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Southward propagation of Nazca 
subduction along the Andes
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The Andean margin is the plate-tectonic paradigm for long-lived, continuous subduction, yet its geology since the late 
Mesozoic era (the past 100 million years or so) has been far from steady state. The episodic deformation and magmatism 
have been attributed to cyclic changes in the dip angle of the subducting slab, slab break-off and the penetration of the 
slab into the lower mantle; the role of plate tectonics remains unclear, owing to the extensive subduction of the Nazca–
Farallon plate (which has resulted in more than 5,500 kilometres of lithosphere being lost to the mantle). Here, using 
tomographic data, we recreate the plate-tectonic geometry of the subducted Nazca slab, which enables us to reconstruct 
Andean plate tectonics since the late Mesozoic. Our model suggests that the current phase of Nazca subduction began at 
the northern Andes (5° S) during the late Cretaceous period (around 80 million years ago) and propagated southwards, 
reaching the southern Andes (40° S) by the early Cenozoic era (around 55 million year ago). Thus, contrary to the current 
paradigm, Nazca subduction has not been fully continuous since the Mesozoic but instead included episodic divergent 
phases. In addition, we find that foredeep sedimentation and the initiation of Andean compression are both linked to 
interactions between the Nazca slab and the lower mantle, consistent with previous modelling.

The 7,000-km-long Andean margin (Fig. 1a) is considered the arche-
typal example of long-lived and monotonous subduction of an oceanic 
plate beneath a continent1–3. However, the Andean geological record 
since the early Jurassic period, which is thought to span the most 
recent period of continuous subduction, shows tectonic signals that are 
decidedly non-steady-state. Within a presumed context of continuous 
subduction, episodic and localized deformation, variable magmatic pat-
terns and topographic changes have been attributed to repeated cycles 
of slab flattening, slab steepening, slab break-off4–7 and slab penetra-
tion into the lower mantle8,9. The role of margin-wide plate-tectonic 
events has not been fully explored, owing to the extensive subduction 
of oceanic lithosphere under western South America, with more than 
5,500 km of lithosphere lost since the late Mesozoic 85 million years 
(Myr) ago.

Tomographic imaging under South America has identified a positive 
anomaly in P-wave velocity under the Andes that corresponds to an 
eastward-inclined Nazca slab (Fig. 1). This anomaly follows Benioff-
zone seismicity but continues deeper, to depths of around 1,300 km 
at 8° S and around 1,100 km at 26° S10–15 (Figs. 1, 2; Extended Data 
Figs. 1, 2). The Nazca slab, as referred to here, is a combination of the 
subducted Farallon plate and the Nazca plate (renamed after the frag-
mentation of the Farallon plate 23.5 Myr ago). Tomographic images of 
the Nazca slab10–15 are seemingly consistent with a single, long-lived 
subduction history since the early Jurassic; however, geophysical and 
geodynamic studies have generally found that the extent of the Nazca 
slab is insufficient to fully account for the convergence of the Nazca 
and South American plates since the Cenozoic, let alone that since the 
Jurassic8,14–16 (Extended Data Table 1). Furthermore, below the low-
est part of the Nazca slab, at a depth of 1,500 km, two other slab-like 
anomalies have been identified10,14 (Fig. 1b, c; Extended Data Figs. 2, 
4). These anomalies imply a more complicated earlier tectonic history, 
possibly involving a second intra-oceanic subduction zone to the west 
of South America in the Mesozoic14.

Geodynamic models have linked the most recent onset of Andean 
compression to the timing of the penetration of the Nazca slab into 

the lower mantle8,9. However, owing to different input plate-tectonic 
boundary conditions between the two models, these studies predict 
very different times for when the Nazca slab penetrated the lower man-
tle: roughly 132 Myr ago9 and 50 Myr ago8 (Extended Data Table 1). 
In addition, it is questionable whether the Nazca slab penetrated the 
lower mantle around either of these times, considering that some stud-
ies indicate that Andean subduction began much earlier, during or 
before the Jurassic1.

Sedimentological studies have revealed that the southern Andes 
(south of 35° S) experienced complex episodes of compression and 
extension5,17–19. These tectonic phases were attributed to changes in the 
angle of slab dip5,17–19, but we use our plate reconstruction to re-interpret  
the underlying cause during the Eocene to the Miocene epochs to be 
interactions between the Nazca slab and the lower mantle.

Here, we aim to reconcile tomography with Andean geology by 
building a plate model from tomographically imaged subducted 
lithosphere in the mantle. Our tomographic plate model is relatively 
independent from Andean geological constraints, which allows us to 
compare our model implications against geology. Our plate-tectonic 
reconstruction shows that the latest phase of Andean subduction began 
at 5° S around 80 Myr ago and propagated southwards to 40° S by 
about 55 Myr ago. Nazca subduction was not always continuous but was 
punctuated by episodes of divergence between 80 Myr and 55 Myr ago 
south of 35° S. Our reconstructed subducted-slab lengths demonstrate 
that the earliest interactions between the slab and the lower mantle 
occurred about 10–30 Myr after the onset of Nazca subduction, and 
these interactions propagate southward. Our tomographic plate model 
allows images of the mantle structure to be more quantitatively linked 
to geology and shows promise for other reconstructions of convergent- 
margin plate tectonics.

