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ABSTRACT

We present new tomographic models of the Nazca slab under South 
America from 6°S to 32°S, and from 95 km to lower mantle (895 km) depths. 
By combining data from 14 separate networks in the central Andes, we use 
finite-frequency teleseismic P-wave tomography to image the Nazca slab from 
the upper mantle into the mantle transition zone (MTZ) and the uppermost 
lower mantle on a regional scale. Our tomography shows that there is signif-
icant along-strike variation in the morphology of the Nazca slab in the MTZ 
and the lower mantle. Thickening of the slab in the MTZ is observed north 
of the Bolivian orocline, possibly related to buckling or folding of the slab in 
response to the penetration of a near-vertical slab into the higher-viscosity 
lower mantle, which decreases the sinking velocity of the slab. South of the 
orocline, the slab continues into the lower mantle with only minor deforma-
tion in the MTZ. In the lower mantle, a similar difference in morphology is ob-
served. North of 16°S, the slab anomaly in the lower mantle is more coherent 
and penetrates more steeply into the lower mantle. To the south, the slab dip 
appears to be decreasing just below the 660 km discontinuity. This change in 
slab morphology in the MTZ and lower mantle appears to correspond to the 
change in the dip of the slab as it enters the MTZ, from steeply dipping in 
the north to more moderately dipping in the south.

INTRODUCTION

The Nazca–South America subduction zone is a long-lived plate boundary 
system that shows significant along-strike variations in subduction angle. Sub-
duction of the Nazca plate under the central Andes of South America occurs at 
an angle of ~30° down to depths of ~300 km along much of the margin. There 
are two regions of flat or shallow subduction, one occurring under Peru, north 
of 14°S, and another located under central Chile and Argentina, at ~30°S (Cahill 

and Isacks, 1992; Hayes et al., 2012). North of 14°S, the Nazca slab subducts at 
a shallow angle for several hundred kilometers inland (Cahill and Isacks, 1992; 
Hayes et al., 2012; Bishop et al., 2013) before resuming subduction at a very 
steep angle (~70°) down to the bottom of the mantle transition zone (MTZ) 
(Scire et al., 2016). We combined data from 14 separate networks deployed in 
the central Andes at various times from 1994 to 2013 to image the subducting 
Nazca slab down to 895 km depth between 6°S and 32°S using finite-frequency 
teleseismic P-wave tomography (Fig. 1). Previous studies by the authors (Scire 
et al., 2015, 2016) used subsets of this data set to examine variations in upper 
mantle structure down to 660 km depth. By combining these data sets, we are 
able to increase the depth to which we can resolve velocity anomalies in the 
mantle due to the increased aperture of the array at the surface. In this paper 
we will focus on the geometry of the Nazca slab in the MTZ and lower mantle, 
providing new insights into how the subducting Nazca slab interacts with the 
high-viscosity lower mantle. The tomographic images presented here offer 
new constraints on the morphology of the subducted Nazca slab on a regional 
scale previously unmatched by most tomography studies. The along-strike 
variations in the Nazca–South America subduction zone and the regional scale 
of our tomographic images allow us to look at the relationship between slab 
angle and slab deformation in the MTZ and lower mantle in a single system. 
Our work offers new insights into slab-MTZ interactions and how along-strike 
variations in subduction zones influence the deformation that subducted slabs 
undergo in the MTZ and lower mantle.

TOMOGRAPHIC IMAGES OF THE DEEPLY 
SUBDUCTED NAZCA SLAB

Variations in the width of the Nazca slab in the MTZ have been observed 
using teleseismic tomography, indicating that some deformation of the Nazca 
slab is occurring in the MTZ, possibly related to resistance to continued sub-
duction through the 660 km discontinuity into the lower mantle (Scire et al., 
2015, 2016). Increases in slab thickness in the MTZ have also been observed 
in global tomography studies and have been interpreted as evidence for 

GEOSPHERE

GEOSPHERE; v. 13, no. 3

doi:10.1130/GES01436.1

10 figures; 1 supplemental file

CORRESPONDENCE:  ascire@​passcal​.nmt​.edu; 
alissa​.scire@​gmail​.com

CITATION:  Scire, A., Zandt, G., Beck, S., Long, M., 
and Wagner, L., 2017, The deforming Nazca slab in 
the mantle transition zone and lower mantle: Con-
straints from teleseismic tomography on the deeply 
subducted slab between 6°S and 32°S: Geosphere, 
v. 13, no. 3, p. 665–680, doi:10.1130/GES01436.1.

Received 29 September 2016
Revision received 31 January 2017
Accepted 30 March 2017
Published online 10 May 2017

For permission to copy, contact Copyright 
Permissions, GSA, or editing@geosociety.org. 

© 2017 Geological Society of America

*Current address: IRIS PASSCAL Instrument Center, New Mexico Institute of Mining and Tech-
nology, 801 Leroy Place, Socorro, New Mexico 87801, USA

THEMED ISSUE:  Subduction Top to Bottom 2

http://geosphere.gsapubs.org
http://geosphere.gsapubs.org
mailto:ascire%40passcal.nmt.edu?subject=
mailto:alissa.scire%40gmail.com?subject=
http://www.geosociety.org/pubs/copyrt.htm
mailto:editing%40geosociety.org?subject=
http://www.geosociety.org
http://geosphere.gsapubs.org/site/misc/geos_themes.xhtml


Research Paper

666Scire et al.  |  Deformation of the deeply subducted Nazca slabGEOSPHERE  |  Volume 13  |  Number 3

80°W

80°W

78°W

78°W

76°W

76°W

74°W

74°W

72°W

72°W

70°W

70°W

68°W

68W°

66°W

66°W

64°W

64°W

62°W

62°W

60°W

60°W

58°W

58°W

32°S 32°S

30°S 30°S

28°S 28°S

26°S 26°S

24°S 24°S

22°S 22°S

20°S 20°S

18°S 18°S

16°S 16°S

14°S 14°S

12°S 12°S

10°S 10°S

8°S 8°S

6°S 6°S

500
450400

350300250

200
150

150

100

100

50

50

Permanent stations

PISCO 94

Temporary GEOFON Network

Bolivian Experiment

ReFuCA

PUNA97

Plate Boundary Observatory

Tocopilla Project

ANCORP 96
BANJO/SEDA

Broadband Short periodHolocene volcanoes

PUDEL
PUNA

PeruSE
PULSE
CAUGHT

–8000

–6000

–4500

–3000

–1500
0

1000
2000
3000
4000
5000

E
le

va
tio

n 
(m

et
er

s)

NAZCA R
ID

GE

BRAZIL

BOLIVIA

PERU

ARGENTINACHILE

B

B′

D1

D

E

F
E′

F′

A

A′

C

C′

G′G

D2

D3

550

Plate motion
8.8 cm/yr

E
ar

th
qu

ak
e 

D
ep

th
 (k

m
)

375

425

475

525

575

625

675

Figure 1. Map showing seismic station 
locations (squares—broadband; inverted 
triangles—short period) for individual net-
works used in the study and topography of 
the central Andes. Slab contours (gray) are 
from the Slab1.0 global subduction zone 
model (Hayes et  al., 2012). Earthquake 
data (circles) for deep earthquakes (depth 
>375  km) are from 1973 to 2012 (magni-
tude >4.0) and were obtained from the U.S. 
Geological Survey National Earthquake 
Information Center (NEIC) catalog (https://​
earthquake​.usgs​.gov​/earthquakes/). Red 
triangles mark the location of Holocene 
volcanoes (Global Volcanism Program, 
2013). Plate motion vector is from Somoza 
and Ghidella (2012). Cross section lines 
(yellow) are shown for cross sections in 
Figures 5 and 8.
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temporary stagnation of some subducting slabs in the MTZ, resulting in thick-
ening and deformation of the slab in the MTZ before subduction continues into 
the lower mantle (e.g., Bijwaard et al., 1998; Li et al., 2008). The results from 
these studies are consistent with receiver-function studies (Liu et  al., 2003) 
and modeling studies (Quinteros and Sobolev, 2013) that indicate a correlation 
between an abnormally thick MTZ and resistance to subduction of the Nazca 
plate into the lower mantle.

