemental Text DS1 and Figures DS4 and DS5. 

However, while hit quality and bootstrap analysis are good measures of sampling quality and 

result stability, they do not contain any information about interaction between model parameters 
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in the resulting velocity structure. In order to determine the geometry and configuration of 

recoverable structures in the model, we use synthetic anomaly recovery tests. 

 The first test we perform is a standard checkerboard analysis using alternating three-node 

cubic anomalies of ±5%, separated by neutral zones of the same size (Figure D4). Note that with 

this test, each checker is a block that is three nodes in dimension, which can range laterally from 

105 km in width in the shallowest blocks to more than 600 km in width in the deepest blocks. 

Thus, this test is best representative for recovery of structures of laterally and/or vertically 

continuous structures of that size. In general, checkerboard recovery is correlated with the 0.2 hit 

quality contour, so we choose this quantity as a first-order proxy to the well-resolved portion of 

the model space (Figure D4). Within this contour, input anomaly amplitude is recovered up to 

3.9% dVp (78% of input) in the upper mantle and up to 5.3% dVp (107% of input) in the lower 

mantle, indicating overall higher amplitude recovery in the lower mantle than in the upper 

mantle (Figure DS6). Non-zero amplitudes recovered in neutral layers (Figures D4 and DS6) and 

between checkers indicates both vertical and lateral smearing, respectively, occur in the model. 

A particularly prominent example of this vertical smearing occurs in the upper mantle beneath 

Brazil (Figure DS6), indicating that the vertical continuity of similar observed structures there is 

not robust, but rather is an artefact of the inversion. It is also clear that checker recovery is best 

beneath western South America throughout the upper mantle and beneath eastern South America 

in the lower mantle. That this trend follows the location of the imaged slab anomaly suggests that 

anomaly recovery is best near the slab and relatively suspect away from the slab. 

 In addition to checkerboard analysis, we performed a series of slab recovery tests to 

assess the resolvability of notable slab structures. These are each based on a synthetic slab 

anomaly that represents our interpretation of slab geometry (Figure D5A), with an initial 
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amplitude of +5% dVp. This first synthetic anomaly is that used in our slab modeling procedure. 

This test reveals that slab recovery improves with depth, with weak recovery in the upper 300 

km, good recovery between ~300-660 km depth, and best recovery in the lower mantle (Figure 

D5A). Surrounding the input slab anomaly, a weak halo of both fast and slow velocity anomalies 

is present, including an elongate fast velocity anomaly extending from the tip of the slab. 

However, these extra-slab recovered amplitudes are consistently well below the recovered 

amplitude of the input slab anomaly, and are thus unlikely to be mistakenly interpreted as robust 

slab features. It is clear that within the predicted location of the slab, high recovered fast 

velocities are indicative of the true slab.  

 Using this first synthetic slab anomaly as a framework, three additional tests were 

performed, including the first model supplemented with slab flattening at its local deepest extent 

(Figure D5B), the upper 605 km of the first model (Figure D5C), and the original slab model if it 

were to continue to the base of the model with a constant dip in the lower mantle rather than 

flattening (Figure D5D). These tests confirm that slab structure and amplitude is well-recovered 

below ~300 km depth, indicating that slab termination, slab flattening, and slab continuity in the 

lower mantle should be easily distinguishable in our resulting model. Similarly, smearing of the 

slab anomaly is unlikely to be misinterpreted as slab penetration into the lower mantle. Note that 

while only one cross section is shown for each of these slab recovery tests, it is a representative 

section for the majority of the model where sampling is sufficient. Thus, along the majority of 

the Andean margin, slab recovery should be similar. 

 Despite relative consistency in slab structure recovery across the synthetic model, our 

resulting tomography model displays significant variability in imaged slab anomaly amplitude 

along strike (Figure D6A). We test three potential causes for slab anomaly variability using 



 

 237 

synthetic anomaly recovery tests: variable ray sampling of the slab, variable true amplitude of 

the slab, and variability in extra-slab structure. To test the role that variable ray sampling of the 

slab has in recovered slab amplitudes, we compare slab amplitudes to those recovered from our 

slab model recovery test (Figure D6A-C). If the true slab is uniform in amplitude and recovered 

amplitude variability is due to inconsistent ray sampling, a similar variability in amplitude to that 

imaged should be recovered given a uniform slab input. However, there is little correlation 

between imaged slab amplitude and recovered synthetic slab amplitude (Figure D6C). The 

exception to this lack of correlation is a gradual decrease in recovered amplitude in the southern 

Nazca slab anomaly, which indicates that a weaker slab anomaly in the south may be partially 

due to insufficient sampling. To test the role of true slab velocity on recovered anomaly strength, 

the same synthetic slab anomaly is adapted to have input amplitudes systematically varying 

between 1-3-5% dVp (Figure D6D). The recovered slab anomaly closely tracks the character of 

the input slab anomaly, but with variably reduced amplitude (Figure D6E-F). This indicates that 

input anomaly amplitude is a strong control on recovered amplitude. Finally, to test whether 

extra-slab structure controls recovered slab amplitude, slow velocity anomalies (-5% dVp) 

alternating above and below the input slab anomaly were included in the input velocity model 

(Figure D6G). Slow velocity anomalies surrounding the slab are most likely to affect slab 

amplitude because of the inherent tradeoff between adjacent fast and slow velocity anomalies on 

traveltime residuals. However, our recovered velocity model indicates the slow velocity 

anomalies had negligible effect on the recovered slab anomaly, and no clear correlation is 

apparent between reduced slab amplitudes and the presence of adjacent slow velocity anomalies 

(Figure D6H-I). Together, these tests indicate that while a number of factors affect imaged slab 
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amplitude, strong observed variations are most likely due, at least to first order, to variations in 

the true velocity of the Nazca slab.  