Plate tectonics from unfolded slabs
The Nazca slab was mapped in three dimensions from MITP08 P-wave 
global seismic tomography10 using the software Gocad. As shown by 
previous tomographic studies, the Nazca slab widens below a depth of 
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600 km, possibly owing to slab folding at a depth of 660 km due to a 
substantial increase in the viscosity of the mantle8,20. To quantitatively 
estimate the length of the slab before it subducted and folded (via slab 
‘unfolding’), we follow previous work21 and measure the area of the slab 
and incrementally apply a density–depth correction (Methods; Extended 
Data Fig. 3). Exaggeration of the slab area as a result of tomographic 
blurring is probable and was considered by comparing a range of arbi-
trarily reduced slab areas against geological observations (Methods). 
We assume an initial oceanic lithosphere thickness of about 100 km. 
Smaller initial lithospheric thicknesses (such as 70 km8) are also possible; 
a smaller value would have the effect of offsetting tomographic blurring 
(Methods). The Nazca slabs were unfolded across serial cross-sections 
between 0° S and 40° S (Fig. 3). We did not unfold the Nazca slab south 
of 40° S owing to image degradation at the southernmost Andes15. 
Overall, the unfolded slab lengths decrease from about 7,600 km at 4° S 
to about 3,800 km at 36° S (Fig. 2a), which together account for roughly 
24 × 106 km2 of lost oceanic lithosphere (4.7% of Earth’s surface).

We then input our unfolded slab into the palaeo-GIS (geographic 
information system) GPlates22. We assume that the Nazca slab is still 
mostly physically attached to the present-day Nazca plate10,14 and there-
fore let the unfolded slab follow the movement of its parent Nazca plate 
within the plate reconstruction. The motion since 83.5 Myr ago of the 
Nazca plate relative to the South American plate in our plate model is 
derived from the global plate circuit and is independent from the refer-
ence frame of the mantle. Using the past motion of the Nazca plate from 
global plate models3, we pull our unfolded Nazca slab out of the mantle 
under South America (Fig. 3a–d). We find that the leading edge of our 
unfolded Nazca slab best fits the retro-deformed Andean margin23,24 
at about 80 Myr ago. This indicates that the tomography of the Nazca 
slab accounts for the lost lithosphere of the Nazca plate that has been 
subducting since 80 ± 10 Myr ago, if we consider the error range of the 
unfolding results (Methods).

Our predicted timing of the initiation of Nazca-slab subduc-
tion 80 Myr ago implies a sinking rate into the lower-mantle of 

13 ± 4.5 mm yr−1 (Extended Data Fig. 5), which is comparable to the 
values of 20 ± 8 mm yr−1 determined from geodynamic modelling25 
and (11–12) ± 3 mm yr−1 determined from global slab reconstruc-
tions2,26. Our time of initiation is also consistent with a comparison 
of reconstructed positions of the Nazca trench between 100 Myr and 
50 Myr ago with the present-day position of the Nazca slab (Extended 
Data Fig. 6).

We then input our reconstructed Nazca slab into a global plate 
model3, following a previous method21(Fig. 4). Our tomographic plate 
model implies that the current phase of Nazca subduction initiated 
first along the northern Andes (5° S) around 80 Myr ago, and then 
propagated progressively southwards to 40° S by about 55 Myr ago 
(Fig. 4; Extended Data Fig. 7; Supplementary Video). Southward shal-
lowing of the base of the Nazca slab in tomography (Fig. 2b), as has 
been recognized previously8, seems to support our prediction based on 
slab sinking of later subduction initiation at more southern latitudes. 
During the period when Nazca subduction was limited in the north 
(80–55 Myr ago), our Nazca slab driven by plate motion3 predicts diver-
gence of the Nazca plate from South America at the southern Andes 
(Fig. 4; Extended Data Fig. 7). Driving our Nazca slab using an alter-
native, Antarctic plate circuit27 (Extended Data Fig. 8; see refs 28,29 for 
an in-depth discussion) produces similar divergence at the southern 
Andes. We compare the predictions of our unfolded-slab plate model 
against geology in section ‘Comparison to Andean geology’.

Interaction between the slab and lower mantle
We use the time-varying subducted-slab lengths predicted by our 
plate model to estimate the timing of Nazca-slab penetration into the 
lower mantle (Fig. 5b, green area; Extended Data Fig. 9). From global 
slab-dip end-members30, we infer that a subducted slab will reach a 
depth of 660 km (that is, the lower mantle) after 770–1,200 km of slab 
has been subducted. The two end-members that guide this inference 
are: the Mariana Pacific slab, which has the shortest length (about 
770 km) between the trench and the lower mantle, and the largest 
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Fig. 1 | Slabs under South America. a, Present-day tectonic setting of 
the southeast Pacific. P, Pacific plate; Co, Cocos plate; An, Antarctica 
plate; NA, North American plate; SA, South American plate. The Nazca 
plate is subducting underneath the Andes. b, c, Tomographic images 
along the profiles marked in a of the subducted Nazca slab from MITP08 
tomography10. The colour scale indicates the perturbation in the P-wave 
velocity in MITP08. Poorly imaged areas that were delineated by previous 

studies are shown as dashed lines11–13,15 and are excluded in our analysis. 
Red dots indicate Benioff-zone seismicity. The reconstructed positions of 
the Nazca trench3 120 Myr ago, 100 Myr ago, 80 Myr ago and 60 Myr ago 
are labelled (see Extended Data Fig. 6 for details). In both profiles, a gap 
separates the Nazca slab and the deep eastern slab, which we interpret to 
have resulted from an Andean margin-wide plate reorganization in the late 
Cretaceous.
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dip angle (more than 70°)30; and the Peruvian flat slab, which has a 
length of about 1,200 km between the trench and the lower mantle 
and the smallest dip angle (less than 30°)30. Because slab penetration 
can occur only after the slabs reach 660 km depth, our estimate pro-
vides a minimum age for the penetration of the Nazca slab into the 
lower mantle (Fig. 5b; Extended Data Table 1): roughly 68 Myr ago at 
northern latitudes (around 6° S) and 35 Myr ago at southern latitudes 
(around 40° S).

