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station called NNA in Lima, Peru (Fig. 1). Here we present a threedimensional model of shear-wave velocity structure between 210u
and 218u, obtained from the inversion of earthquake-generated
Rayleigh-wave-phase velocities (Fig. 2 and Extended Data Figs 2–
10). We also relocate slab seismicity across our study area using a
double difference methodology (Figs 2 and 3, Extended Data Fig. 1
and Supplementary Table 1) (see Methods for details).
Our tomographic images and improved earthquake locations show
the flat slab to be shallowest along the present-day projected location
of the subducted Nazca Ridge (Figs 2g and 3g, h). To the south
(Fig. 2h), the slab transitions abruptly from flat to normal, and earthquake locations align with an increase in shear-wave velocity in our
model. To the north, where previous studies have proposed a broad flat
slab of relatively uniform depth12,13, we see a gradual but marked
deepening of the plane of seismicity associated with subducted slab
known as the Wadati–Benioff zone (Figs 2e, f and 3g, h). To the east,
high shear-wave velocities associated with the flat slab extend substantially inboard (that is, away from the trench, inland) than the seismically active portion of the plate (Figs 2g and 3g,h). The downward bend
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Flat-slab subduction occurs when the descending plate becomes
horizontal at some depth before resuming its descent into the
mantle. It is often proposed as a mechanism for the uplifting of
deep crustal rocks (‘thick-skinned’ deformation) far from plate
boundaries, and for causing unusual patterns of volcanism, as
far back as the Proterozoic eon1. For example, the formation of
the expansive Rocky Mountains and the subsequent voluminous
volcanism across much of the western USA has been attributed to a
broad region of flat-slab subduction beneath North America that
occurred during the Laramide orogeny (80–55 million years ago)2.
Here we study the largest modern flat slab, located in Peru, to
better understand the processes controlling the formation and
extent of flat slabs. We present new data that indicate that the
subducting Nazca Ridge is necessary for the development and
continued support of the horizontal plate at a depth of about
90 kilometres. By combining constraints from Rayleigh wave phase
velocities with improved earthquake locations, we find that the flat
slab is shallowest along the ridge, while to the northwest of the
ridge, the slab is sagging, tearing, and re-initiating normal subduction. On the basis of our observations, we propose a conceptual
model for the temporal evolution of the Peruvian flat slab in which
the flat slab forms because of the combined effects of trench retreat
along the Peruvian plate boundary, suction, and ridge subduction.
We find that while the ridge is necessary but not sufficient for the
formation of the flat slab, its removal is sufficient for the flat slab
to fail. This provides new constraints on our understanding of
the processes controlling the beginning and end of the Laramide
orogeny and other putative episodes of flat-slab subduction.
Oceanic plates subduct at different angles ranging from steep to
shallow, with flat slabs representing the horizontal endmember. The
subduction of buoyant aseismic ridges and plateaus comprising overthickened oceanic crust has long been thought to play a part in the
formation of flat slabs3. More recent work has identified other potential contributing factors, including trench retreat4,5, rapid overriding
plate motion4,5, and suction between the flat slab and overriding continental mantle lithosphere5. Many of these studies do not preclude the
need for additional buoyancy from overthickened oceanic crust.
However, a few recent studies suggest that subducting ridges do not
affect the formation or sustainability of flat slabs6,7.
To evaluate the influence of subducting ridges on the evolution of
flat slabs, we focus on the flat slab in southern Peru (Fig. 1). Here, the
subducting Nazca Ridge trends at an oblique angle to relative plate
motion, resulting in a northward migration of the overriding continent
relative to the down-going ridge8. We have collected and analysed data
from two deployments of broadband seismometers in central and
southern Peru: PULSE (Peru Lithosphere and Slab Experiment)9,
and CAUGHT (Central Andean Uplift and Geodynamics of High
Topography)10. We also incorporate data from eight stations from
the PERUSE deployment (Peru Slab Experiment)11 and the permanent
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Figure 1 | Reference map of the Peruvian flat-slab region, illustrating the
subducting Nazca Ridge beneath the advancing South American plate.
Diamonds represent seismic stations used in this study: orange, PULSE; dark
red, CAUGHT; yellow, PERUSE; red, the permanent NNA station. Yellow
stars represent the cities Lima and Cusco. Red triangles represent volcanoes
active during the Holocene epoch. The black arrow indicates the relative
motion of the South American plate with respect to the Nazca Plate21.
Dotted white lines show the estimated position of the Nazca Ridge
12–10 Ma and today8.
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2 1 2 | N AT U R E | VO L 5 2 4 | 1 3 AU G U S T 2 0 1 5
G2015

Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH

75#$
75 km

a

!"5$%

b

A′

B′
C′

4.5

10 Ma
R

T

–12°
'& 7

!45$%
145 km

c

105 km

Tear

d

To

T

rn

F

l

a

t

4.5

A

ee

p

5

B

St

4.5

4.
5
4.6

D′

C

–16°
'6 7

Depth (km)
Depth (km)

N

N

D

–7&7
72°

–767
76°

e

4

&6!
–76°

&( !
–72°

&6!
–76°

0
0

&( !
–72°

50 70 90 110 150
50 70 90 110 150

190
190

f
B′

B

A′

A

0

2

4.5

–77
77°

4.
5

4.55
4.4
5
4.
4

100
150

4.55

4.55

5

4.7

4.

T

50

4.4
5

4.6

4.5

4.5

4.5

–4

4.5
5

4.55

T

.

4.
65

4.6

4.6

4.45

4.7

4.4

–2

dVs/Vs (%)

4.5

5

–74
74°

–75°
75

76
–76°

–76°
76

200

–

–74
74°

–75°
75

Depth (km)

4.4

0

7373°

h
C′

C
3.8
4.4
5

4.5

4.4

4.
35

4.5
5

4.4

75
–75°

4.5

4.4

4.3
73
–73°

4.35

3.5

72
–72°

150
4.55

7&
–71°

50
100

4.55

4.3

4.4
74
–74°

4.4
5

4.4
5

4.5
4.5

4.4
5

4.4

4.5
5

4.65

Depth (km)

55

0

4.5

45

4.

D′

4.45

4.7

5
4.

4.

D

3.6

g

200
!"
–72°

!#
–71°

!$
–70°

6&
–69°

Figure 2 | Three-dimensional model of the structure of shear-wave
velocities between 2106 and 2186. a–c, Shear-wave velocities and seismicity
at depths of 75 km (a), 105 km (b) and 145 km (c), and transects along the
northern reinitiating steep slab (A–A9, B–B9), flat slab (C–C9) and southern
steep slab (D–D9) segments. Colours indicate velocity deviations, dVs/Vs (%);
contours show absolute velocities in kilometres per second (numbered).
a–c, Black circles represent stations used in our study; red triangles are
Holocene volcanoes; green stars are earthquakes within 20 km of the depth
shown; black lines refer to cross-sections shown in e–h. The grey
dashed line in b and c shows the location of the trench 10 Ma (ref. 8);

the black dashed line (labelled ‘T’) indicates the location of the slab tear. ‘R’
refers to the resumption of steep subduction at the eastern edge of the flat slab.
d, Inferred flat-slab geometry along the Nazca Ridge track, and slab tear north
of the ridge. e–h, Cross-sections of slab segments shown in a–c. Black dots
show earthquake locations from this study; black inverted triangles are
stations; red triangles are Holocene volcanoes; orange triangle represents
the location of a measurement of unusually high heat flow15. Dashed lines
show the inferred top of the slab. The thick black line shows the crustal
thickness.

in the high-velocity plate at the easternmost extent of the flat slab
appears to coincide with the location of the Peruvian trench about
10 million years ago (Ma)8.
Of particular note is the geometry of the subducted plate north of
the projected Nazca Ridge track (Fig. 2a–c, e, f). Here, we observe a
dipping high-velocity anomaly to the trenchward side of a dipping
low-velocity anomaly. We note the similarity between these structures
(in an area previously believed to comprise typical flat slab) and those
observed to the south beneath the active arc (Fig. 2e, f, h). We also note
the difference between these structures and those adjacent to the ridge,
where the continuous flat slab is well resolved (Fig. 2e–g and Extended
Data Figs 3, 6–10). We interpret the westward-dipping low-velocity
region parallel to the trench to be evidence of asthenosphere (the
viscous, weak region of the upper mantle) between two torn portions
of subducted plate. The dipping high-velocity anomaly to the west
indicates the presence of a normally dipping slab extending to a depth
of at least 200 km. This is consistent with the location of shear-wave
scatterers identified from converted phases in earlier studies14. We
propose that the subhorizontal seismicity to the east of the tear is
located in remnant flat slab that has not yet been fully subducted.
Local shear wave splitting studies show that shear waves move faster
parallel to the trench9, consistent with north–south-directed asthenospheric flow through a break in the Nazca plate. We also note the