 

4.2. 3D Ray Tracing 

 The use of iterative 3D ray tracing in our inversion yielded some non-negligible changes 

to the resulting tomography model, but these are largely inconsequential with respect to our 

interpretations (Figure D7). When comparing the model derived using only 1D ray tracing to that 

determined after nine additional 3D ray tracing iterations, the most notable differences reside in 

the imaged slab anomaly. Differences in the slab anomaly velocity perturbation reach to >3% in 

some cases, while outside of the slab anomaly differences are generally <1% (Figure D7C and 

F). However, some notable patterns are clear in this analysis. First, polarity of each anomaly 

does not change. Nodes that do change polarity occur on the edges of broader anomalies. This 

indicates that the interpretation of positive anomalies as relatively fast and negative anomalies as 

relatively slow does not change with ray tracing procedure, whereas anomaly size may be 

affected. Second, the shape of the imaged anomalies, including the slab, do not change 

significantly with the addition of 3D ray tracing.  

To illustrate these observations, we use the 455 km depth layer as an example (Figure 

D7A-C). In this layer, the highest amplitude difference between the models is 2.6%, residing in 

the slab near 15°S, 69°W, but the vast majority of the layer differs by <1%. The slab anomaly 

has mostly decreased in amplitude following iterative 3D ray tracing, which occurs broadly from 

320-605 km depth. The 660 km layer (Figure D7D-F) displays smaller magnitude and less 

coherent differences than the shallower layer. This is consistent with a general pattern of 
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diminishing differences with depth which is to be expected given that rays are only traced 

through a 3D velocity model in the upper 750 km.  

Together, these observations result in both our interpretations and our final slab model 

being independent of ray tracing procedure and the number of ray tracing iterations. This 

supports our choice to use the initial iteration for analyses while using the final iteration for 

interpretation. This also indicates that synthetic anomaly recovery tests using 1D ray tracing are 

likely sufficient to qualitatively assess model quality. However, because it reduces the 

assumptions in our inversion process, we present the final iteration as our resulting tomography 

model. 

  

4.3. Tomography Model 

 Our final tomography model, which we call SAM5_P_2019, is shown in depth section 

(Figures D8 and DS7) and cross section (Figures D9 and DS8), as well as the recent global P-

wave tomography model (Figure DS9) [Burdick et al., 2017]. The most prominent anomaly 

imaged in SAM5_P_2019 is a relatively continuous fast seismic velocity anomaly that runs sub-

parallel to the western South American margin. This anomaly is largely coincident with Wadati-

Benioff zone seismicity [International Seismological Centre, 2016] and the Slab2 Nazca slab 

model [Hayes et al., 2018] in the upper mantle, leading to our interpretation of the anomaly as 

the subducting Nazca slab. The Nazca slab anomaly appears as a thin (<150 km wide), 

latitudinally contiguous body throughout the upper mantle, with two notable exceptions: 

alternating fast and slow velocities between northern Peru and southern Colombia in the upper 

~505 km (e.g. Figure D8C), and a large gap of slow velocities near 32°S, 64°W (Figure D8B). 

The gaps between northern Peru and southern Colombia, as previously noted, are attributed to 
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large uncertainties in that part of the model due to sparse data coverage in and around Ecuador. 

The latter gap confirms the presence of a large gap in the slab adjacent to the Pampean flat slab 

that appears in an earlier version of the tomography model [Portner et al., 2017]. The otherwise 

continuous Nazca slab fast seismic velocity anomaly continues into the lower mantle from at 

least latitude 6°N to 42°S. Within the lower mantle, the slab anomaly displays variable character 

along strike of the Andean margin. North of 14°S, the anomaly gradually widens before 

broadening to at least 2,000 km wide at 1,100 km depth. South of 30°S, the anomaly widens 

slightly while extending to 800-900 km depth. In between these two segments, the anomaly 

appears to separate into two sub-parallel, loosely connected anomalies, also extending to ~800-

900 km depth. 

 Amplitude of the imaged slab anomaly is highly variable across all depths, ranging from 

negative velocity perturbations in the aforementioned anomaly gaps to ~5.7% dVp in the 

Pampean flat slab region. The Pampean flat slab region appears to mark a broad transition from 

higher amplitudes to the north and lower amplitudes to the south, which may be at least partially 

explained by reduced ray sampling at southern latitudes (Figure D6A-C). Among the northern 

segment, the slab anomaly amplitude is locally reduced in the upper mantle near latitudes ~9°S 

and 22°S. Where the slab flattens in the lower mantle, the slab anomaly is expansive, but slab 

anomaly amplitudes are highly variable, with the anomaly appearing somewhat pockmarked in 

places. 

 Outside of the slab anomaly, there are several prominent, persistent high amplitude 

anomalies. These include a wide, high amplitude slow velocity anomaly above the slab in the 

upper mantle beneath northern Bolivia (S1), slab-parallel sub-slab slow velocity anomalies 

beneath the Peruvian flat slab (S2) and between latitudes 20°S and 32°S in the mantle transition 
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zone (S3), broad fast seismic velocity anomalies in the upper mantle beneath Paraguay and 

southern Brazil (F1) and central Brazil (F2), and a wide, dipping fast seismic velocity anomaly 

extending approximately from latitudes 24°S to 38°S and from ~500-800 km depth (F3). These 

anomalies are largely consistent with prior regional teleseismic tomography studies. Anomaly S1 

appears similar to a prior study which interpreted the anomaly as likely to be related to 

dehydration melting associated with slab penetration to the lower mantle [Scire et al., 2017]. 