Comparison to Andean geology
The southward propagation of Nazca subduction initiation between 
80 Myr and 55 Myr ago that is implied by our plate model (Fig. 5a, red 
line) is supported by the similar southward propagation of the resump-
tion of Andean-arc magmatism over the same time period (Fig. 5a; 
see Methods section ‘Magmatism compilation summary’ for a complete 
list of references). Owing to limited published ages along the southern 
Andes at about 35° S, magmatic activities at these latitudes shown in 

Fig. 5a are inferred from detrital zircon ages31. In Extended Data Fig. 10 
we provide an alternative comparison of the implications of our model 
with an independently compiled magmatic catalogue (Extended Data 
Fig. 10).

Between 80 Myr and 55 Myr ago, our plate-model-driven3 slab 
reconstruction predicts concurrent subduction at the northern Andes 
(north of 35° S) and divergence at the southern Andes (south of 35° S) 
(Fig. 4a–c). The predicted divergence during the late Cretaceous 
(Fig. 4a) might explain the backarc to intraplate Patagonian basaltic pla-
teaus of Tres Picos Prieto basalts32. The divergence during the Eocene is 
consistent with previous28,33 plate reconstructions of the subduction of 
the Aluk spreading ridge (Fig. 4c) that led to the eruption of the Eocene 
Belgrano basalts33. The reconstructed Aluk ridge seems to correspond 
to the southern limits of our unfolded Nazca slab (Fig. 4c), which could 
explain the southern termination of our mapped Nazca slab.

A comparison of our model results to the onset of Andes compression 
and the development of the foreland basin (Fig. 5b) shows that these 
events occur progressively more recently to the south, but after our 
predicted Nazca subduction initiation by 20–30 Myr (Fig. 5b, red line). 
Other studies have also shown that the onset of Andes compression is 
decoupled from Nazca subduction rates and lithospheric ages34. On the 
other hand, Andean compression and foreland basin tectonic signals 
show similarities to our estimated timing for the Nazca slab reaching 
the lower mantle (Fig. 5b, green area). These results support previous 
geodynamic models that have linked the onset of surface compression 
to lower-mantle slab anchoring8,9. Although we do not make direct 
predictions for the timing of Nazca-slab anchoring, both the 10–30-Myr 
delay between our predicted minimum time for the Nazca slab to reach 
the lower mantle (Fig. 5b, green area) and the onset of Andes compres-
sion (Fig. 5b, orange boxes) are consistent with a maximum stagnation 
time of 60 Myr for slabs to penetrate the lower mantle35.

The southward propagation of Nazca-slab penetration implied by 
our models (Fig. 5b) would probably have led to a time-transgressive, 
southward-propagating onset of slab–mantle interactions across the 
length of the Andes. Our reconstructions of subducted-slab length 
predict that within the present-day Nazca subduction phase the earli-
est slab–mantle interactions began at the northern Andes (5° S) about 
65 Myr ago and swept southwards to the southern Andes (40° S) by 
about 30 Myr ago. A key insight from these results is that between 
40 Myr and 30 Myr ago at the northern Andes (north of 30° S) there 
would have been more than 3,000 km of subducted Nazca slab that 
would have presumably piled up and already anchored into the lower 
mantle, whereas at the southern Andes (south of 30° S) the Nazca slab 
was much shorter (about 770 km) and would not be expected to have 
anchored into the lower mantle (Extended Data Fig. 9). A short and 
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Fig. 2 | Decreasing unfolded Nazca slab lengths and shallowing Nazca 
slab base towards more southern latitudes. a, Unfolded Nazca slab 
lengths at seven east–west profiles between 4° S and 34° S (see map on 
the right). b, A trench-parallel cross-section from MITP08 tomography, 
showing intersections with the seven cross-sections from a. The subducted 
Caribbean Large Igneous Province (CLIPs) beneath the Caribbean margin 
of northwest Columbia is also indicated. Overall, the base of the Nazca slab 
shallows in the tomography (red arrow in b) and the length of the unfolded 
Nazca slab decreases (red arrow in a) towards the south.
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Fig. 3 | Unfolded-slab plate-tectonic reconstruction of Nazca. a, The 
unfolded Nazca slab that is used as the inputs (0 Myr ago) of the global 
plate-tectonic reconstruction3. The seven orange bars are the unfolded slab 
lengths of the seven profiles in Fig. 2a. The dashed orange line indicates 
the leading edge of our unfolded Nazca slab. The yellow line shows the 
retro-deformed Andean margin23,24. b–d, We ‘pull out’ the Nazca slab by 
attaching it to the Nazca plate and progressively reversing Nazca plate 

motions3 in time. Snapshots of the ‘pulled out’ Nazca slab are shown at 
progressively older times: 50 Myr ago (b), 80 Myr ago (c) and 100 Myr 
ago (d). Dark grey areas show lithosphere lost owing to subduction. 
Our unfolded Nazca slab best accounts for lost oceanic lithosphere back 
to about 80 Myr ago (c), which implies that the current phase of Nazca 
subduction began about 80 Myr ago.
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free-moving southern Nazca slab dangling in the upper mantle would 
be more likely to retreat, creating surface extensional features9. This 
possibly explains the observations of simultaneous northern Andean 
compression and southern Andean extension between 40 Myr and 
20 Myr ago5,36–38, during which time the whole margin was subjected 
to similar convergence rates (Fig. 4d, e).

Possible Andean evolution before 80 Myr ago
On the basis of the Andean geological record, it was proposed1 that 
the latest Andean tectonic cycle started around 190 Myr ago and has 
continued to the present day without a break. However, we find that 
the subducted Nazca slab can account for lost lithosphere back to only 
about 80 Myr ago (Fig. 3); consequently, more slab is necessary to 
account for subduction and arc magmatism along the Andean margin 
before 80 Myr ago (Fig. 5a). The two deeper tomographic anomalies 
(Fig. 1b, c) that lie beneath our Nazca slab are possible candidates, 
especially the deep eastern anomaly, the position of which is roughly 
consistent with the reconstructed Andean margin 100 Myr ago (Fig. 1c; 
Extended Data Fig. 6). Because the slab anomaly extends down to the 
core–mantle boundary, it could account for the continuous subduction 
at the Andes between 80 Myr and roughly 200 Myr ago, given our 
calculated slab sinking rates (13 ± 4.5 mm yr−1). In this case, there is 
enough slab within the mantle to account for subduction over the whole 
190-Myr Andean tectonic cycle.