The imaged morphology of subducting slabs in the MTZ varies globally, 
with some slabs penetrating into the lower mantle with only minor broadening 
in the MTZ while other slabs flatten out and stagnate in the MTZ over broad re-
gions (e.g., Bijwaard et al., 1998; Li et al., 2008; Fukao et al., 2009). In the Nazca–
South America subduction zone, global tomographic studies have observed 
a diffuse fast anomaly in the lower mantle that corresponds to the presumed 
location of the subducting Nazca slab, indicating that while deformation of 
the Nazca slab may occur in the MTZ, the slab continues to subduct into the 
lower mantle and does not experience long-term stagnation in the MTZ (e.g., 
Bijwaard et al., 1998; Li et al., 2008; Zhao, 2004; Fukao et al., 2001, 2009; Zhao 
et al., 2013). Similarly, Engdahl et al. (1995) observed an amorphous fast anom-
aly in the lower mantle associated with the subducting Nazca slab using tele-
seismic and regional P phases to image the Nazca–South America subduction 
zone between 5°S and 25°S down to ~1400 km depth. Using teleseismic travel 
time tomography, Rocha et al. (2011) imaged the Brazilian mantle on the east-
ern side of South America between 38°W and 58°W. At the very westernmost 
edge of their study area (57°–58°W), they imaged a fast anomaly from 700 km 
to 1300 km depth which they interpreted as being the Nazca slab in the lower 
mantle, although its geometry it difficult to resolve due to vertical smearing 

on the edge of their model space. South of 30°S, Pesicek et al. (2012) used 
a nested global-regional tomography model to image the Nazca subduction 
zone down to 1500 km depth. They imaged a detached segment of Nazca slab 
below ~200 km depth to the south of 38°S, which they interpreted as being a 
result of a tear corresponding to the location of the Mocha fracture zone. North 
of the hypothesized tear, Pesicek et al. (2012) imaged the Nazca slab in the tran-
sition zone, but the slab passes out of the eastern edge of their model space 
before reaching the lower mantle.

DATA AND METHODS

Travel Time Picks and Finite-Frequency Teleseismic Tomography

The data set used in this study consists of 384 short-period and broadband 
seismometers deployed in the central Andes as part of 14 separate networks 
between 1994 and 2013 (Fig. 1). The networks include 13 temporary deploy-
ments with varying numbers of stations. The data set also includes data from 
permanent stations of the Plate Boundary Observatory network that were de-
ployed before 2013. Two permanent stations from the Global Seismograph 
Network (stations LVC and NNA) and one permanent station from the Global 
Telemetered Seismograph Network (station LPAZ) are also included. Arrival 
times were picked for direct P phases for 402 earthquakes with magnitudes >5.0 
between 30° and 90° away from the study region (Fig. 2A). Additional arrivals 
were picked for PKIKP phases for 144 earthquakes with a similar magnitude limit 
between 155° and 180° away from the study region. As in previous studies by 
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Figure 2. (A) Global map centered on our 
study region (black square) showing the 
location of events used in this study. Dark 
gray circles mark events used for direct 
P arrivals while open circles mark events 
used for PKIKP arrivals. (B) Plot showing 
the azimuthal distribution for all rays used 
in the study. Ray distribution is strongly 
controlled by the location of plate bound-
aries where the earthquakes are gener-
ated. Each circle (labeled 1000–5000) rep-
resents 1000 rays.
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the authors (Scire et al., 2015, 2016), arrivals were picked using the multi-chan-
nel cross correlation technique described by VanDecar and Crosson (1990) and 
modified by Pavlis and Vernon (2010). A total of 27,435 direct P arrivals were 
picked for the broadband stations in three frequency bands (0.04–0.16 Hz, 0.1–
0.4 Hz, and 0.2–0.8 Hz) and for the short-period stations in one frequency band 
(0.5–1.5 Hz) due to the limited frequency content of data from the short-period 
stations. An additional 10,055 PKIKP arrivals were picked in the same three fre-
quency bands for the broadband stations. Distribution of the picks in the three 
frequency bands is dominated by the 0.2–0.8 Hz band, with 44% of all picks 
in the 0.2–0.8 Hz band, 24% in the 0.1–0.4 Hz band, and 21% in the 0.04–0.16 
Hz band. The 0.5–1.5 Hz frequency band contains the fewest picks, 11% of the 
total number of picks, due to the limited duration of the deployments of most 
of the short-period stations and the lack of PKIKP picks for these stations. The 
azimuthal distribution of incoming rays is uneven, with the majority of events 
occurring in either the Middle America subduction zone to the northwest or the 
South Sandwich subduction zone to the southeast (Fig. 2B).

Travel time residuals were calculated relative to the IASP91 reference 
model (Kennett and Engdahl, 1991) and then demeaned for each event to cal-
culate the relative travel time residuals. Travel times were corrected for crustal 
variations using Moho depth estimates from receiver functions from Bishop 
et al. (2013) and Ryan et al. (2016) and crustal thickness estimates from Tassara 
and Echaurren (2012) in order to account for crustal heterogeneity (Schmandt 
and Humphreys, 2010). Crustal corrections were made using a homogenous 
layered velocity model corresponding to the average velocity of the central 
Andean crust (Zandt et al., 1996; Swenson et al., 2000; Dorbath and Masson, 
2000). Crustal corrections for stations in the forearc were calculated using a 
faster velocity model based on local tomography studies (Graeber and Asch, 
1999; Koulakov et al., 2006; Schurr et al., 2006) and ambient noise tomography 
that covers our study region (Ward et al., 2013).

This study uses a finite-frequency teleseismic tomography algorithm dis-
cussed in detail by Schmandt and Humphreys (2010) and used in previous 
studies by the authors (Scire et al., 2015, 2016). The finite-frequency approxi-
mation defines the sampled area around the geometrical ray path by the first 
Fresnel zone, whose width is dependent on both the frequency and the dis-
tance along the ray path (Hung et al., 2000; Dahlen et al., 2000). The sampling 
in each model layer is determined by the width of the Fresnel zone, which 
increases with distance from the source or receiver, and the differential sensi-
tivity within the Fresnel zone, resulting in theoretical “banana-doughnut” sen-
sitivity kernels (Dahlen et al., 2000).

The model space is parameterized into a series of nodes in a nonuniform 
grid that dilates with increasing depth and distance from the center of the 
model. In the shallowest layers of the model, nodes are spaced 35 km apart in 
the center of the model where sampling is densest, increasing to 56 km apart 
at the edges of the model. Vertical node spacing increases with depth, from 
35 km at 60–95 km to 60 km at >715 km depth. The horizontal node spacing in 
the shallowest layers varies from 35 km to 56 km and also increases with depth 
such that the horizontal node spacing varies from 52 km to 83 km at a depth of 

940 km. The uppermost model layer (60 km) and the lowermost model layer 
(940 km) are removed from any interpretation because these layers absorb 
effects from anomalies outside of the model space that are not accounted for 
in the crustal corrections or the global mantle velocity model respectively. In 
addition, station and event terms are incorporated in order to compensate for 
perturbations outside of the model space. Because a homogenous, layered 
velocity model is used to calculate the crustal corrections, the station terms 
absorb local perturbations in the velocity structure as well as any errors in the 
a priori crustal thickness. The event terms account for variations in the mean 
velocity structure under the subset of stations that record a specific event.

The LSQR algorithm of Paige and Saunders (1982) is used to invert the fre-
quency-dependent relative travel time residuals to calculate velocity perturba-
tions within the modeled volume by obtaining the minimum length model that 
satisfactorily explains the observed data. The inverse problem is regularized 
using norm and gradient damping as well as model smoothing to account for 
uncertainties in the location of the ray paths, details of which are discussed 
in Schmandt and Humphreys (2010). A tradeoff analysis was performed be-
tween the variance reduction and the Euclidean model norm to choose the 
overall damping and smoothing weights (Supplemental Material, Fig. S11). The 
chosen damping (D5) and smoothing (S4) parameters result in a variance re-
duction of 82.3%.

Sampling in the Mantle Transition Zone

The sampling of the model space is determined by calculating normalized 
hit quality maps in which each node is assigned a hit quality value between 
0 and 1 which is a function of both the number of rays sampling that node 
as well as the azimuthal distribution of those rays (Fig. 3; Biryol et al., 2011; 
Schmandt and Humphreys, 2010). This calculation relies on the idea that better 
sampling of a node is achieved with the intersection of rays from multiple 
azimuths. A node that has been sampled by multiple rays from all four of the 
geographical quadrants is assigned a hit quality of 1 while a node that is not 
sampled at all has a hit quality of 0. Comparisons of the hit quality maps for 
the combined data set used in the current study with the maps for the subsets 
of data used previously by the authors (Scire et al., 2015, 2016) show that com-
bining the two smaller data sets has resulted in a substantial increase in hit 
quality, particularly at MTZ depths (Fig. 3). This indicates that our combined 
data should be better able to resolve velocity anomalies in the MTZ as well as 
in the lower mantle due to the increased sampling at these depths.