Anomaly S2 similarly appears in a prior study and is interpreted to be related to thinning of the 

Nazca lithosphere at the Easter hotspot [Scire et al., 2016]. Anomaly S2, along with anomaly S3, 

was later reinterpreted as hotspot-derived asthenosphere entrained in Nazca plate motion 

[Portner et al., 2017]. While anomalies S2 and S3 remain apparent in the present study, they are 

notably less slow than previously imaged. Anomalies F1 and F2, appearing in prior studies with 

slightly different shapes, but similar amplitudes, were interpreted as cratonic blocks beneath the 

Paraná Basin (F1) [Rocha et al., 2011] and Amazonia (F2) [Rocha et al., 2016]. Anomaly F3, 

while observable in a prior study [Pesicek et al., 2012], appears further north and constrained to 

a narrower depth range in the present study. However, this difference does not necessarily 

preclude the prior interpretation of the anomaly as a relic slab fragment from a past subduction 

episode [Pesicek et al., 2012].  

  

5. DISCUSSION  

5.1. Slab Model 

 Our new Nazca slab model, which may be found in the Supplemental Material, has 

altered the Slab2 Nazca slab model in four key ways (Figure D10). These include (1) 

incorporating the Pampean flat slab-adjacent slab gap, (2) extending the Peruvian flat slab further 
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inboard, before transitioning to a steeper descent to the lower mantle, (3) expanding the depth 

range of the southern Nazca slab, and (4) extending the slab along the margin to the lower 

mantle. These changes each have significant implications for our understanding of the character 

and behavior of the Nazca slab. 

  

5.1.1. Pampean Flat Slab 

 The gap in the slab adjacent to the Pampean flat slab segment is apparent in a variety of 

studies, including seismic tomography [Pesicek et al., 2012; Bianchi et al., 2013; Portner et al., 

2017], shear-wave splitting analysis [Lynner et al., 2017], magnetotelluric imaging [Burd et al., 

2013], earthquake focal mechanisms [Anderson et al., 2007], and geodynamic modelling [Hu 

and Liu, 2016], indicating that it is a robust feature of the Nazca slab to be included in slab 

models. For a thorough discussion of its consequences, see our previous studies [Lynner et al., 

2017; Portner et al., 2017]. However, it is important to note that its presence indicates a 

significant contrast in the buoyancy of the Pampean flat slab and the downdip slab segment in 

order to allow for tearing. 

  

5.1.2. Peruvian Flat Slab 

 In contrast to the Pampean flat slab, the Peruvian flat slab appears to be continuous 

within the resolvable portion of our model as it extends further from the trench than in the Slab2 

model. The extension of the Peruvian flat slab is consistent with both surface wave [Antonijevic 

et al., 2015] and receiver function [Bishop et al., 2017] analyses. Wadati-Benioff zone 

earthquake patterns [Kumar et al., 2016] and P-s conversion amplitudes of the oceanic Moho 
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[Bishop et al., 2017] suggest that dehydration and subsequent eclogitization of the subducting 

Nazca plate occur closer to the trench rather than at the point where the slab turns and dives 

vertically. This requires that internal slab buoyancy is not the only controlling factor for 

maintaining sub-horizontal subduction. Instead, factors such as overriding plate velocity [Espurt 

et al., 2008], sub-slab overpressure [Schepers et al., 2017], or slab suction [Manea et al., 2012] 

may be helping to maintain the shallow dip of the slab. 

The extended flat slab ends with a sharp turn and vertical dip into the lower mantle 

(Figure D7B). This geometry is difficult to reconcile within the context of a moving trench 

system. In fact, Marianas style (steeply dipping) and Andean style subduction are often seen as 

opposite end-member styles of subduction [Uyeda and Kanamori, 1979; Faccenna et al., 2007] 

due to differences in relative trench motions [van der Hilst and Seno, 1993], yet the Peruvian 

trench has migrated consistently westward during the Cenozoic [Torsvik et al., 2008]. Similarly, 

formation of a vertical slab is favored by a relatively strong slab [Stegman et al., 2010]. 

However, a strong slab is likely to resist bending [Faccenna et al., 2007], which is apparent 

herein and in surface wave tomography [Antonijevic et al., 2015] at the downdip end of the 

extended flat segment despite an absence of bending-related earthquakes [International 

Seismological Centre, 2016; Kumar et al., 2016]. Thus, the presence of the vertical Nazca slab 

segment implies an alternative mechanism for developing the imaged slab geometry. 

The simplest explanation for such a geometry is that it reflects the buoyancy of the 

subducting slab. This is supported to first order by the thick oceanic ridge model for flat slab 

subduction. Prior to eclogitization, the relatively thick oceanic crust of the Nazca ridge makes the 

lithosphere correspondingly buoyant, allowing it to remain flat [Gutscher et al., 2000]. If the 

thick crust is then completely eclogitized, it would be unusually dense [Pennington, 1984; 
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Hacker, 1996], leading to a steeper dip. As previously noted, this is inconsistent with seismic 

inferences of slab eclogitization within the flat slab segment [Kumar et al., 2016; Bishop et al., 

2017], implying that the flat segment is not directly correlated with eclogitization. This 

explanation is also difficult to reconcile with observations of the Pampean flat slab, where slab 

buoyancy contrasts produce tearing [Portner et al., 2017]. The subducted Nazca Ridge, which is 

thicker than the Juan Fernández Ridge [Hampel et al., 2004; Tassara et al., 2006], would be 

expected to produce a stronger buoyancy contrast and make tearing more likely. An alternative 

explanation is that the geometry is induced by anchoring of the slab in the higher viscosity lower 

mantle, which prevents lateral motion of the slab (Figure D9C). While other effects of lower 

mantle slab penetration are discussed in more detail in section 5.2, the prevention of rollback of 

the Nazca slab as subduction continues may lead to the observed geometry. This is similarly 

unlikely because it requires minor ascension of a dense slab and is inconsistent with observed 

along-margin lower mantle slab penetration. If anchoring is the dominant mechanism for vertical 

slab formation, we would expect a steep dip along the entire margin. 