The deeper slab anomalies are separated from the Nazca slab by an 
obvious and continuous slab gap at a depth of 1,500 ± 150 km (Fig. 1; 
Extended Data Fig. 2). Our results suggest that this gap resulted from a 
substantial reorganization in subduction of the Nazca plate sometime 
before 80 Myr ago, during the 190-Myr Andean tectonic cycle (Fig. 5a). 
We cannot exclude the possibility that this slab gap was produced by 
the sinking of a once-continuous Nazca and deep eastern slab, which 
then broke apart in the mantle and sank at different rates. However, 
our interpretation is compatible with previous studies that show a 
substantial, margin-wide change between 100 Myr and 80 Myr ago, 
such as a margin-wide compressional event39, the closure of marginal 
basins40,41, the formation of foreland basins17,42, a change in strike–
slip fault motions43 or a marked change in geochemical signals from 
100 Myr to 80 Myr ago44.

The Andean margin-wide reorganization 100–80 Myr ago has 
previously been attributed to incremental westward drift of South 
America18,45,46, but this westward drift is not robustly reproduced 
within alternative mantle reference frames (Extended Data Fig. 6). For 
example, plate reconstructions in the ‘hybrid’ and ‘slab’ mantle refer-
ence frames show only minor (0–350 km) absolute westward drift of 
South America between 100 Myr and 80 Myr ago3 (Extended Data 
Fig. 6). Because our study is not sensitive to different mantle reference 
frames, it provides an alternative explanation for how this margin-wide 
event might be linked to a plate-tectonic reorganization.
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Fig. 4 | Southward propagation of Nazca subduction along the Andes 
after the late Cretaceous. a–e, Predictions of our plate model 80 Myr (a), 
70 Myr (b), 60 Myr (c), 40 Myr (d) and 30 Myr (e) ago (see Extended Data 
Fig. 7 for details). Arrows indicate the motion of the subducting Nazca 
plate relative to a fixed South America, which was constrained by plate 
circuit (see Extended Data Fig. 8 for the motions from the alternative 
plate circuit). The arrows are colour-coded by the type of plate-tectonic 
boundary between the Nazca and South American plates: subduction 
(the compressional margin) is coloured in red; green and blue indicate 
the transform and divergent (extensional) margins, respectively. The 
lengths of the arrows indicate relative motion magnitudes. Overall, our 
model predicts the southward propagation of Nazca subduction. Coloured 

symbols denote coeval geological events. Retro-deformed Andean margin 
(light green) and compressional structures (fuchsia lines) are from ref. 23.  
Active foreland basins and active extensional basins are shown in pink 
and blue stars, respectively (m, n, p–t; see Fig. 5 for definitions). Yellow 
triangles show arc magmatism. The yellow regions highlight the southward 
propagation of pulses of arc magmatism (see Methods section ‘Magmatism 
compilation summary’ for references). Blue circles are Patagonian basaltic 
plateaus (i–iv; see Fig. 5 for definitions). The two insets in e contrast 
potential differences in slab–mantle interactions between the northern 
and southern Andes 40 Myr and 30 Myr ago, during which time similar 
plate convergence conditions existed along the entire Andean margin.
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Published global plate models do not implement a margin-wide plate 
reorganization along the Andes before 80 Myr ago3, but Nazca plate  
kinematics during this period are less well constrained owing to the lack 
of a plate circuit before 83.5 Myr ago3. Furthermore, the deep western 
anomaly in the lower mantle14 (Fig. 1b, c) seems to imply an intra-oceanic  
subduction zone approximately 2,000 km west of western South 
America sometime between 200 Myr and 80 Myr ago. Intra-oceanic 
subduction zones have also been proposed further north along western 

North America during the Cretaceous47. These and other plate recon-
struction complexities (such as the conceptual Chasca and Catequil 
plates27) could allow the plate reconstruction details presented here 
to fit within the constraints of current plate models3, at least near the 
southern Gondwana margin. Further study is needed to understand the 
regional context for our proposed reorganization at the Andes, and its 
possible roles and relationships with adjacent plate reorganizations at 
the southern Gondwana margin 105–100 Myr ago48.
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Fig. 5 | Comparison of plate-model predictions with Andean geology. 
a, The onset of Nazca subduction and a comparison with Andean 
magmatism. Our proposed 140-Myr-long Andean evolution is labelled 
at the top. The thick red line highlights the southward propagation of 
the initiation of Nazca subduction predicted by our plate model, at the 
latitudes shown by the red dots. Model predictions within the less-well-
imaged area (south of 40° S) are shown by a red dashed line. The error 
range (±10 Myr; red shaded area) comes from alternative choices of 
slab-edge velocity perturbations (Methods). Purple rectangles show the 
Andean margin-wide compressional event in the late Cretaceous39. Light 
grey rectangles show arc-related magmatism and striped rectangles show 
backarc magmatism (see Methods for details and references). The green 
arrows highlight the magmatic gap that occurred before the predicted 
Nazca subduction initiation. Dark grey rectangles are Patagonian basaltic 
plateaus33,52: i, Tres Picos Prieto basalts; ii, Belgrano basalts; iii, Somuncura 
basalts; iv, Kankel basalts; v, Meseta de la Muerte basalts; vi, Pico Truncado 
basalts; vii, Payenia basalts. Brown dashed boxes show previously 