Resolution and Slab Recovery

Synthetic resolution tests were performed to determine the ability of our 
model to resolve structures in the MTZ and lower mantle. A synthetic “checker
board” input was created with alternating fast and slow velocity anomalies with 

1Supplemental Material. Figures S1–S5, including 
additional resolution tests. Please visit http://​doi​.org​
/10​.1130​/GES01436​.S1 or the full-text article on www​
.gsapubs​.org to view the Supplemental Material.
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http://doi.org/10.1130/GES01436.S1
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amplitudes of +5% and –5% respectively defined in eight-node cubes (Fig. 4). 
The size and location of the synthetic input anomalies change with depth due 
to the dilation of the node spacing with depth and distance from the center of 
the model. In order to assess the extent of any vertical or lateral smearing, two 
zero-anomaly nodes separate the positive and negative synthetic “checkers”. 
The output from the checkerboard tests shows that lateral resolution is good in 
the center of the model space, with increased lateral smearing and decreased 
amplitude recovery observed toward the edges of the model space (Fig. 4). On 
the eastern edge of the model space in the deepest layers where we expect 
the Nazca slab to be located in the MTZ and lower mantle, amplitude recovery 
is decreased and lateral smearing is increased from the center of the model 
space, but ~30% of the input anomaly is still being recovered. Lateral smear-
ing at the eastern edge of the model space in the lower mantle depth slices 

is dominantly to the southeast due to large number of rays coming from the 
South Sandwich subduction zone (Fig. 2B). Neutral layers (505 km and 660 km) 
show evidence of vertical smearing with low-amplitude anomalies being erro-
neously resolved into neutral background layers.

Additional synthetic tests were performed to assess the ability of our inver-
sion to resolve the subducting Nazca slab in the MTZ and lower mantle. The 
Slab1.0 global subduction zone model (Hayes et al., 2012) was used to create a 
synthetic slab anomaly that is ~70–100 km thick with amplitudes of +5% to input 
into the model in order to test the ability of the inversion to resolve the Nazca 
slab (Fig. 5). Because the Slab1.0 model ends between 600 km and 660 km 
depth due to limited information about the structure of the Nazca slab in the 
lower mantle, the synthetic Nazca slab anomaly was taken from the 660 km 
depth slice and projected into the lower mantle depth slices (715–940  km).  

Scire et al., 2015 Scire et al., 2016
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Figure 3. Normalized hit quality plots for 
the P-wave tomography model at 410 km 
and 660 km depths. Hit quality for a node 
is based on the number and azimuthal 
distribution of rays that sample that node. 
Good hit quality is indicated by red shad-
ing while poor hit quality is indicated by 
blue shading. Comparisons with hit qual-
ity maps from Scire et  al. (2015) (center) 
and Scire et al. (2016) (right) indicate that 
sampling in the mantle transition zone is 
substantially improved by combining the 
two data sets, especially in the southern 
portion of our study area. Hit quality maps 
for additional depth slices for this study 
are in the Supplemental Material, Figure 
S2 (see footnote 1).
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alies. Stars mark locations of seismic sta-
tions used in this study. Input for neutral 
layers (0% velocity deviation) is not shown. 
Output for neutral layers (505  km and 
660 km depth) is shown in the left column. 
Resolution of velocity anomalies in neutral 
layers shown here indicates that some ver-
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the edge of the model, particularly in the 
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Figure 5. (A) Horizontal depth slices for synthetic slab recovery tests. The geometry of our input slab model is based on the Slab1.0 contours (Hayes et al., 
2012). Velocity anomalies are shown in blue for fast anomalies, red for slow anomalies. Stars mark locations of seismic stations used in this study. Synthetic 
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The recovered slab anomaly from 300 km to 900 km depth is continuous with 
amplitudes of ~60% of the input amplitude. A slight decrease in amplitude 
recovery is noted with increasing depth, but the continuity of the recovered 
slab anomaly remains at all depths. Limited broadening of the recovered 
slab anomaly is observed, indicating that variations in the width of the slab 
anomaly in our results probably represent real variations in the thickness of 
the Nazca slab. As in the checkerboard tests (Fig. 4), some smearing of the 
slab anomaly is observed at the eastern edge of the model space in the lower 
mantle depth slices (e.g., 895 km) although the amplitude of the smeared slab 
anomaly decreases rapidly with increasing distance from the synthetic slab 
anomaly (Fig. 5).

RESULTS AND DISCUSSION

We present our results in horizontal depth slices (Figs. 6 and 7) and verti-
cal cross sections (Fig. 8). Because detailed discussions of the shallow mantle 
have previously been published for subsets of this data set (Scire et al., 2015, 
2016), we focus our discussion on the morphology and deformation of the 
Nazca slab in the mantle transition zone (MTZ) and the lower mantle.

Imaging the Nazca Slab and Surrounding Mantle

The Nazca slab is observed as a trench-parallel fast anomaly (~1%–4%) in 
the MTZ that generally follows the Slab1.0 contours (Hayes et al., 2012; Fig. 6). 
The subducting slab in this region is mostly aseismic in the depth interval of 
300–500 km, so these are the first detailed images of the slab in this depth 
range. South of ~26°S there is a parallel slab-like anomaly beneath the Chile-
Argentina border. Although this feature is within the “well-resolved” area of 
our study, it lies mostly south of the southern edge of our array and will be 
better resolved in a separate ongoing study incorporating stations located fur-
ther south. We refrain from interpreting this feature until the study with bet-
ter resolution of this feature is complete. The fast slab anomaly continues into 
the lower mantle as a fairly continuous anomaly at 715 km and 775 km depth 
(Fig. 7). Resolution of the Nazca slab is complicated by increased lateral smear-
ing along the eastern edge of the model space as noted above and shown in 
Figures 4 and 5. The fast Nazca slab is still observable in the lower mantle, but 
lateral smearing to the southeast must be taken into account when interpreting 
the geometry of the slab at 835 km and 895 km depth.

Our observations of the Nazca slab in the lower mantle (Figs. 7 and 8) are 
consistent with global tomographic studies, many of which have imaged a dif-
fuse fast anomaly in the lower mantle associated with the subducting Nazca 
slab (e.g., Bijwaard et al., 1998; Li et al., 2008; Zhao, 2004; Fukao et al., 2001, 
2009; Zhao et al., 2013). However, we are able to offer higher-resolution images 
of the slab and along-strike variations in the slab geometry in the lower mantle. 
We find that the slab anomaly generally broadens in the lower mantle. While 
the slab anomaly is fairly continuous at 715 km and 775 km depth, segmenta-

tion of the slab anomaly is observed below 800 km depth (Fig. 7). This segmen-
tation occurs primarily south of the bend in the slab anomaly associated with 
the Bolivian orocline. While some of the eastward smearing of the slab anom-
aly in the southern part of our study region is likely due to the ray path distribu-
tion as discussed previously, the along-strike segmentation of the slab does not 
appear to be an effect of the decreasing resolution with depth because similar 
segmentation is not observed in the synthetic slab recovery tests (Fig. 5). These 
recovery tests also showed that we have the resolution to distinguish between 
a slab that terminates at the base of the MTZ and one that continues into the 
lower mantle. North of the orocline, the slab anomaly is more coherent and 
exhibits higher amplitudes than in the southern part of the study region. In 
addition, the slab penetrates nearly vertically into the lower mantle north of the 
orocline, compared to a low angle of penetration south of the orocline (Fig. 8).

A large high-amplitude slow anomaly (–3% to –4%) is observed in the MTZ 
to the east of (above) the slab anomaly north of 18°S (anomaly A, Fig. 6). This 
anomaly appears to continue vertically into the upper mantle where we have 
good resolution east of the slab (anomaly A, Fig. 8, cross sections D1 and D2). 
North of the orocline, multiple smaller but vertically elongated low-velocity 
bodies are located west of (below) the slab in the upper mantle and were dis-
cussed in more detail in Scire et  al. (2016). South of the orocline the most 
prominent low-velocity anomalies in the MTZ also occur west of (below) the 
slab. In particular, sub-slab low-velocity anomalies are observed immediately 
adjacent to the slab between ~20°S and 26°S (Figs. 6 and 8). Previous work by 
the authors (Scire et al., 2015) also imaged these sub-slab anomalies and inter-
preted them as either local thermal anomalies or regions of hydrated material 
in the MTZ. We note that the slab recovery tests (Fig. 5) show a small-amplitude 
low-velocity “halo” artifact around the high-velocity slab, but the amplitude of 
this artifact is several times smaller than that of the slab anomaly whereas 
the low-velocity features described above are about the same amplitude but 
opposite sign as the slab anomaly.