Another possible explanation is that the geometry is produced by a local impedance to 

slab rollback. The asthenosphere below the Peruvian flat slab is unusually slow (anomaly S2), 

which may be related to accumulating asthenosphere from subslab overpressure [Schepers et al., 

2017] or asthenospheric buoyancy [Hawley et al., 2016]. In either case, accumulated subslab 

asthenosphere may impose stress on the slab from below [Bodmer et al., 2018] and inhibit slab 

sinking. This would contribute both to support of the flat slab segment as well as allow for 

vertical subduction as the slab drapes over the buoyantly supported flat slab. 

 Our seismic images do not provide enough information to distinguish the potential 

mechanisms for formation of the observed transition from flat to vertical subduction. Instead, we 
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postulate that any combination of the above mechanisms may contribute to forming the observed 

Peruvian flat slab geometry. Regardless of the mechanism, a vertical slab downdip of the flat 

slab is a relatively unique configuration that is difficult to explain geodynamically.  

  

5.1.3. Expanding the Slab Model 

In addition to adapting slab geometry in some areas, our model is able to greatly expand 

on the Slab2 model by extending throughout the upper mantle beneath the southern Andes and 

extending into the lower mantle across the model domain. The Nazca slab appears to continue 

into the lower mantle unimpeded across the margin before flattening between 800-1,200 km 

depth in the lower mantle. This is contrary to many slabs which tend to stagnate [Fukao et al., 

2001; Fukao and Obayashi, 2013; Goes et al., 2017] or fold [Ribe et al., 2007] in the mantle 

transition zone due to spinel phase transformation [Ringwood, 1994] and a prominent viscosity 

jump across the 660 km discontinuity [Mitrovica and Forte, 1997]. Instead, our results imply 

that in the mantle beneath South America, a more significant chemical or viscosity jump may 

occur at ~1,000 km depth [Ballmer et al., 2015, 2017; Marquardt and Miyagi, 2015; Rudolph et 

al., 2015]. In general, that the slab extends deeper than previously imaged along much of the 

margin has important implications for the amount of subduction recorded in imaged slabs, total 

amount of subducted slab, lower mantle slab anchoring, and slab seismicity. The extent of the 

new slab model is shown in Figure D10. 
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5.2. Lower Mantle Slab Penetration 

 A number of studies rely on the interaction of the slab with the lower mantle to explain 

the character of the Andes both along strike and through time, including most prominently the 

uplift of the Altiplano Plateau in the central Andes. These hypotheses are generally difficult to 

reconcile with our new slab model. Slab penetration and anchoring in the lower mantle is shown 

to prevent free motion of the subducting slab and induce whole-mantle convection, increasing 

mantle tractions on the base of the lithosphere and plate convergence [Quinteros and Sobolev, 

2013] and enhancing shortening in the upper plate [Faccenna et al., 2013]. This model is applied 

to the Andean orogen by invoking lower mantle slab anchoring in the Eocene to explain the 

extreme shortening of the central Andes [Faccenna et al., 2013]. However, our new slab model 

shows slab penetration, and presumably anchoring, along the entirety of the Andean margin 

which would imply high mantle tractions and shortening, crustal thickening, and plateau 

formation across the whole Andes, inconsistent with the decreasing trend in shortening, crustal 

thickness, and elevation documented north and south of the modern plateau [Kley and Monaldi, 

1998; Oncken et al., 2006; Arriagada et al., 2008; Pearson et al., 2013; Pfiffner and Gonzalez, 

2013; Schepers et al., 2017]. The slab penetration hypothesis was adapted to suggest that while 

penetration is the first order control on shortening in the Andes, other factors including slab 

tearing and breakoff may act to regulate upper plate compression [Faccenna et al., 2017]. While 

local tears occur within the slab (Figure D10), there is little evidence for systematic persistence 

of such features that might explain reduced shortening rates in the northern and southern Andes. 

An alternate explanation is that the effects of lower mantle slab anchoring are amplified distance 

from the edge of the slab [Schellart, 2017]. This observation is critical in that it better explains 

both South American trench morphology and shortening profiles along strike of the Andes while 
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also allowing for lower mantle subduction along the entire margin. Unfortunately, these 

geodynamic models specifically predict relatively shallow slab dip beneath the central Andes 

coincident with maximum shortening [Schellart, 2017], which is contrary to our slab model that 

shows among the steepest slab dips near the center of the Andes and shallowest dips (other than 

flat slab segments) beneath the southernmost and northernmost Andes (Figure D10). 

 More recently, these models were built upon by pulling out the slab and applying the 

penetration hypothesis to the Cretaceous-recent tectonic history of South America [Chen et al., 

2019]. In this model, initiation of subduction of the modern Nazca slab occurs variably along the 

margin as accounted for by varying volumes of subducted material imaged by the MITP08 

global tomography model [Li et al., 2008]. After subduction initiation, the slab undergoes a 

period of “free” subduction during which the upper plate experiences extension, followed by 

anchored subduction when the slab penetrates the lower mantle during which the upper plate 

experiences compression [Chen et al., 2019]. This yields longer lived shortening in the central 

Andes, allowing for the formation of the Altiplano Plateau while also allowing for reduced 

amounts of shortening in the southern Andes [Chen et al., 2019]. With our higher resolution 

tomographic images and improved slab model, we see that the general pattern of decreasing slab 

lengths from north to south is similar to that determined from the MITP08 tomography model. 