proposed flat subduction events6. b, Our reconstructed subducted Nazca 
slab lengths as a function of latitude and time. The red line and shading 
shows the initiation of Nazca subduction, as in a (along this line the slab 
length is 0 km). The light green and dark green lines show the times at 
which subducted Nazca slab lengths reached 770 km (Mariana-like) and 
1,200 km (Peru-like), respectively. The lime green area between the two 
green lines indicates our inferred minimum time range for the subducted 
Nazca slab to reach the lower mantle (which lies at a depth of 660 km), 
at each latitude. Geological evidence for the initiation of compressional 
structures is represented by orange rectangles (see ref. 8 and references 
therein and ref. 23). The timing of foredeep deposits (dotted areas) and 
foreland basin unconformities that indicate a sedimentary hiatus (hashed 
areas) are also shown18: m, Cordillera Blanca; n, eastern Cordillera; 
p, Cordillera Oriental; q, Bermejo. The onset of extensional basins is 
represented by blue rectangles: r, Abanico basin37; s, Neuquén basin17;  
t, Loncopué trough38 and Cura-Mallín basin36.
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Differentiating plate tectonics from flat slabs
Our proposed Andean tomographic plate reconstruction provides 
insights into the roles of margin-wide plate-tectonic reorganizations 
and slab–mantle interactions relative to other factors (flat-slab sub-
duction or slab break-off) since the late Mesozoic. We propose that a 
new subduction system—the present-day Nazca subduction phase—
initiated along the northern Andes (5° S) about 80 Myr ago and prop-
agated to the southern Andes (40° S) by 55 Myr ago. Our model shows 
that southward-propagating Nazca subduction initiation and later 
lower-mantle Nazca slab anchoring has also influenced the first-order 
evolution of the Andes.

Between the late Cretaceous and the Eocene (Fig. 4a–c), the southward 
propagation of Nazca subduction controlled the first-order evolution 
of the Andes, producing southward propagation of subduction- 
related arc magmatism (Fig. 5a). Traditionally, a new magmatic pulse 
following a magmatic lull has been linked to flat-slab subduction4,49–51; 
however, areas affected by flat-slab subduction are usually localized  
(see ref. 6 for a review). The margin-wide, southward-propagating  
initiation of Nazca subduction predicted by our model can better 
explain the systematic change that is observed in Andean magmatism 
(Fig. 5a).

From the Eocene to the Miocene (Fig. 4d, e), the entire Andean 
margin finally became a subduction margin, with similar conver-
gence rates across the entire margin (Fig. 4d, e). The differences in 
our reconstructed subducted-slab lengths during this period imply 
contrasting slab–mantle interactions which potentially explain the 
tectonic differences across the Andes (Fig. 4e). Specifically, during this 
phase, the longer northern Nazca slab penetrated into the lower mantle 
whereas the shorter southern Nazca slab probably remained free within 
the upper mantle or transition zone (Fig. 4e, insets). This is notable 
because previous modelling studies (for example, ref. 9) have shown 
that anchored lower-mantle slabs promote compressional structures 
whereas non-anchored slabs allow trench retreat and produce exten-
sional structures.

For each area of the Andes, a transition from a short and free 
upper-mantle slab to an anchored lower-mantle slab should occur. The 
sedimentary records for the well-studied Neuquén basin show a com-
plex history that consists of an early (about 100 Myr ago) compressional 

phase, followed by neutral subduction, then Eocene extension and 
finally Miocene compression17 (Fig. 6). The complex tectonic history 
has been interpreted within the context of complex changes in slab dip 
angle5,17 (Fig. 6b). Our Nazca slab length reconstruction allows us to 
reinterpret the tectonic history of the Neuquén basin to show that after 
Nazca subduction initiated about 80 Myr ago the Nazca slab remained 
short and free, allowing retreat and extensional basins to form. It is 
not until later (around the Miocene) that subducted-slab lengths were 
sufficient to permit possible slab penetration into the lower mantle, 
producing structural inversion (Fig. 6). Therefore, we suggest that the 
Neuquén basin sediments actually reflect a natural and expected tec-
tonic evolutionary sequence after the initiation of Nazca subduction—
changes in slab dip are not required.

It is only since the Miocene that our plate model implies a single and 
continuous Nazca subduction regime that is reminiscent of the classical 
Andean model. By excluding plate tectonic phenomena, our model 
implies that Andean tectonics was dominated by flat slabs during this 
period, supporting the popular Andean paradigm6 from the Miocene 
to the present day.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0860-1.
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Methods
Slab unfolding. To unfold the slab, we first mapped the fast anomaly in three 
dimensions. This step helps us to exclude tomographic artefacts or other slabs 
that are in contact with the Nazca slab (Fig. 1b). We then cut various east–west 
spherical-Earth tomographic cross-sections. On each cross-section, we picked the 
steepest velocity-perturbation gradient as the edge of the Nazca slab. This crite-
rion works well in most cases, except at larger depths where the velocity gradient 
decreases, possibly owing to the reduction of ray path coverage. For example, in 
Extended Data Fig. 3c the edge of the Nazca slab can easily be selected from the 
steepest velocity-perturbation gradient around the anomaly, except in the deeper 
eastern part between 900 km and 1,300 km, where the fast anomaly gradually 
fades into the ambient mantle (Extended Data Fig. 3). In these cases, we picked 
velocity perturbations (dVp = +0.3% and +0.2%) that have been suggested53 to 
be the most likely for a slab edge. We correct for slab density–depth changes using 
the PREM Earth model54.