The Deforming Nazca Slab in the Mantle Transition Zone

In order to better illustrate the changing morphology of the subducted 
Nazca plate within the MTZ, we isolated just the high-velocity anomaly asso-
ciated with the slab (Fig. 9). We also plot the slab width relative to the average 
width at 410 km at depths of 550 km and 660 km along strike from north to south 
in Figure 10. The slab width was measured by plotting the +1% velocity anom-
aly contour on the 410 km, 555 km, and 660 km depth slices. Measurements 
of the width of the slab anomaly defined by this contour were then taken per-
pendicular to the strike of the slab at every ~200 km starting at 8°S and moving 
south along strike. We took the average of the slab width at 410 km depth and 
divided the measurements at 555 km and 660 km depth by this average to plot 
the slab width in the MTZ relative to the slab in the upper mantle. Along-strike 
changes in slab width are observed, particularly to the north of 16°S where the 
slab anomaly is as much ~2× broader with a steeper dip than to the south (Fig. 
10). As we observed in our earlier study (Scire et al., 2016), the slab anomaly 
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Figure 6. Horizontal depth slices for the mantle transition zone (410 km, 455 km, 505 km, 555 km, 605 km, and 665 km depth) from 
the tomography model. Velocity anomalies are shown in blue for fast anomalies, red for slow anomalies. The short-dashed line rep-
resents the edge of the well-resolved region of the model, defined as the region with hit quality >0.2 (Biryol et al., 2011). Stars mark 
location of seismic stations used in the study. Red triangles mark location of Holocene volcanoes (Global Volcanism Program, 2013). 
Yellow dots are earthquake locations from the EHB catalog (Engdahl et al., 1998). Solid black lines are slab contours from the Slab1.0 
model (Hayes et al., 2012). Focal mechanisms are from the Global Centroid Moment Tensor database (Dziewonski et al., 1981; 
Ekström et al., 2012). Depth slices for upper mantle depths (95–365 km) are in the Supplemental Material, Figure S5 (see footnote 1).
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becomes much wider with depth in the northern part of the study region. Near 
14°S the slab anomaly width at 410 km is ~200 km, and at 605 km the anomaly 
is ~400 km wide. Slab recovery tests for this region (Fig. 5) show that we can 
recover ~100-km-wide slab anomalies at these depths. The slab anomaly bends 
in the MTZ between 15°S and 17°S, paralleling the change of the strike of the 
trench at the surface associated with the Bolivian orocline. Between ~19°S and 
26°S, the slab anomaly morphology changes from a relatively thin and seg-
mented appearance in the upper 50 km of the MTZ to a more continuous and 
thicker appearance at deeper depths. South of 26°S, the slab anomaly appears 
relatively similar at different depths (Fig. 9). The strongly segmented appear-
ance of the slab at 660 km depth may be due to diminishing resolution at this 
depth, but we note that our slab recovery test (Fig. 5) does not show this effect.

The thickening of the Nazca slab in the MTZ that we observe in the north-
ern part of our study region (Fig. 6) is similar to observations made in global 
tomography studies which interpreted the observed widening of the slab in 
the MTZ as a result of temporary stagnation as the slab resists subduction 
into the lower mantle (e.g., Bijwaard et al., 1998; Li et al., 2008; Zhao, 2004; 
Fukao et al., 2001, 2009; Zhao et al., 2013). Because we do not see any evidence 
for continued stagnation to the east, we conclude that the stagnation is only 
temporary, unlike for the Pacific slab under East Asia which remains stagnant 
in the MTZ forming a laterally extensive body for several hundred kilometers 
(e.g., Zhao, 2004; Fukao et  al., 2001, 2009; Li et  al., 2008; Zhao et  al., 2013; 
Fukao and Obayashi, 2013). Several studies have suggested that folding or 
buckling of the slab occurs in the MTZ to accommodate a decreasing sinking 
velocity of the slab in the lower mantle due to the viscosity increase across the 
660 km discontinuity (e.g., Ribe et al., 2007; Běhounková and Čížková, 2008; 
Lee and King, 2011; Garel et al., 2014). This mechanism is consistent with the 
observed thickening of the slab anomaly in the MTZ toward the northern end 
of our study region (Figs. 6 and 8). Little to no thickening of the slab anomaly is 
observed in the MTZ to the south of 16°S despite similar resolution across this 
region, indicating that deformation of the slab in the MTZ varies along strike 
(Figs. 9 and 10). This type of variation in the subducted slab deformation could 
be due to the interplay of the slab temperature, slab strength, viscosity of the 
slab, and the viscosity increase at the 660 km discontinuity (Stegman et al., 
2010; Garel et al., 2014).

It seems unlikely that the viscosity contrast at the 660  km discontinuity 
changes over the relatively short distance between the differing slab morphol-
ogies that we observe. The morphology of the slab anomaly in the north falls 
into the vertical folding category of Garel et al. (2014) or folding mode of Steg-
man et al. (2010). Folded slab formation is enhanced by weak slabs (based on 
the ratio of the viscosity of the slab to the viscosity of the upper mantle) with 
little trench retreat, based on modeling by Stegman et al. (2010). Hence, one 
possibility is that the slab to the north is weaker than the slab south of 16°S. 
The age of the subducting slab is not very different between these two regions 
(Müller et  al., 2008), but near the Nazca Ridge subduction in the north, the 
tomography shows a strong low-velocity anomaly beneath the Nazca Ridge 
(Figs. 8A and 8B) that may have added heat to the base of the slab resulting in 
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Figure 7. Horizontal depth slices for the lower mantle (715 km, 775 km, 835 km, and 895 km depth) from the tomography model. 
Velocity anomalies are shown in blue for fast anomalies, red for slow anomalies. Dashed lines are the same as in Figure 6. Stars 
mark location of seismic stations used in the study. Red triangles mark location of Holocene volcanoes (Global Volcanism Program, 
2013). Solid black lines are slab contours from the Slab1.0 model at depth 650 km (Hayes et al., 2012).
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Figure 8. Trench-perpendicular cross sections through the tomography model. Velocity anomalies are shown in blue for fast anomalies, red for slow anomalies. Cross section 
locations are as shown in Figure 1. Dashed lines are the same as in Figure 6. Yellow dots are earthquake locations from the EHB catalog (Engdahl et al., 1998). Solid black line 
marks the top of the Nazca slab from the Slab1.0 model (Hayes et al., 2012).

http://geosphere.gsapubs.org


Research Paper

676Scire et al.  |  Deformation of the deeply subducted Nazca slabGEOSPHERE  |  Volume 13  |  Number 3

a warmer and weaker slab. Another possibility is that in the northern segment 
the trench is not retreating as the slab sinks into the mantle, but rather the 
horizontal part of the slab is nearly overriding the deep portion of the slab that 
is anchored in the transition zone, producing the near-vertical dip of the slab to 
the north of the Bolivian orocline. The near-vertical penetration of the slab into 
a more viscous lower mantle is a geometry more conducive to slab thickening 
than a more gradual angle of slab penetration in the lower mantle according 
to Garel et al. (2014). The subducted slab further south has a more continuous 
dip that is consistent with trench retreat. Further modeling is needed to under-
stand the along-strike changes in the Nazca slab subduction.

Focal mechanisms for events in the MTZ (Ekström et  al., 2012) indicate 
that the Nazca slab is generally in a state of downdip compression at depths 
between 410 and 660 km (Figs. 6 and 9), consistent with a viscosity increase 
across the 660  km discontinuity that results in increased resistance to sub-
duction into the lower mantle (e.g., Isacks and Molnar, 1971; Vassiliou, 1984). 
While the causes of deep seismicity are uncertain, several models have been 
proposed to explain the occurrence of seismicity in the MTZ, including trans-
formational faulting associated with phase changes of olivine in cold subduct-
ing slabs in the MTZ (e.g., Wiens et al., 1993; Kirby et al., 1996; Guest et al., 
2003, 2004) and thermal shear instabilities (e.g., Ogawa, 1987; Kanamori et al., 
1998; Karato et al., 2001). The fault planes of the focal mechanisms change ori-
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Figure 9. Horizontal depth slices for the 
mantle transition zone (MTZ) with the slab 
anomaly isolated. Depth slices were made 
by isolating and simplifying the slab anom-
aly to highly along-strike changes in slab 
morphology in the MTZ. Darker and lighter 
blue areas correspond to areas of the slab 
anomaly with higher- and lower-ampli-
tude fast velocity anomalies respectively. 
Dashed lines are the same as in Figure 6. 
Solid black lines are slab contours from the 
Slab1.0 model (Hayes et  al., 2012). Yellow 
dots are earthquake locations from the EHB 
catalog (Engdahl et al., 1998). Focal mech-
anisms are from the Global Centroid Mo-
ment Tensor database (Dziewonski et  al., 
1981; Ekström et al., 2012).
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entation along strike, following the strike of the imaged slab as it bends in the 
MTZ. Seismicity in the transition zone in our study region is mostly clustered 
into two distinct regions, with a cluster of events occurring north of 12°S where 
the hypocenters are concentrated within the area of broadening of the slab 
anomaly in the MTZ, and a second cluster occurring south of 26°S where the 
hypocenters are aligned near the top edge of the narrower slab anomaly. Work 
by Myhill (2013) indicates that such bands of denser deep seismicity could be 
associated with the localization of strain in the hinge zones of folds in the slab 
in the MTZ. If, as previously discussed, this zone of thickening of the slab in 
the MTZ is related to buckling or folding of the slab in response to increased 
viscosity across the upper-lower mantle boundary, then the distribution of the 
associated deep seismicity could similarly be affected by the deformation of 
the slab in the MTZ. The cluster of seismicity associated with the broader slab 
anomaly in the north could be explained by the slab thickening and folding. 
However, the seismicity south of 26°S does not correspond to a similar thick-
ening of the slab anomaly, and its cause is uncertain.