However, our images show significantly reduced subducted slab lengths across the margins that 

are inconsistent with the timing of their model. This is largely due to the methodology used in 

the model to unfold the slab, which assumes that the slab inherently thickens and broadens as it 

interacts with the 660 km discontinuity [Ribe et al., 2007; Čížková and Bina, 2013]. However, as 

described above, the slab anomaly does not generally appear to deform as it sinks into the lower 

mantle. There may be some evidence of localized thickening in the lower mantle downdip of the 
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Peruvian flat slab (Figure D9B) which may be related to folding induced at the 1,000 km 

discontinuity, but such folding is unlikely to yield significantly longer slab lengths. Aside from 

this exception, the slab appears to retain its thickness from the upper mantle as it penetrates into 

the lower mantle, rendering estimates of length from the volume of the slab anomaly as 

overestimates by ~100%. Given this discrepancy, we suggest that the slab penetration hypothesis 

be revisited with adjustments to the assumed convergence rates, the timing of subduction 

initiation, the amount of Nazca plate rotation, and/or the timing of shortening and extension so as 

to accommodate reduced slab lengths. 

  

5.3. Deep-Focus Earthquakes 

 Another anomalous feature of the Nazca subduction system is the discrete band of deep-

focus earthquakes between latitudes 4-30°S [International Seismological Centre, 2016]. With 

our new images showing that the slab continues to mantle transition zone depths both south and 

north of the deep-focus earthquake band, the question of the aseismicity of the southern and 

northern slab segments is raised. One leading hypothesis for the generation of deep-focus intra-

slab earthquakes is the metastable olivine wedge hypothesis [Green II and Burnley, 1989], which 

suggests that transformational faulting may occur in metastable olivine that retains its structure 

into the mantle transition zone. The size and penetration depth of the metastable olivine wedge is 

strongly thermally dependent [Zhan, 2017] such that a warmer slab may not have a core cold 

enough to generate earthquakes as deep as the mantle transition zone. While the Nazca slab has 

been a relatively warm slab across the subduction margin since at least the Cretaceous [Müller et 

al., 2008], there is a pattern of younging ages away from the Arica bend, suggesting a 

relationship between the coldest incoming slab and the locations of deep-focus earthquakes. It is 
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possible that this relationship is visible in the imaged slab anomaly, as the highest amplitude slab 

anomaly also occurs in the central Nazca slab. Thus, higher slab amplitudes are associated with 

the older, colder, and presumably stronger segment of the slab, allowing for deeper penetration 

of a metastable olivine wedge and deep-focus earthquakes generated by transformation faulting.  

As a caveat it is important to note that, as previously described, slab anomaly amplitude 

is primarily controlled by true slab velocities, but this is not necessarily true in the southern 

Nazca slab. There, amplitudes are likely lowered due to reduced ray sampling, making this 

correlation difficult to verify. Additionally, the metastable olivine wedge hypothesis does not 

help to explain the anomalous 1989 M6.5 deep Paraguay earthquake [Lundgren and Giardini, 

1994], which in our images appears to occur well outside of the fast seismic velocity anomaly of 

the Nazca slab (Figure DS8P). For this particular earthquake, a mechanism that does not require 

earthquakes to occur with the cold, seismically fast core of the slab is needed. Despite these 

caveats, we present the noted correlations as a potential mechanism for generating the observed 

pattern of deep-focus seismicity and its potential signature in the imaged seismic velocities. 

  

6. CONCLUSIONS 

Using an unprecedented seismic dataset across South America, we invert teleseismic P-

wave traveltime residuals in a continent-scale tomographic inversion from 60 km to 1,450 km 

depth. A continuous, trench-parallel fast seismic velocity anomaly is well resolved along the 

majority of the western South America margin from shallow depths and into the lower mantle. 

This allows us to create a new model of the Nazca slab surface from the trench to ~1,100 km 

depth, from ~10°N to ~44°S. With the new Nazca slab model, we show the unique character of 

the slab around the Pampean and Peruvian flat slabs, lower mantle slab penetration along the 
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margin, and slab flattening at ~1,000 km depth beneath northern South America. These features 

allow us to reassess existing models of South American evolution, indicating that seismic 

velocities are inconsistent with slab anchoring hypotheses for explaining spatio-temporal 

shortening and extensional patterns in the upper plate. Such models need to be revisited given 

our refined slab images of reduced slab lengths and extensive lower mantle slab penetration. 

Finally, variations in observed slab amplitudes along strike may provide support for thermally 

controlled mechanisms for deep-focus earthquake generation. 
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FIGURES 

 

Figure D1. South America-Nazca Tectonic Setting. (A) Map of South America, with Slab2 

Nazca slab contours as colored lines [Hayes et al., 2018], plate boundaries as black lines [Bird, 

2003], volcanoes active in the Holocene as red triangles [Siebert et al., 2011], and Nazca plate 

motion relative to South America as white arrows [DeMets et al., 2010]. (B) Earthquakes deeper 

than 100 km depth as circles [Engdahl et al., 1998; International Seismological Centre, 2016] 

and Nazca plate age as colored lines [Müller et al., 2008]. Cross section traces used in later 

figures are indicated as white dashed lines. Earthquakes are sized according to magnitude. Both 

earthquakes and Slab2 contours follow the depth color scale. Slab2 contours are in 50 km 

intervals and plate age contours are in 10 Myr intervals. (C) Stations used in this study, colored 

by the crustal thickness used for traveltime corrections at that station. 
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Figure D2. Earthquake and Ray Backazimuthal Distribution. (A) Locations of earthquake 

sources used in this study are indicated as circles. Earthquakes for which direct P phases were 

used are shown in dark gray and those for which PKIKP phases were used are shown in light 

gray. The center of the model space is shown as a red star. (B) Backazimuthal distribution of 