Similarly to previous work15, we assume that a reasonable pre-subduction thick-
ness of the oceanic lithosphere is about 100 km, on the basis of synthetic litho-
spheric age models3. Smaller initial thicknesses (such as 70 km)14 are also possible. 
The choice of a smaller value would increase the unfolded slab lengths (green 
dots in Extended Data Fig. 10) and have the effect of counteracting tomographic 
blurring artefacts (considered below). We then obtain two possible slab lengths, 
with a maximum of 8,188 km (when using dVp = +0.2% to define the slab edge) 
and a minimum of 6,694 km (when using dVp = +0.3% to define the slab edge). 
From the Nazca–South America convergence rate3, we derive the subducted ages 
from subducted-slab lengths (Extended Data Fig. 3d), obtaining a maximum of 
90 Myr and a minimum of 70 Myr. Thus, the anomaly accounts for subducted 
lithosphere back to sometime between 90 Myr and 70 Myr ago. We then took the 
middle value (80 Myr), with a possible age range of ±10 Myr. The results of all 
of the measurements on different cross-sections are listed in Fig. 3. Overall, the 
restored slab length decreases from north to south, and the subducted ages are 
younger towards the south (Extended Data Table 1).

Differences in Nazca slab lengths estimated by other studies8,15 might come 
from the resolution of different topographies, differences in assumed initial slab 
lithospheric thicknesses (100 km or 70 km), and different selected velocity pertur-
bations for the slab edge (0.25%–0.5%). Our unfolded slab lengths are generally 
longer (by about 20%) compared to previous measurements at the same loca-
tion. This is probably because our unfolding procedure following ref. 21 includes 
a correction for the density increment, which usually increases the slab area by 
15%–35%.

Unfolding the Nazca slab from other tomographies does not result in very differ-
ent unfolded slab lengths (Extended Data Fig. 4). However, tomographic blurring 
necessarily exists and would exaggerate our estimated slab areas. To assess these 
tomographic uncertainties, we first compared input and recovered slab volumes 
from a synthetic Nazca slab resolution test for MITP08 tomography of the upper 
660 km along a northeast–southwest cross-section at about 18° S55. The test showed 
6% exaggeration of the input slab area due to tomographic blurring55. However, 
considering that this is the only relevant test in our study area and the recovered 
image is only available within the upper 660 km, the robustness of imaged slab 
areas remains unknown, especially in the lower mantle, where we observed possibly 
buckled slabs (Fig. 1). Checkerboard resolution tests show overall good recovery 
underneath South America at various depths10; however, given the checkerboard 
spacing of about 550 km in the upper mantle and of about 600 km in the lower 
mantle10, the tomographic resolution is probably closer to several hundred kilo-
metres rather than the stated 100-km maximum10. Therefore, it is possible that 
the wider slab anomalies in the lower mantle have been exaggerated as a result of 
tomographic blurring. Therefore, slab areas might be overestimated. We considered 
the possible effects of tomographic blurring by arbitrarily shrinking our unfolded 
slab lengths by 20% and 40% and comparing the plate-model outcomes against 
magmatism (Extended Data Fig. 10). For all cases, southward-propagating Nazca 
subduction was preserved, but timings and implied slab sinking rates were altered 
(Extended Data Fig. 10a). The plate model with 80% of our preferred slab lengths 
showed later initiation of Nazca subduction, from about 65 Myr ago at 8° S to 
30 Myr ago at 40° S. The implied lower-mantle sinking rate was about 17 mm yr−1. 
The 60% slab length model showed subduction initiation about 50 Myr ago at 8° S 
and 25 Myr ago at 40° S; a lower-mantle sinking rate of around 27 mm yr−1 was 
produced. Shorter slab lengths were not tested because they would have produced 
unreasonably fast slab sinking rates. The 80% and 60% slab length models compare 
less well to the geology, the magmatism and the plate reorganization 100–80 Myr 
ago (Fig. 5a, Extended Data Fig. 10). Therefore, we conclude that the true slab 
lengths are unlikely to be smaller than 80% of our preferred slab lengths.
Slab sinking rate calculations. Following a previous approach21, we used the 
Nazca slab age–depth relationship to obtain a slab sinking rate. The Nazca slab 
subduction age was derived by graphically inspecting the time at which the recon-
structed Nazca plate overlapped the western South American margin within our 

plate reconstruction. The slab depth was obtained directly from tomographic 
cross-sections. Sinking rates were then estimated by regressing the slab subduction 
ages and slab depths (Extended Data Fig. 5).
Magmatism compilation summary. As with any region, the Andean magmatic 
record is not fully complete owing to sampling, erosion and possibly subduction 
erosion, but it provides a quantitative assessment of Andean subduction history for 
comparison to our study. In Fig. 5a, we show the tectonic origin of each magmatic 
record inferred from published geochemical signatures (in terms of arc, backarc 
or intraplate magmatism). This provides a feature-by-feature comparison between 
magmatism sourced from similar tectonic settings. In northern Peru (8°–12° S), the 
marginal-basin deposits of the Casma group56 was intruded by the 102–59-Myr-old 
arc-like coastal batholith57, indicating the start of subduction around 100 Myr ago. 
In southern Peru (16°–17° S), arc-like magmatism resumed abruptly 90 Myr ago 
after a magmatic gap that began in the Jurassic58. In northern Chile (21°–26° S), 
four magmatic episodes have been proposed4, including an arc resumption at the 
Chilean Precordillera 78 Myr ago. In central Chile (30°–32° S), the arc magma-
tism at the Principal Cordillera of Chile resumed 72.6 Myr ago59 after a magmatic 
gap51. In southern–central Chile (36°–38° S), the onset and duration of the early 
magmatic episodes are poorly constrained60, because pre-Cenozoic magmatic rock 
exposures are limited. As a result, our understanding of magmatism at these lati-
tudes comes from the ages of detrital zircons in sedimentary basins. The absence 
of mid- to late-Cretaceous zircons17,31,39,61 led to an interpretation31 of arc waning 
after around 100 Myr ago, whereas the dominance of zircons 75–60 Myr ago indi-
cates substantial contributions from a coeval magmatic arc17. We therefore took 
75 Myr ago as the time for arc resumption, although a few older K–Ar ages have 
been reported62. Further south in Chile and Argentina (39°–43° S), the Pilcaniyeu 
volcanic belt resumed around 60 Myr ago63. At the north Patagonian Andes  
(44°–47° S), the main plutonic pulses ceased 90 Myr ago and resumed 25 Myr ago, 
with geographically limited eruptions 75 Myr and 40 Myr ago64.