An isolated region of very deep seismicity (>625 km depth) in the MTZ cor-
responds to the location of the 9 June 1994 Mw 8.3 deep Bolivia earthquake 
which occurred at ~640 km depth at ~14°S (International Seismological Centre, 
2013; Fig. 6). This event was the largest deep-focus earthquake recorded until 
the more recent 2013 Mw 8.3 Sea of Okhotsk earthquake. Slip occurred along 
a subhorizontal plane (e.g., Kikuchi and Kanamori, 1994; Beck et al., 1995) per-
pendicular to the observed strike of the slab anomaly in our tomograms. Prior 
to the deep Bolivia earthquake, few deep-focus earthquakes were observed 
in this region. The focal mechanism of the 1994 Bolivia earthquake deviates 
from the more consistent pattern of downdip compression observed in the 
clusters of deep seismicity to the north and south (Fig. 6). Detailed analyses of 
the fault rupture pattern of this earthquake have indicated that the 1994 Bolivia 
earthquake was probably caused by a combination of factors (e.g., Ihmlé, 1998; 
Zhan et al., 2014). Zhan et al. (2014) concluded that the initial rupture occurred 
in the cold core of the slab due to transformational faulting as metastable 
olivine underwent a phase change (e.g., Kirby et al., 1996). A large sub-event 
during the first phase of rupture triggered shear melting, allowing the rupture 
to continue to propagate away from the core of the slab into the warmer slab 
material (Ogawa, 1987). The alignment of the east-west nodal plane with the 
strike of the slab anomaly in our results (Fig. 6) agrees with the idea that most 
of the slip was perpendicular to the strike of the slab as the rupture propagated 
away from the cold core of the slab into the warmer slab material, where the 
melting point is more easily reached and slip increased due to positive feed-
backs during shear melting.

The Nazca Slab in the Lower Mantle

Our models demonstrate that the Nazca slab shows along-strike variations 
in morphology in the lower mantle (Figs. 7 and 8). The high-amplitude, con-
tinuous slab anomaly north of 16°S corresponds to the steeply dipping (~70°) 
segment of the Nazca slab inboard of the Peruvian flat slab as well as the 

thickened slab in the MTZ (Scire et al., 2016). This corresponds to the region 
where Engdahl et al. (1995) observed ponding of high-velocity material imme-
diately below the MTZ. Where the dip of the Nazca slab is more gradual when 
entering the MTZ (Fig. 8), less widening of the slab anomaly is observed. The 
slab anomaly, particularly where we observe less widening of it, also appears 
to begin flattening to the east after it enters the lower mantle (Fig. 8), although 
this could be influenced by lateral smearing at the edges of our model. Be-
cause several other global and regional tomography studies (e.g., Bijwaard 
et al., 1998; Fukao et al., 2001; Zhao, 2004; Li et al., 2008, Engdahl et al., 1995) 
imaged the diffuse fast anomaly in the lower mantle associated with the Nazca 
slab broadening to the east, however, it is possible that this apparent flatten-
ing is not solely a result of lateral smearing. Běhounková and Čížková (2008) 
concluded that buckling or folding of the slab related to the viscosity increase 
between the upper and lower mantle would explain the imaging of the slab 
as diffuse fast anomalies in the lower mantle rather than the narrower slab 
anomalies which are observed in the upper mantle. Rocha et al. (2011) imaged 
a fast anomaly that they interpreted as the subducting slab at 900 km depth at 
the edge of their study region under Brazil at 57°–58°W, which also indicates 
that at least some of the eastward flattening that we observe is genuine. The 
along-strike segmentation of the slab in the lower mantle south of the Bolivian 
orocline also appears to correspond to the more gradual dip angle of the slab 
as it enters the MTZ. In the north where the incoming dip angle is high and we 
observed extensive deformation in the MTZ, the slab anomaly remains coher-
ent into the lower mantle, unlike further south. This potentially indicates that 
the slab dip angle and subsequent deformation in the MTZ are influencing the 
strength and cohesion of the slab in the lower mantle.

A Hydrated Mantle Transition Zone

Hydration of the mantle transition zone by the transportation of hydrous 
phases to depth by subducting slabs has been suggested by a number of 
studies (e.g., Bercovici and Karato, 2003; Smyth and Jacobsen, 2006; Ohtani 
et al., 2004; Magni et al., 2014). Direct evidence for hydration of MTZ minerals 
has been observed recently in a sample of hydrated ringwoodite discovered 
as an inclusion in a diamond (Pearson et al., 2014). Outer rise normal faulting 
is thought to allow for hydration of the oceanic mantle lithosphere (e.g., Pea-
cock, 2001; Garth and Rietbrock, 2014), although the degree of mantle litho-
spheric hydration is uncertain. The high-amplitude low-velocity anomaly ob-
served in our tomograms in the MTZ to the north of 18°S (anomaly A, Fig. 6) 
could be associated with dehydration of the oceanic mantle lithosphere in the 
MTZ or just below the 660 km discontinuity in the lower mantle, leading to a 
region of locally elevated hydration in the MTZ. Alternatively, this low-velocity 
anomaly could possibly reflect dehydration melting related to the downward 
flow of hydrous minerals due to the penetration of the Nazca slab into the 
lower mantle. Schmandt et al. (2014) theorized that downward flow into the 
lower mantle would result in dehydration melting due to the low water stor-
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age capacity of lower mantle minerals (e.g., Bolfan-Casanova et  al., 2000). 
Such a hydrous melt is likely to be slightly less dense than the top of the 
lower mantle and would therefore rise upwards back into the MTZ (Sakamaki 
et al., 2006), so the presence of this melt in the lower mantle is likely short 
lived. We suggest that this low-velocity anomaly could reflect the presence 
of a hydrous melt that has returned to the MTZ driven by positive buoyancy 
after dehydration melting has occurred in the lower mantle. In addition, dehy-
dration melting has been suggested to occur when hydrous wadsleyite moves 
upwards across the 410 km discontinuity into the olivine stability field in the 
upper mantle (Bercovici and Karato, 2003). Both Schmerr and Garnero (2007) 
and Contenti et al. (2012) have observed a disrupted 410 km discontinuity un-
der the central Andes, which both have attributed to compositional heteroge-
neity in the upper part of the MTZ in this area. Schmerr and Garnero (2007) 
suggested that their observation of a deepened 410 km discontinuity could 
be due to the presence of a hydrated “lens” of wadsleyite, while Contenti 
et al. (2012) suggested that the decreased reflectivity of the 410 km disconti-
nuity could be due to either the effects of hydration of the zone directly above 
MTZ or the presence of a layer of neutrally buoyant melt. While some stud-
ies have suggested that this hydrous melt would be neutrally buoyant at the 
410 km discontinuity (e.g., Sakamaki et al., 2006; Bercovici and Karato, 2003), 
Hirschmann (2006) argued that the density contrast between the hydrous melt 
and solid peridotites is such that the hydrous partial melts could potentially 
percolate up rather than pooling at 410 km depth. Continued upward flow of 
hydrous melts from the MTZ could explain the apparent continuation of the 
low-velocity anomaly into the upper mantle (anomaly A, Fig. 8, cross sections 
D1 and D2), although the effect of this hydrous melt on the upper mantle and 
potentially even the cratonic lithosphere under which it is rising is unknown.