rays used in this study with separated into direct P (dark gray) and PKIKP (light gray) phases. 
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Figure D3. Node Distribution Map and Cross Section. (A) Node distribution for the shallowest 

model layer (60 km depth) over the study area. Red dots are nodes and gray inverted triangles are 

stations for reference. The black line through the center indicates the location of the cross section 

in (B). (B) Node distribution in cross section. Shaded depths are excluded from results cross 

sections. Note vertical exaggeration (~150%). Note also that in both map view and cross section, 

nodes extend beyond the image. The modeled region extends far outside the study area (see 

model dimensions in text). 
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Figure D4. Checkerboard Test Depth Slices. Results of a checkerboard-patterned synthetic 

anomaly recovery test in the (A-E) upper mantle and (F-I) lower mantle. In all panels, the thin 

solid black line is a contour of the positive input anomaly and the thin dashed line is a contour of 

the negative input anomaly. Input anomalies are ±5% dVp. Note that in (B,E,H) there are no 

input anomalies. The thicker solid black line indicates the 0.2 hit quality contour. 
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Figure D5. Synthetic Slab Anomaly Recovery Tests. Results of four separate synthetic slab 

anomaly recovery tests along profile H-H’ (see Figure D1B for trace). These tests are our 

interpreted slab model (A), the slab flattening in the lower mantle (B), the slab penetrating to 

only 605 km depth (C), and the slab flattening at 605 km depth (D. In all panels, the thin solid 

black line is a contour of the positive input anomaly. In all tests, input anomalies are +5% dVp. 

The thicker solid black line and shaded area indicate the 0.2 hit quality contour. 
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Figure D6. Synthetic Slab Amplitude Recovery Test. Comparison between the slab anomaly in 

the tomography model (A) and a synthetic slab anomaly recovery test (B) at 505 km depth (first 

row) and 660 km. (C) Graph showing the value of each model at the sampled points indicated by 

the black dots (tomography model) and green dots (synthetic model). Comparison between the 

input model of a synthetic slab anomaly recovery test with variable amplitude (D) and the output 

model from that test (E). (F) Graph showing the value of each model at the sampled points 

indicated by the black dots (input model) and green dots (output model). Comparison between 

the input model of a synthetic slab anomaly recovery test with slow velocity anomalies above 

and below the slab (G) and the output model from that test (H). (I) Graph showing the value of 

each model at the sampled points indicated by the black dots (input model) and green dots 

(output model). Shaded areas in (I) indicate latitudes with a slow velocity anomaly above or 

below the slab in the input model. In all map panels, the thin solid black line is a contour of the 

positive input anomaly. Input anomaly in (B) is +5% dVp. Input anomaly in (D,E) varies from 

+1-5% dVp. Input anomalies in (G,H) are ±5% dVp. The thicker solid black line and shaded area 

indicate the 0.2 hit quality contour. 
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Figure D7. Model Comparison Depth Slices. Comparison of the first iteration (1D ray tracing 

only) and final iteration (nine 3D ray tracing iterations) of our tomography model at (A-C) 455 

km depth and (D-F) 660 km depth. The first column (A,D) shows the tomography model after 

the first iteration using only 1D ray tracing, the second column (B,E) shows the tomography 

model after the final iteration of 3D ray tracing, and the third column (C,F) shows the difference 

between the first two columns. In the third column, note that negative values indicate that the 

final iteration has a lower value than the first iteration. In all panels, the solid black line and 

shaded area indicate the 0.2 hit quality contour. The dashed black line is a qualitative outline of 
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the slab anomaly from the first iteration at that depth. At each depth, the same outline is used in 

all three panels. Note that this is a qualitative outline used as a reference for this figure and is 

completely independent of the slab model presented in this paper. 
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Figure D8. Tomography Model Depth Sections. Tomography model SAM5_P_2019 shown in 

select depth layers. In all panels, the solid black line and shaded area indicate the 0.2 hit quality 

contour. Slab2 contours [Hayes et al., 2018] are shown as magenta lines. Earthquakes within 25 

km of the layer are indicated as green circles, sized as in Figure D1B [Engdahl et al., 1998; 

International Seismological Centre, 2016]. Anomalies are labeled following the text. 
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Figure D9. Tomography Model Cross Sections. Tomography Model Cross Sections. 

Tomography model SAM5_P_2019 shown in select cross sections (A-F, H-K). In each cross 

section, the solid black line and shaded area indicate the 0.2 hit quality contour. Slab2 contours 

[Hayes et al., 2018] are shown as magenta lines. Earthquakes within 50 km of the section are 

indicated as green circles, sized as in Figure D1B [Engdahl et al., 1998; International 
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Seismological Centre, 2016]. Anomalies are labeled following the text. The dashed black line is 

a qualitative outline of the slab anomaly used as a guide in this figure and is completely 

independent of the slab model presented in this paper. (G) Map indicating the traces of each 

cross section (red lines). White dots are spaced in 200 km intervals along the trace. The large 

yellow dot indicates the 0 km position of the trace, which falls along the trench. 
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Figure D9. Tomography Model Cross Sections. (continued) 
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Figure D10. Nazca Slab Model. Maps of Nazca slab surface contours from (A) Slab2 [Hayes et 

al., 2018] and (B) this study. Contours are in 50 km intervals. (C) New Nazca slab model in 3D. 
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SUPPLEMENTAL TEXT DS1 

 Bootstrap analysis. 

 To further assess the quality and stability of the inversion results, we performed a 

bootstrap analysis on the data input. Traveltime residuals were randomly selected from our 

complete dataset to a total of 83,675 (as in the original inversion) for each of 100 individual 

tomographic inversions (model runs) to produce an ensemble of tomography models. After each 

model run, a standard deviation of parameter values is calculated for each node in the 

tomography model to indicate parameter stability. To determine how many model runs is 

necessary to sufficiently characterize the range of model values, the RMS of the difference in 

parameter standard deviations is calculated with each additional model run (Figure DS4). This 

calculation indicates that 100 model runs is sufficient to characterize parameter variation, and 

more model runs would be unlikely to significantly change the resulting standard deviations. 