The other arc magmatic pulses in Fig. 5a are compiled from refs 4,17,31,51,57,58,63–70. 
To provide an alternative perspective, we also plotted an undifferentiated Andean 
magmatic catalogue71, which contains more than 14,000 records, to compare 
against the predictions of our plate model (Extended Data Fig. 10). Extended Data 
Fig. 10 offers a complementary perspective on Fig. 5a by providing an independent 
view of magmatic histories against our model predictions.

Data availability
The data that support the findings of this study are available within the paper.
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Extended Data Fig. 1 | Slab anomalies under South America. The 
anomalies are shown in different tomographies within a UTM (Universal 
Transverse Mercator) projection at 400 km (left), 1,000 km (middle) and 
1,200 km (right). Tomographies include: a, MITP0810; b, GAP-P472;  
c, UU-P0773; d, LLNL-G3Dv374; e, SEMUCB-WM175; and f, TX201176. 
dVp and dVs are the velocity perturbations (expressed as a percentage) 
from P-wave and S-wave tomography, respectively. g, Map26,77 of the 
number (out of 22) of global seismic tomography models that show 

fast velocity anomalies at a given location, which gives an indication of 
imaging robustness. The 22 tomographies include MITP0810, GAP-P472, 
UU-P0773, LLNL-G3Dv374, SEMUCB-WM175, TX201176, GyPSuM78, 
HMSL-P0679, PRI-P0580, SP12RTS-P81, SPani-P82, S362ANI+M83, 
S40RTS84, SAVANI85, SAW642ANb86 and SEISGLOB287. Overall, the 
northern Nazca slab shows a wider tomographic anomaly that is stronger 
in amplitude and extends deeper into the lower mantle relative to the 
southern slab.
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Extended Data Fig. 2 | Tomographic cross-sections showing the Nazca 
slab from MITP08 tomography. a–f, East–west sections (see h) are 
shown from north to south. Red dots indicate Benioff zone seismicity. 
Yellow dashed lines show our manually selected Nazca slab edges that 
were primarily defined by steep velocity gradients. Poorly imaged areas 

identified by previous tomography studies are highlighted by white dashed 
lines11–13. g, A trench-parallel profile. Intersections with east–west profiles 
1–6 are shown by red lines. h, Profile positions on a horizontal slice at a 
depth of 900 km within a UTM projection.
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Extended Data Fig. 3 | Cross-sectional area unfolding method. The 
method is outlined in ref. 21. a, A three-dimensional schematic view of 
highly deformed slabs in the lower mantle, for which we aim to assess the 
cross-sectional slab area and unfold the slabs to estimate the amount of 
subducted lithosphere. b, A three-dimensional schematic view showing 
the reconstructed slab lengths from a along two parallel cross-sections. 
Each of the slab sub-depth areas 1–8 have been retro-deformed to a 
notional pre-subduction thickness of 100 km and pieced back together 

at the Earth surface to assess a pre-subduction length. A density–depth 
correction (red area) has been applied to each slab sub-area following 
PREM54. c, An example MITP08 tomographic cross-section under the 
Andes and two possible Nazca slab areas based on different contour 
values: the blue dashed line is dVp = +0.3% and the red dashed line is 
dVp = +0.2%. d, Slab subduction ages implied by the dVp = 0.3% and 
dVp = 0.2% Nazca slab areas from c are 70 Myr and 90 Myr, respectively, 
determined from plate convergence rates from a global plate model3.
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Extended Data Fig. 4 | Cross-sectional area unfolding method applied 
to the other five tomographies at profile 2. See Extended Data Fig. 2g  
for location. a, GAP-P472; b, UU-P0773; c, TX201176; d, LLNL-G3Dv374; 
and e, SEMUCB-WM175. Our choices of slab edges are shown as yellow 
dashed lines, with dVp = +0.3% in UU-P07 (b) and LLNL-G3Dv3 (d),  
dVp = +0.6% in GAP-P4 (a), dVs = +0.9% in TX2011 (c) and 
dVs = +0.7% in SEMUCB-WM1 (e). f, The unfolded slab lengths from 

the five tomographies, with our choices of slab edges shown as blue circles. 
Unfolded slab lengths from MITP08 in Extended Data Fig. 3d are shown 
as a yellow box. The unfolded slab lengths of an alternative slab area in 
GAP-P4 and TX2011 (red dashed lines in a and c) are shown as open 
dashed circles. Overall, the slab lengths from the six tomographies show 
similar results.
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Extended Data Fig. 5 | Age–depth curve for our unfolded Nazca slab 
for profiles 2–5. Implied lower-mantle sinking rates are shown by the 
circles and labels, coloured coded by tomographic profile. For comparison, 
we also plot lower-mantle sinking rates at the central Marianas Pacific 

slabs (light grey diamonds)21 and age–depth relationships of slabs under 
east Asia (dark grey diamonds)21. All sinking rates from this study are 
consistent with ref. 21, which found an average lower-mantle sinking rate 
of 1.8 ± 0.8 cm yr−1 (grey dashed lines).
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Extended Data Fig. 6 | Reconstructed Nazca trench positions between 
100 Myr and 60 Myr ago within two alternative mantle reference 
frames. Reconstructed trench positions are shown at 100 Myr ago 
(red lines), 80 Myr ago (white lines) and 60 Myr ago (yellow lines), 
superimposed on horizontal sections of MITP08 tomography10 within 