CONCLUSION

By combining data from 14 separate networks deployed in the central 
Andes, we are able to image the Nazca–South America subduction zone to 
depths of ~900 km between 6°S and 32°S. Our images of the Nazca slab in the 
MTZ and lower mantle provide new insights into the deformation of the slab 
and its interactions with the boundary between the upper and lower mantle. 
We observe significant thickening of the slab in the MTZ in the northern part 
of our study region (north of 16°S), which is due to temporary stagnation and 
possibly folding or buckling of the slab in the MTZ in response to the decreas-
ing of the sinking velocity of the slab due to increasing viscosity in the lower 
mantle. In contrast, limited thickening of the slab is observed to the south 
where the slab appears to subduct into the lower mantle with little to no defor
mation in the MTZ. While the Nazca slab penetrates into the lower mantle 
through the entirety of our study area, significant along-strike variation in the 
amount of deformation both within and beneath the mantle transition zone 
is observed. The character of the slab anomaly in the MTZ and lower mantle 
changes from a broad, higher-amplitude, cohesive anomaly in the north to a 

more segmented and weaker slab anomaly in the south. This variation ap-
pears to at least partially correspond to changes in the dip of the slab where 
it enters the MTZ. We observe a low-velocity zone above the slab in the MTZ 
to the north of 18°S, which we attribute to the effects of hydration of the MTZ. 
Our images of the subducting Nazca slab provide new constraints on slab 
morphologies in the mid-mantle, which could help guide interpretations of 
modeling studies exploring the dynamic interactions between the slab and the 
MTZ. We have documented significant along-strike variability in the morphol-
ogy and deformation of the Nazca slab in the MTZ and lower mantle, indicating 
that along-strike variations in the plate boundary have a significant effect on 
the deformation and fate of the slab at depth. This has implications not only 
for the long-lived South America subduction system which has had significant 
variations in subduction style both along strike and throughout its history, but 
also for other subduction systems that show variations in the plate boundary 
both spatially and temporally.

ACKNOWLEDGMENTS

Support for this research was provided by the U.S. National Science Foundation (NSF) as part of 
the CAUGHT (NSF award EAR-0907880), PULSE (NSF award EAR-0943991), and MIMOSA (NSF 
award EAR-1415914) projects. ML acknowledges support from NSF award EAR-0943962. Addi-
tional support for this research was provided by ExxonMobil as part of the COSA project. The 
seismic instruments for the CAUGHT and PULSE arrays were provided by the Incorporated Re-
search Institutions for Seismology (IRIS) through the PASSCAL Instrument Center at New Mex-
ico Tech, Yale University, and the University of North Carolina, Chapel Hill. Data collected are or 
will be available through the IRIS Data Management Center. Additional data were also obtained 
from the IRIS Data Management Center. The facilities of the IRIS Consortium are supported by 
the NSF under Cooperative Agreement EAR-1063471, the NSF Office of Polar Programs, and the 
U.S. Department of Energy National Nuclear Security Administration. The authors would like to 
acknowledge the GEOFON Program at GFZ Potsdam as a source of much of the waveform data. 
The Global Seismographic Network (GSN) is a cooperative scientific facility operated jointly by 
IRIS, the U.S. Geological Survey, and the NSF. We thank Rob Clayton and Paul Davis for providing 
PeruSE data. The authors thank Brandon Schmandt at the University of New Mexico and Gene 
Humphreys at the University of Oregon as the original authors of the teleseismic tomography 
code used in this study. We would also like to thank two anonymous reviewers for their comments, 
which helped greatly improve this manuscript. Chevron-Texaco and Conoco-Phillips provided addi-
tional support for AS.

REFERENCES CITED

Beck, S.L., Silver, P., Wallace, C., and James, D., 1995, Directivity analysis of the deep Bolivian 
earthquake of June 9, 1994: Geophysical Research Letters, v. 22, p. 2257–2260, doi:​10​.1029​
/95GL01089​.

Běhounková, M., and Čížková, H., 2008, Long-wavelength character of subducted slabs in the 
lower mantle: Earth and Planetary Science Letters, v. 275, p. 43–53, doi:​10​.1016​/j​.epsl​.2008​
.07​.059​.

Bercovici, D., and Karato, S., 2003, Whole-mantle convection and the transition-zone water filter: 
Nature, v. 425, p. 39–44, doi:​10​.1038​/nature01918​.

Bijwaard, H., Spakman, W., and Engdahl, E.R., 1998, Closing the gap between regional and 
global travel time tomography: Journal of Geophysical Research, v. 103, p. 30,055–30,078, 
doi:​10​.1029​/98JB02467​.

Biryol, C.B., Beck, S.L., Zandt, G., and Özacar, A.A., 2011, Segmented African lithosphere beneath 
the Anatolian region inferred from teleseismic P-wave tomography: Geophysical Journal 
International, v. 184, p. 1037–1057, doi:​10​.1111​/j​.1365​-246X​.2010​.04910​.x​.

Bishop, B., Beck, S.L., Zandt, G., Kumar, A., Wagner, L.S., Long, M.D., and Tavera, H., 2013, Re-
ceiver function study of the Peruvian flat-slab region: Initial results from PULSE: Abstract 

http://geosphere.gsapubs.org


Research Paper

679Scire et al.  |  Deformation of the deeply subducted Nazca slabGEOSPHERE  |  Volume 13  |  Number 3

T33B-2632 presented at 2013 Fall Meeting, American Geophysical Union, San Francisco, 
California, 9–13 December.

Bolfan-Casanova, N., Keppler, H., and Rubie, D.C., 2000, Water partitioning between nominally 
anhydrous minerals in the MgO-SiO2-H2O system up to 24 GPa: Implications for the distri-
bution of water in the Earth’s mantle: Earth and Planetary Science Letters, v. 182, p. 209–221, 
doi:​10​.1016​/S0012​-821X​(00)00244​-2​.

Cahill, T., and Isacks, B.L., 1992, Seismicity and shape of the subducted Nazca plate: Journal of 
Geophysical Research, v. 97, p. 17,503–17,529, doi:​10​.1029​/92JB00493​.

Contenti, S., Gu, Y.J., Ökeler, A., and Sacchi, M.D., 2012, Shear wave reflectivity imaging of the 
Nazca–South America subduction zone: Stagnant slab in the mantle transition zone?: Geo-
physical Research Letters, v. 39, L02310, doi:​10​.1029​/2011GL050064​.

Dahlen, F.A., Hung, S.-H., and Nolet, G., 2000, Fréchet kernels for finite-frequency travel-
times—I. Theory: Geophysical Journal International, v. 141, p. 157–174, doi:​10​.1046​/j​.1365​
-246X​.2000​.00070​.x​.

Dorbath, C., and Masson, F., 2000, Composition of the crust and upper-mantle in the Central 
Andes (19°30′S) inferred from P wave velocity and Poisson’s ratio: Tectonophysics, v. 327, 
p. 213–223, doi:​10​.1016​/S0040​-1951​(00)00170​-0​.

Dziewonski, A.M., Chou, T.-A., and Woodhouse, J.H., 1981, Determination of earthquake source 
parameters from waveform data for studies of global and regional seismicity: Journal of 
Geophysical Research, v. 86, p. 2825–2852, doi:​10​.1029​/JB086iB04p02825​.

Ekström, G., Nettles, M., and Dziewonski, A.M., 2012, The global CMT project 2004–2010: Cen-
troid-moment tensors for 13,017 earthquakes: Physics of the Earth and Planetary Interiors, 
v. 200–201, p. 1–9, doi:​10​.1016​/j​.pepi​.2012​.04​.002​.

Engdahl, E.R., van der Hilst, R.D., and Berrocal, J., 1995, Imaging of subducted lithosphere beneath 
South America: Geophysical Research Letters, v. 22, p. 2317–2320, doi:​10​.1029​/95GL02013​.

Engdahl, E.R., van der Hilst, R.D., and Buland, R., 1998, Global teleseismic earthquake relocation 
with improved travel times and procedures for depth determination: Bulletin of the Seismo-
logical Society of America, v. 88, p. 722–743.

Fukao, Y., and Obayashi, M., 2013, Subducted slab stagnant above, penetrating through, and 
trapped below the 660  km discontinuity: Journal of Geophysical Research: Solid Earth, 
v. 118, p. 5920–5938, doi:​10​.1002​/2013JB010466​.

Fukao, Y., Widiyantoro, S., and Obayashi, M., 2001, Stagnant slabs in the upper and lower mantle 
transition region: Reviews of Geophysics, v. 39, p. 291–323, doi:​10​.1029​/1999RG000068​.