The result of the bootstrap analysis is an ensemble of tomography models resulting from 

different selections of the input data. The variance of each model parameter among the ensemble 

of models indicates the stability of the model parameters with respect to the data. Parameters 

with a high variance (or similarly, standard deviation) are unstable given the dataset whereas 

well-sampled parameters with a low variance indicate parameters that are well supported by the 

full dataset. Standard deviations for each model parameter among the ensemble may serve 

roughly as uncertainty estimates for the model parameters, as long as those model parameters are 

well sampled. In regions with poor sampling such as outside of South America (see Figure DS3), 

low standard deviations do not indicate low uncertainty, but instead indicate that the data 
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consistently has no effect on the local velocity anomaly. We assess the stability of each model 

parameter with these standard deviations (Figure DS5).  

Assessment of model parameter standard deviation reveals two observations key to 

interpreting the final tomography model. First, it is apparent that the highest standard deviations, 

or uncertainties, are in the shallowest (60 km) and deepest layers (1,380 and 1,450 km), 

indicating that these layers are generally the least stable. This is an expected observation because 

unresolved out-of-box heterogeneity that is unaccounted for by station and event terms is 

inappropriately fit in the boundary layers. For this reason, these layers and an additional buffer 

layer are ignored in our interpretations, such that we only interpret between 100-1,300 km depth. 

Second, standard deviations are low (<1.3%) compared to imaged anomalies throughout all 

interpreted layers, suggesting that even in regions of high uncertainty, the polarity of high 

amplitude anomalies is likely stable. 

Three geographic regions show relatively high standard deviations, soliciting caution in 

their interpretations. In Ecuador, standard deviations are consistently >0.6% at all depths (yellow 

and white in Figure DS5). This is unsurprising given the relatively low station coverage north 

and south of Ecuador and in the Ecuadorian backarc. Because of this high uncertainty, we ignore 

the character of the slab anomaly beneath Ecuador in our interpretations, instead leaning on 

interpolation across Ecuador and the use of Wadati-Benioff zone earthquakes. The second region 

of high standard deviations is near 30°S, 62°W in the upper mantle, which is on the northern 

edge of a previously imaged gap in the slab [Portner et al., 2017]. That the high uncertainty is 

constrained to the northern edge of the anomaly, rather than centered on the anomaly, indicates 

uncertainty in the size and shape of the northern edge of the anomaly and instills confidence in 

the presence and amplitude of the gap anomaly. The third prominent region of relatively high 
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standard deviations is where the slab continues in the lower mantle south of ~20°S (and 

expanding north with depth). Because a goal of this study is to detail the slab geometry this is a 

concern. However, we point out that the standard deviations are not consistently high until >800 

km depth, indicating that we can be confident in the slab anomaly at shallower depths, including 

the uppermost lower mantle. We also point out that shallower than ~900 km depth, the slab 

anomaly in this region contains amplitudes much higher (~3% dVp) than the calculated 

uncertainty values (~0.6-1%), suggesting that while the amplitude of the slab anomaly at these 

depths may be unresolvable, the presence of the slab at these depths is robust. Our model cannot 

say with confidence whether or not the slab extends deeper than 900 km at these latitudes (south 

of ~15°S), so this part of the slab is excluded from our final slab model. 
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SUPPLEMENTAL FIGURES 

 

Figure DS1. Tradeoff curve. Data variance reduction vs. L2 model norm for choices of 

smoothing and damping parameters ranging from 1-10. Each black dot represents a single 

inversion. Each gray line represents the trend holding one parameter constant. Note increasing 

both smoothing and damping decreases both the variance reduction and the model norm. The 

model with a damping parameter of 3 and smoothing parameter of 6 (red star) was chosen for 

analysis. 
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Figure DS2. 3D Ray Tracing Diminishing Returns. Normalized and absolute RMS of the 

difference from one iteration to the next vs. number of inversion iterations. This plot summarizes 

the magnitude of the effect of each 3D ray tracing iteration. Each point shows the RMS of the 

difference between the model after an iteration and that of the previous iteration. The magnitude 

of the change each iteration makes stagnates after ~5 iterations (four 3D ray tracing iterations), 

indicating that more iterations does not lead to convergence on a more accurate result and nine 

3D ray tracing iterations sufficiently stabilizes the inversion results. 
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Figure DS3. Normalized Hit Quality Maps. Maps of normalized hit quality in each model layer. 

In all panels, the solid black line is a contour of normalized hit quality 0.2, as is used to denote 

well-sampled parts of the model in the results. 
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Figure DS3. Normalized Hit Quality Maps. (continued) 
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Figure DS3. Normalized Hit Quality Maps. (continued) 
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Figure DS4. Bootstrap Diminishing Returns. Normalized and absolute RMS of the difference 

from one run to the next vs. number of bootstrap runs for increasing numbers of runs. This plot 

shows the effect of increasing the number of bootstrap runs on the resulting standard deviations 

of each model parameter ensemble. Each point shows the RMS of the difference between the 

model parameter standard deviations after an iteration and that of the previous iteration. 