mid- to lower-mantle depths (a, b, 1,200 km; c, d, 1,400 km;  
e, f, 1,600 km). a, c, e, Reconstructions based on the mantle reference 
frame of ref. 88. b, d, f, Reconstructions based on the mantle reference 
frame of ref. 89.
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Extended Data Fig. 7 | Reconstructed Nazca plate motions relative to a 
fixed South America. a, 80 Myr ago; b, 70 Myr ago; c, 60 Myr ago;  
d, 50 Myr ago; e, 40 Myr ago; f, 30 Myr ago; g, 20 Myr ago; h, 10 Myr ago. 
Grey arrows indicate the motion of the subducting Nazca plate relative to 
South America. Divergent motions are shown by blue arrows. The position 

of the Nazca–South America plate boundary is based on the retro-
deformed Andean margin from ref. 23. Subduction along the Nazca–South 
America plate boundary is highlighted by the thick red line; green and blue 
thick lines indicate transform and divergent plate boundaries, respectively. 
Other references are the same as in Fig. 4.
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Extended Data Fig. 8 | Comparison of Nazca–South America plate 
motions from alternative plate circuits. a–c, Plate motions 80 Myr ago (a),  
70 Myr ago (b) and 60 Myr ago (c) are shown from the Antarctic plate 
circuit27 (blue arrows) and the Australian plate circuit3 (orange arrows). 
In this study, we followed the plate motion derived from the Australian 
plate circuit3. The Australian circuit assumes limited motion between the 
Lord Howe Rise and the Pacific before the Eocene. This allows a motion 
chain to be built from East Antarctica to Australia to the Lord Howe Rise/
Pacific, avoiding the less-well-constrained relative motion of East and 

West Antarctica, on which the Antarctic circuit is built (see ref. 29 for an 
in-depth discussion). Both models indicate coeval northern convergence 
and southern divergence, although the motions are different in the late 
Cretaceous (a and b). The position of the Nazca–South America plate 
boundary is based on the retro-deformed Andean margin (black dash 
lines)23. Subduction along the plate boundary is coloured in red; green and 
blue indicate transform and divergent plate boundaries, respectively (same 
as in Extended Data Fig. 7).
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Extended Data Fig. 9 | Subducted-slab lengths along the western South 
American margin over time. Slab lengths (SLs) are based on our plate 
model and measured over time between the leading edge of the subducted 
Nazca slab and the retro-deformed Andean margin23. A slab length of 
0 km indicates Nazca subduction initiation. A slab length of 770 km 

indicates the earliest possible time that the Nazca slab could have reached 
the lower mantle, based on a sub-vertical Marianas slab end-member30. 
A slab length of 1,200 km indicates the latest possible time that the Nazca 
slab could have reached the lower mantle, based on a shallow-dipping 
Peruvian flat-slab end-member30. See main text for more details.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Sensitivity of our plate model to other possible 
slab lengths and their implied sinking rates. a, Our plate model 
predictions are compared with a spatial density plot of total recorded 
Andean magmatic ages by latitude from a catalogue of undifferentiated 
Andean magmatic ages71 (14,709 total published magmatic ages since 
140 Myr ago). The bin size is 4° in latitude and 5 Myr in age. This plot 
is designed to offer an alternative perspective to Fig. 5a. Differences 
between this plot and Fig. 5a result from our choice of including in Fig. 5a 
only magmatism that had an interpreted tectonic origin, for example, 
arc-related, backarc or intraplate magmatism. For Fig. 5a, published 
geochemical signatures provide a feature-by-feature comparison for each 
magmatic record that is absent from this plot. The near-white band 32° S 
and 45° S is not necessarily a magmatic gap, but is the result of limited 
reported ages, possibly owing to limited outcrop exposure. In Fig. 5a, 
we used detrital zircon ages to infer the magmatic activity for 32°–45° S. 
The thick red line shows our predicted southward propagation of Nazca 
subduction initiation (same as in Fig. 5a). The error range (±10 Myr) 
shown by transparent red lines come from alternative choices of slab-edge 
velocity perturbations (see Methods and Extended Data Fig. 3 for details). 
Overall, our model prediction fits well with a magmatic minimum around 

80 Myr ago followed by increased magmatism, which we interpret to 
correspond to the initiation of the most recent phase of Nazca subduction. 
Arbitrarily decreased unfolded slab lengths of 80% (light blue dashed line) 
and 60% (dark blue dashed line) are also shown. The arbitrarily decreased 
slab lengths show the sensitivity of our plate model predictions to possible 
tomographic blurring, which would have exaggerated our measured Nazca 
slab areas. Comparison to the shorter unfolded slab lengths shows that 
southward propagation of Nazca subduction is preserved when Nazca 
slab lengths are decreased, but we argue that the alternative subduction 
initiation timings compare less well to the increased magmatism between 
80 Myr and 60 Myr ago north of 32° S. Green dots show that the choice of a 
thinner initial lithosphere thickness for slab unfolding (80 km rather than 
100 km) would increase slab lengths, which would effectively offset some 
tomographic blurring. b, Comparison between published lower-mantle slab 
sinking rates2,21,25,26,47,53,90,91 and the implied lower-mantle sinking rates for 
our preferred slab lengths (red line) and arbitrarily decreased 80% (light 
blue dashed line) and 60% (dark blue dashed line) slab lengths from a.  
Shorter slab lengths (less than 60%) were excluded from a on the basis of 
unreasonably fast slab sinking rates.
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Extended Data Table 1 | Notable ages of Nazca subduction

We provide our proposed times for the initiation of Nazca subduction, for the Nazca slab reaching the lower mantle (660 km depth) and for its penetration into lower mantle, along with those  
determined in published studies1,8,9,14–16,92,93. NA, not available.
†The original geodynamic models were forward models that began at 0 Myr ago. Time periods have been adjusted for comparison.
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