Fukao, Y., Obayashi, M., Nakakuki, T., and the Deep Slab Project Group, 2009, Stagnant slab: A 
review: Annual Review of Earth and Planetary Sciences, v. 37, p. 19–46, doi:​10​.1146​/annurev​
.earth​.36​.031207​.124224​.

Garel, F., Goes, S., Davies, D.R., Davies, J.H., Kramer, S.C., and Wilson, C.R., 2014, Interaction 
of subducted slabs with the mantle transition-zone: A regime diagram from 2-D thermo
mechanical models with a mobile trench and an overriding plate: Geochemistry Geophysics 
Geosystems, v. 15, p. 1739–1765, doi:​10​.1002​/2014GC005257​.

Garth, T., and Rietbrock, A., 2014, Order of magnitude increase in subducted H2O due to hydrated 
normal faults within the Wadati-Benioff zone: Geology, v. 42, p. 207–210, doi:​10​.1130​/G34730​.1​.

Global Volcanism Program, 2013, Volcanoes of the World, v. 4.5.0: Washington, D.C., Smithso-
nian Institution, doi:​10​.5479​/si​.GVP​.VOTW4​-2013 ​(accessed June 2014)​.

Graeber, F.M., and Asch, G., 1999, Three-dimensional models of P wave velocity and P-to-S 
velocity ratio in the southern central Andes by simultaneous inversion of local earthquake 
data: Journal of Geophysical Research, v. 104, p. 20,237–20,256, doi:​10​.1029​/1999JB900037​.

Guest, A., Schubert, G., and Gable, C.W., 2003, Stress field in the subducting lithosphere and 
comparison with deep earthquakes in Tonga: Journal of Geophysical Research, v. 108, 2288, 
doi:​10​.1029​/2002JB002161​.

Guest, A., Schubert, G., and Gable, C.W., 2004, Stresses along the metastable wedge of olivine 
in a subducting slab: Possible explanation for the Tonga double seismic layer: Physics of the 
Earth and Planetary Interiors, v. 141, p. 253–267, doi:​10​.1016​/j​.pepi​.2003​.11​.012​.

Hayes, G.P., Wald, D.J., and Johnson, R.J., 2012, Slab1.0: A three-dimensional model of global 
subduction zone geometries: Journal of Geophysical Research, v. 117, B01302, doi:​10​.1029​
/2011JB008524​.

Hirschmann, M.M., 2006, Water, melting, and the deep Earth H2O cycle: Annual Review of Earth 
and Planetary Sciences, v. 34, p. 629–653, doi:​10​.1146​/annurev​.earth​.34​.031405​.125211​.

Hung, S.-H., Dahlen, F.A., and Nolet, G., 2000, Fréchet kernels for finite-frequency traveltimes—
II. Examples: Geophysical Journal International, v. 141, p. 175–203, doi:​10​.1046​/j​.1365​-246X​
.2000​.00072​.x​.

Ihmlé, P.F., 1998, On the interpretation of subevents in teleseismic waveforms: The 1994 Bolivia 
deep earthquake revisited: Journal of Geophysical Research, v. 103, p. 17,919–17,932, doi:​10​
.1029​/98JB00603​.

International Seismological Centre, 2013, On-line bulletin: http://​www​.isc​.ac​.uk​/iscbulletin/ (ac-
cessed May 2015).

Isacks, B., and Molnar, P., 1971, Distribution of stresses in the descending lithosphere from a 
global survey of focal-mechanism solutions of mantle earthquakes: Reviews of Geophysics 
and Space Physics, v. 9, p. 103–174, doi:​10​.1029​/RG009i001p00103​.

Kanamori, H., Anderson, D.L., and Heaton, T., 1998, Frictional melting during the rupture of the 
1994 Bolivian earthquake: Science, v. 279, p. 839–842, doi:​10​.1126​/science​.279​.5352​.839​.

Karato, S., Riedel, M.R., and Yuen, D.A., 2001, Rheological structure and deformation of sub-
ducted slabs in the mantle transition zone: Implications for mantle circulation and deep 
earthquakes: Physics of the Earth and Planetary Interiors, v. 127, p. 83–108, doi:​10​.1016​/S0031​
-9201​(01)00223​-0​.

Kennett, B.L., and Engdahl, E.R., 1991, Traveltimes for global earthquake locations and phase 
identification: Geophysical Journal International, v. 105, p. 429–465, doi:​10​.1111​/j​.1365​-246X​
.1991​.tb06724​.x​.

Kikuchi, M., and Kanamori, H., 1994, The mechanism of the deep Bolivia earthquake of June 9, 
1994: Geophysical Research Letters, v. 21, p. 2341–2344, doi:​10​.1029​/94GL02483​.

Kirby, S.H., Stein, S., Okal, E.A., and Rubie, D.C., 1996, Metastable mantle phase transformations 
and deep earthquakes in subducting oceanic lithosphere: Reviews of Geophysics, v.  34, 
p. 261–306, doi:​10​.1029​/96RG01050​.

Koulakov, I., Sobolev, S.V., and Asch, G., 2006, P- and S-velocity images of the lithosphere-astheno
sphere system in the Central Andes from local-source tomographic inversion: Geophysical 
Journal International, v. 167, p. 106–126, doi:​10​.1111​/j​.1365​-246X​.2006​.02949​.x​.

Lee, C., and King, S.D., 2011, Dynamic buckling of subducting slabs reconciles geological and 
geophysical observations: Earth and Planetary Science Letters, v.  312, p.  360–370, doi:​10​
.1016​/j​.epsl​.2011​.10​.033​.

Li, C., van der Hilst, R.D., Engdahl, E.R., and Burdick, S., 2008, A new global model for P wave 
speed variations in Earth’s mantle: Geochemistry Geophysics Geosystems, v. 9, Q05018, doi:​
10​.1029​/2007GC001806​.

Liu, K.H., Gao, S., Silver, P.G., and Zhang, Y., 2003, Mantle layering across central South America: 
Journal of Geophysical Research, v. 108, 2510, doi:​10​.1029​/2002JB002208​.

Magni, V., Bouilhol, P., and van Hunen, J., 2014, Deep water recycling through time: Geochemistry 
Geophysics Geosystems, v. 15, p. 4203–4216, doi:​10​.1002​/2014GC005525​.

Müller, R.D., Sdrolias, M., Gaina, C., and Roest, W.R., 2008, Age, spreading rates, and spreading 
asymmetry of the world’s ocean crust: Geochemistry Geophysics Geosystems, v. 9, Q04006, 
doi:​10​.1029​/2007GC001743​.

Myhill, R., 2013, Slab buckling and its effect on the distributions and focal mechanisms of deep-
focus earthquakes: Geophysical Journal International, v.  192, p.  837–853, doi:​10​.1093​/gji​
/ggs054​.

Ogawa, M., 1987, Shear instability in a viscoelastic material as the cause of deep earthquakes: 
Journal of Geophysical Research, v. 92, p. 13,801–13,810, doi:​10​.1029​/JB092iB13p13801​.

Ohtani, E., Litasov, K., Hosoya, T., Kubo, T., and Kondo, T., 2004, Water transport into the deep 
mantle and formation of a hydrous transition zone: Physics of the Earth and Planetary Inte-
riors, v. 143–144, p. 255–269, doi:​10​.1016​/j​.pepi​.2003​.09​.015​.

Paige, C., and Saunders, M.A., 1982, LSQR: An algorithm for sparse linear equations and sparse 
least squares: Association for Computing Machinery Transactions on Mathematical Soft-
ware, v. 8, p. 43–71, doi:​10​.1145​/355984​.355989​.

Pavlis, G., and Vernon, F., 2010, Array processing of teleseismic body waves with the USArray: 
Computers & Geosciences, v. 36, p. 910–920, doi:​10​.1016​/j​.cageo​.2009​.10​.008​.

Peacock, S.M., 2001, Are the lower planes of double seismic zones caused by serpentine dehy-
dration in subducting oceanic mantle?: Geology, v.  29, p.  299–302, doi:​10​.1130​/0091​-7613​
(2001)029​<0299:​ATLPOD>2​.0​.CO;2​.

Pearson, D.G., Brenker, F.E., Nestola, F., McNeill, J., Nasdala, L., Hutchinson, M.T., Matveev, S., 
Mather, K., Silversmit, G., Schmitz, S., Vekemans, B., and Vincze, L., 2014, Hydrous mantle 
transition zone indicated by ringwoodite included within diamond: Nature, v. 507, p. 221–
224, doi:​10​.1038​/nature13080​.