presence of a localized high heat flow (196 mW s–2) above this lowvelocity anomaly15 (Fig. 2e). Along the northernmost transect, the
location of the slab is not well resolved above a depth of about
100 km (Fig. 2e). Future work using ambient noise tomography may
help us to resolve the slab geometry here, by providing improved
constraints on velocities at shallower depths.
We incorporate the results of previous geodynamic modelling
studies with our results, to create a conceptual model of the temporal
evolution of the Peruvian flat slab (Fig. 3). We begin with the initiation
of ridge subduction at approximately 11.2 Ma (ref. 8), before which we
assume normal subduction across our study area (Fig. 3a). From there,
we base our proposed temporal evolution of the Peruvian flat slab on
four principles.
First, we present our conceptual model from the reference frame of a
laterally stationary Nazca plate. Second, while most of the Nazca plate
sinks vertically at a relatively constant rate, the plate containing the
Nazca Ridge ceases to sink at a depth of about 90 km (Fig. 3b–f).
We propose that this is due to buoyancy imparted by the overthickened oceanic crust and harzburgite layer associated with the ridge,
consistent with previous modelling studies16. Third, we observe that
the modern inboard extent of the Peruvian flat slab corresponds to the
location of the trench at about 10 Ma. Given that the projected location
of the Nazca Ridge extends further to the east, this finding suggests that
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Figure 3 | Proposed evolution of the Peruvian flat slab. a–f, Proposed
contours of the subducted slab, assuming that the ridge remains buoyant for
10 Ma after entering the trench. The approximate location of the subducted
ridge is denoted by the black rectangular outline. Brown areas show areas of
the continent underlain by flat slab at each time step. Triangles indicate
volcanoes active during the 2 Myr following the time of the frame shown22. The
location of the South American continent relative to the Nazca Ridge follows
ref. 8. In a, we show the location of the projection of the mirror image of
the Nazca Ridge (in yellow) that formed synchronously with the Nazca Ridge
on the Pacific Plate when these plates were first created at the spreading centre
following ref. 8. In e, red triangles show volcanism from 3 Ma to 2 Ma, and
brown triangles show volcanism from 2 Ma to 1 Ma. In f, volcanism is shown

for 1 Ma to 0 Ma (not including Holocene volcanism). g, Modern seismicity
from this study (large circles) with depths .50 km, and contours as they would
be if the removal of the ridge did not affect the longevity of the flat slab.
h, Modern seismicity from this study and local seismicity at depth .50 km, as
reported in the ISC catalogue for years 2004–2014, shown as smaller circles17.
We plot our observed slab contours on the basis of our earthquake locations
and the location of high-velocity anomalies in our tomographic results. Dashed
lines indicate contours that are less certain, either because of a paucity of
earthquakes or because they lie outside of our region of good tomographic
resolution. The pink triangular shape shows the region with very limited
seismicity that may indicate a slab window caused by tearing and the
reinitiation of normal subduction.

some portion of the Nazca Ridge has resumed normal subduction. We
propose that, over time, the kinetically slow conversion of basalt and
gabbro to eclogite in the overthickened crust of the Nazca Ridge results
in an increase in the density of the horizontal plate. Given the inboard
extent of the modern flat slab, we propose that, approximately 10 Ma
after entering the trench, the overthickened oceanic crust of the
Nazca Ridge becomes sufficiently eclogitized that it is no longer
neutrally buoyant and therefore resumes its vertical descent (Figs 2b,
g and 3e–g).
Finally, modelling studies indicate that suction between the horizontal plate and overriding continental lithosphere hinders the
removal of the flat slab5. In our study area, this is important because
the portion of the continent under which the flat slab initially forms
moves northwest relative to the ridge over time. To test whether the
flat slab will perpetuate beneath these continental regions after the
departure of the ridge, we apply the fourth principle to our model:
continental regions previously underlain by the flat slab will continue to have flat slab beneath them for some time (brown regions in
Fig. 3). This results in a broadening of the flat slab as new continental
areas to the south become underlain by the ridge and associated flat