Bootstrap runs beyond ~40 have negligible effect on the recorded parameter variance, indicating 

that with 100 bootstraps, the variance of each model parameter ensemble is sufficiently 

characterized. 
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Figure DS5. Bootstrap Analysis Standard Deviation Maps. Maps of the standard deviation of 

each model parameter ensemble following 100 bootstrap runs in each model layer. In all panels, 

the solid black line and shaded area indicate the 0.2 hit quality contour. 
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Figure DS5. Bootstrap Analysis Standard Deviation Maps. (continued) 
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Figure DS5. Bootstrap Analysis Standard Deviation Maps. (continued) 
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Figure DS6. Checkerboard Test Recovered Amplitudes. Depth vs. maximum absolute value 

layer velocity for the input and output model of the checkerboard synthetic anomaly recovery 

test. Input anomaly is in light gray and recovered amplitudes are in dark gray (neutral layers) and 

black (checkered layers). Non-zero velocities in neutral layers are indicative of vertical smearing. 

Note relatively higher recovered amplitudes in checkered lower mantle layers compared to the 

upper mantle and relatively lower recovered amplitude in neutral lower mantle layers compared 

to the upper mantle. 
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Figure DS7. All Tomography Model Depth Sections. Tomography model SAM5_P_2019 shown 

in each model depth layer. In all panels, the solid black line and shaded area indicate the 0.2 hit 

quality contour. 
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Figure DS7. All Tomography Model Depth Sections. (continued) 
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Figure DS7. All Tomography Model Depth Sections. (continued) 
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Figure DS8. Regular Tomography Model Cross Sections. Tomography model SAM5_P_2019 

shown in semi-regularly spaced cross sections. In each cross section, the solid black line and 

shaded area indicate the 0.2 hit quality contour. Slab2 contours [Hayes et al., 2018] are shown as 

magenta lines while contours from our new slab model are shown as orange lines. Earthquakes 

within 50 km of the section are indicated as green circles, sized as in Figure D1B [Engdahl et al., 
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1998; International Seismological Centre, 2016]. The traces of each cross section (red lines) are 

indicated in the map panels. White dots are spaced in 200 km intervals along the trace. The large 

yellow dot indicates the 0 km position of the trace, which falls along the trench. 
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Figure DS8. Regular Tomography Model Cross Sections. (continued) 
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Figure DS8. Regular Tomography Model Cross Sections. (continued)  
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Figure DS8. Regular Tomography Model Cross Sections. (continued) 
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Figure DS9. Comparison with Global Tomography. Tomography model SAM5_P_2019 shown 

in select cross sections (left column) in comparison to the recent update of the MIT global P-

wave tomography model, MITP_USA_2016MAY (right column) [Burdick et al., 2017]. Note the 

different color scale for each model. In each cross section on the left, the solid black line and 
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shaded area indicate the 0.2 hit quality contour. Slab2 contours [Hayes et al., 2018] are shown as 

magenta lines. Earthquakes within 50 km of the section are indicated as green circles, sized as in 

Figure D1B [Engdahl et al., 1998; International Seismological Centre, 2016]. The traces of each 

cross section follow Figure D9. 
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SUPPLEMENTAL TABLES 

Network code Network name Datacenter Reference 
2B PUDEL GFZ Heit et al. [2007] 
3A IMAD (UK) IRIS University of Liverpool 

8G Pedernales RAMP IRIS Meltzer & Beck [2016], Meltzer et al. [2019] 
BL RSBR USP Assumpção et al. [2002], Bianchi et al. [2018] 
BR RSBR USP Bianchi et al. [2018] 
C CNSN IRIS Barrientos & CSN [2018] 
C1 RSN IRIS Universidad de Chile [2013], Barrientos & CSN [2018] 
CM RSNC IRIS Poveda et al. [2015] 
CX IPOC GFZ GFZ [2006] 
EC ESN IRIS/Pers. IG-EPN 

G GEOSCOPE IRIS IPGP Datacenter [1982] 
GE GEOFON GFZ GEOFON Data Centre [1993] 
GT GTSN IRIS Albuquerque Seismological Laboratory [1993] 
IU GSN IRIS Albuquerque Seismological Laboratory [1988] 
II IRIS/IDA IRIS Scripps Institution of Oceanography [1986] 

NB RSBR RSIS Bianchi et al. [2018] 
ON RSBR RSIS Bianchi et al. [2018], Observatório Nacional [2007] 
TO PeruSE IRIS PeruSE [2013] 
WA WCAN IRIS UNSJ 

X6 SLIP IRIS Sandvol & Brown [2007] 
XC PCPB USP IAG-USP 

XE Pedernales (France) Pers. Regnier et al. [2016] 
XE BANJO/SEDA IRIS Silver et al. [1994] 
XH ESP IRIS Gilbert [2008] 
XJ SEARCH IRIS University of Cambridge 

XS IMAD (France/Chile) IRIS Vilotte & RESIF [2011] 
XY Chile RAMP IRIS Roecker & Russo [2010] 
Y3 CRSP Extension IRIS Russo [2007] 
Y4 BTSE USP USP 

Y9 Tocopilla GFZ GEOFON 

YC CHARGE IRIS Beck et al. [2000] 
YJ CRSP IRIS Russo [2004] 
YM Villarrica IRIS Waite [2010] 
ZA REFUCA GFZ Asch et al. [2002] 
ZA PISCO GFZ GEOFON 

ZB PUNA GFZ GEOFON 

ZD PULSE IRIS Wagner et al. [2010] 
ZE ANCORP GFZ Haberland et al. [1996] 
ZE IMAD (Germany) GFZ GEOFON 

ZG CAUGHT IRIS Beck et al. [2010] 
ZL SIEMBRA IRIS Beck & Zandt [2007] 
ZP ISSA GFZ GEOFON 
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Table DS1. Seismic Network References. Seismic networks for which data was used in this 

study. Datacenter indicates where the data for each network is archived. “Pers.” indicates the 

data that was archived locally, rather than at a datacenter. References are provided when 

available. For other networks, the network operator is listed. 

 
 