Pesicek, J.D., Engdahl, E.R., Thurber, C.H., DeShon, H.R., and Lange, D., 2012, Mantle subducting 
slab structure in the region of the 2010 M8.8 Maule earthquake (30–40°S), Chile: Geophysical 
Journal International, v. 191, p. 317–324, doi:​10​.1111​/j​.1365​-246X​.2012​.05624​.x​.

http://geosphere.gsapubs.org
http://www.isc.ac.uk/iscbulletin/


Research Paper

680Scire et al.  |  Deformation of the deeply subducted Nazca slabGEOSPHERE  |  Volume 13  |  Number 3

Quinteros, J., and Sobolev, S.V., 2013, Why has the Nazca plate slowed since the Neogene?: 
Geology, v. 41, p. 31–34, doi:​10​.1130​/G33497​.1​.

Ribe, N.M., Stutzmann, E., Ren, Y., and van der Hilst, R., 2007, Buckling instabilities of subducted 
lithosphere beneath the transition zone: Earth and Planetary Science Letters, v. 254, p. 173–
179, doi:​10​.1016​/j​.epsl​.2006​.11​.028​.

Rocha, M.P., Schimmel, M., and Assumpção, M., 2011, Upper-mantle seismic structure beneath 
SE and Central Brazil from P- and S-wave regional traveltime tomography: Geophysical 
Journal International, v. 184, p. 268–286, doi:​10​.1111​/j​.1365​-246X​.2010​.04831​.x​.

Ryan, J., Beck, S., Zandt, G., Wagner, L., Minaya, E., and Tavera, H., 2016, Central Andean crustal 
structure from receiver function analysis: Tectonophysics, v. 682, p. 120–133, doi:​10​.1016​/j​
.tecto​.2016​.04​.048​.

Sakamaki, T., Suzuki, A., and Ohtani, E., 2006, Stability of hydrous melt at the base of the Earth’s 
upper mantle: Nature, v. 439, p. 192–194, doi:​10​.1038​/nature04352​.

Schmandt, B., and Humphreys, E., 2010, Seismic heterogeneity and small-scale convection in 
the southern California upper mantle: Geochemistry Geophysics Geosystems, v. 11, Q05004, 
doi:​10​.1029​/2010GC003042​.

Schmandt, B., Jacobsen, S.D., Becket, T.W., Liu, X., and Dueker, K.G., 2014, Dehydration 
melting at the top of the lower mantle: Science, v. 344, p. 1265–1268, doi:​10​.1126​/science​
.1253358​.

Schmerr, N., and Garnero, E.J., 2007, Upper mantle discontinuity and topography from thermal 
and chemical heterogeneity: Science, v. 318, p. 623–626, doi:​10​.1126​/science​.1145962​.

Schurr, B., Rietbrock, A., Asch, G., Kind, R., and Oncken, O., 2006, Evidence for lithospheric 
detachment in the central Andes from local earthquake tomography: Tectonophysics, v. 415, 
p. 203–223, doi:​10​.1016​/j​.tecto​.2005​.12​.007​.

Scire, A., Biryol, C.B., Zandt, G., and Beck, S., 2015, Imaging the Nazca slab and surrounding 
mantle to 700 km depth beneath the central Andes (18°S to 28°S), in DeCelles, P.G., Ducea, 
M.N., Carrapa, B., and Kapp, P.A., eds., Geodynamics of a Cordilleran Orogenic System: The 
Central Andes of Argentina and Northern Chile: Geological Society of America Memoir 212, 
p. 23–41, doi:​10​.1130​/2015​.1212​(02)​.

Scire, A., Zandt, G., Beck, S., Long, M., Wagner, L., Minaya, E., and Tavera, H., 2016, Imaging the 
transition from flat to normal subduction: Variations in the structure of the Nazca slab and 
upper mantle under southern Peru and northwestern Bolivia: Geophysical Journal Interna-
tional, v. 204, p. 457–479, doi:​10​.1093​/gji​/ggv452​.

Smyth, J.R., and Jacobsen, S.D., 2006, Nominally anhydrous minerals and Earth’s deep water 
cycle, in Jacobsen, S.D., and van der Lee, S., eds., Earth’s Deep Water Cycle: American Geo-
physical Union Geophysical Monograph 168, p. 1–11, doi:​10​.1029​/168GM02​.

Somoza, R., and Ghidella, M.E., 2012, Late Cretaceous to recent plate motion in western South 
America revisited: Earth and Planetary Science Letters, v. 331–332, p. 152–163, doi:​10​.1016​
/j​.epsl​.2012​.03​.003​.

Stegman, D.R., Farrington, R., Capitanio, F.A., and Schellart, W.P., 2010, A regime diagram for 
subduction styles from 3-D numerical models of free subduction: Tectonophysics, v. 483, 
p. 29–45, doi:​10​.1016​/j​.tecto​.2009​.08​.041​.

Swenson, J.L., Beck, S.L., and Zandt, G., 2000, Crustal structure of the Altiplano from broadband 
regional waveform modeling: Implications for the composition of thick continental crust: 
Journal of Geophysical Research, v. 105, p. 607–621, doi:​10​.1029​/1999JB900327​.

Tassara, A., and Echaurren, A., 2012, Anatomy of the Andean subduction zone: Three-dimen-
sional density model upgraded and compared against global-scale models: Geophysical 
Journal International, v. 189, p. 161–168, doi:​10​.1111​/j​.1365​-246X​.2012​.05397​.x​.

VanDecar, J.C., and Crosson, R.S., 1990, Determination of teleseismic relative phase arrival times 
using multi-channel cross-correlation and least squares: Bulletin of the Seismological Soci-
ety of America, v. 80, p. 150–169.

Vassiliou, M.S., 1984, The state of stress in subducting slabs as revealed by earthquakes ana
lysed by moment tensor inversion: Earth and Planetary Science Letters, v. 69, p. 195–202, 
doi:​10​.1016​/0012​-821X​(84)90083​-9​.

Ward, K., Porter, R.C., Zandt, G., Beck, S.L., Wagner, L.S., Minaya, E., and Tavera, H., 2013, Ambi-
ent noise tomography across the Central Andes: Geophysical Journal International, v. 194, 
p. 1559–1573, doi:​10​.1093​/gji​/ggt166 ​(erratum available at http://doi​.org​/10​.1093​/gji​/ggt429)​.

Wiens, D.A., McGuire, J.J., and Shore, P.J., 1993, Evidence for transformational faulting from a 
deep double seismic zone in Tonga: Nature, v. 364, p. 790–793, doi:​10​.1038​/364790a0​.

Zandt, G., Beck, S.L., Ruppert, S.R., Ammon, C.J., Rock, D., Minaya, E., Wallace, T.C., and Silver, 
P.G., 1996, Anomalous crust of the Bolivian Altiplano, central Andes: Constraints from 
broadband regional seismic waveforms: Geophysical Research Letters, v. 23, p. 1159–1162, 
doi:​10​.1029​/96GL00967​.

Zhan, Z., Kanamori, H., Tsai, V.C., Helmberger, D.V., and Wei, S., 2014, Rupture complexity of the 
1994 Bolivia and 2013 Sea of Okhotsk deep earthquakes: Earth and Planetary Science Letters, 
v. 385, p. 89–96, doi:​10​.1016​/j​.epsl​.2013​.10​.028​.

Zhao, D., 2004, Global tomography images of mantle plumes and subducting slabs: Insights 
into deep Earth dynamics: Physics of the Earth and Planetary Interiors, v. 146, p. 3–34, doi:​
10​.1016​/j​.pepi​.2003​.07​.032​.

Zhao, D., Yamamoto, Y., and Yanada, T., 2013, Global mantle heterogeneity and its influence on 
teleseismic regional tomography: Gondwana Research, v.  23, p.  595–616, doi:​10​.1016​/j​.gr​
.2012​.08​.004​.

http://geosphere.gsapubs.org

	ABSTRACT
	INTRODUCTION
	TOMOGRAPHIC IMAGES OF THE DEEPLY SUBDUCTED NAZCA SLAB
	DATA AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Supplemental Material

	Next Page: 
	Page 1: 
	Page 21: 
	Page 32: 
	Page 43: 
	Page 54: 
	Page 65: 
	Page 76: 
	Page 87: 
	Page 98: 
	Page 109: 
	Page 1110: 
	Page 1211: 
	Page 1312: 
	Page 1413: 
	Page 1514: 
	Page 1615: 

	Previous Page: 
	Page 2: 
	Page 31: 
	Page 42: 
	Page 53: 
	Page 64: 
	Page 75: 
	Page 86: 
	Page 97: 
	Page 108: 
	Page 119: 
	Page 1210: 
	Page 1311: 
	Page 1412: 
	Page 1513: 
	Page 1614: 