slab, while areas to the north that were previously underlain by the
ridge maintain their flat-slab geometry. This is consistent with earlier studies that attribute the along-strike (trench parallel) extent of
the Peruvian flat slab to the southward sweep of the Nazca Ridge
over time8,9.
The proposed temporal evolution of the Peruvian flat slab shown
in Fig. 3 combines the influences of trench retreat/overriding plate
motion, suction, and ridge buoyancy. It assumes that the combination of all three forces is necessary for the formation of the flat slab,
but that the first two are sufficient to perpetuate the flat slab after the
departure of the ridge. A comparison between our conceptual model’s slab geometry at present (Fig. 3g) with actual (observed) slab
geometry (Fig. 3h) allows us to test these assumptions. The abrupt
edge of the flat slab that we observe south of the ridge is very similar
to that proposed by our conceptual model. We note that the dominant principle controlling the geometry of the flat slab here is the
effect of ridge buoyancy, as there is no difference in trench rollback
or continental lithospheric structure that might affect suction along
strike in this region. Our observations therefore support the necessary contribution of the ridge to the formation of flat slabs, but are
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also not inconsistent with additional contributions from suction and
trench rollback.
Differences between the observed slab geometry and the geometry
derived from our conceptual model are visible to the north of the ridge.
In this area, the effect of the ridge is no longer present, and the geometry of the flat slab in our conceptual model is controlled by the
effects of suction and trench rollback alone. Although both our conceptual model and our observations indicate a flat slab that broadens to
the northwest of the ridge, the detailed morphologies are very different.
In addition to an overall deepening of the flat slab north of the ridge
(Fig. 3g, h and Extended Data Fig. 1), we observe a clear trench-parallel
break in the subducted plate and a resumption of normal subduction
trenchward of this tear (Figs 2a–c and 3h). This strongly suggests that,
despite the presence of suction and trench rollback, the flat slab is no
longer stable once the buoyant Nazca Ridge has been removed.
Furthermore, once a break is present, the newly subducted plate
assumes a normal steep dip angle, rather than a flat-slab geometry.
In this study we are not able to resolve the northern extent of the
Peruvian flat slab, nor can we establish the along-strike extent of the
tear. However, International Seismological Centre Catalog locations
north of our study area show a gap in seismicity that may be consistent
with the absence of a flat slab because of a progressively tearing plate
(Fig. 3h)17. The northward extent of the flat slab east of the tear may be
due in part to the subduction of the Inca Plateau8, although this is
beyond the scope of our study.
Our model is applicable to all flat-slab geometries in cases for which
a distinct change of dip angle is observed. This change in dip occurs at
the depth at which the slab becomes neutrally buoyant. Our results
may not be applicable to slabs when the dip angle is constant but very
shallow7 (for example, in Alaska and in the Cascadia region of the
USA). Slabs that dip at a shallow angle sink at a constant rate, which
is inconsistent with a period of neutral buoyancy. Such slabs may have
effects that are similar to those produced by flat slabs, although they do
not result in a complete cessation of arc volcanism (as occurred during
the Laramide orogeny and is observed in Peru today), only its inboard
deflection.
Our results may provide insights into the final stages of flat-slab
subduction. Previous studies used volcanic patterns to reconstruct the
formation and foundering of the Farallon flat slab in the western
USA2,18,19. The diversity of models for the progression of this foundering is indicative of the insufficiency of the constraints provided by
volcanic trends alone. Our results suggest that once the flat slab
extends some distance away from the buoyant feature, it will begin
to sink and/or tear. Tearing of the Farallon plate caused by an excessively wide flat slab may be consistent with tomographic images of
broken fragments of the Farallon plate20.
We conclude that flat slabs form through a combination of trench
retreat, suction, and the inability of overthickened oceanic crust to sink
below some depth (about 90 km) until sufficiently eclogitized to
become negatively buoyant once again. Flat slabs that extend laterally
beyond some critical distance from the buoyant overthickened crust
will begin to founder, even in the presence of other factors such as
suction and trench retreat. The Peruvian flat slab provides insights into
the temporal evolution of flat slabs from initial shallowing to collapse,
yielding new constraints for the reconstruction of flat-slab genesis and
the nature of the flat-slab foundering.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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