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Subduction of aseismic ridges and flat slab subduction are important processes that punctuate 
Cordilleran orogenesis and may enhance exhumation and rock uplift in the overriding plate. Distinguishing 
between the two drivers is often challenging, as many modern flat slabs spatially coincide with 
subducting buoyant ridges. The Peruvian flat slab is the largest region of active flat slab subduction on 
Earth, spanning over 1300 km of the subducting Nazca plate along the western margin of South America. 
The flat slab is associated with two seafloor ridges: the Nazca Ridge at the southern terminus and the 
fully subducted Inca Plateau in the north. These aseismic ridges are spatially confined with respect to the 
flat slab, allowing assessment of the relative roles of aseismic ridge interactions and flat slab subduction 
in driving upper plate exhumation. We present: (1) a regional compilation of geochronologic ages of 
Andean igneous rocks, which track the spatio-temporal evolution of Neogene magmatic arc cessation and 
hence slab flattening; (2) calculated geomorphic indices, which document landscape perturbations and 
climatic or lithologic changes, (3) a summary of erosion rates from river catchments on the western 
Andean slope, and; (4) a regional synthesis of thermochronologic ages that reflect the timing and 
magnitude of upper crustal cooling.
Thermochronometric cooling ages systematically track the progressive passage of the Nazca Ridge, 

suggesting that the buoyant ridge focused exhumation in the overriding plate. Geomorphic indices 
demonstrate enhanced topography and steeper channels closer to the position of the subducted ridge. 
The spatial progression of basement block uplifts in Peru also coincides with the timing of ridge passage. 
In hinterland regions, >2 km of exhumation occurred since ca. 15 Ma above the Peruvian flat slab. For 
individual locations within the orogen, active rock uplift declines after ridge passage, suggesting that 
increased coupling is not maintained across the entirety of the flat slab. We argue that above broad zones 
of flat slab subduction, focused areas of aseismic ridge subduction concentrate upper-plate exhumation 
and uplift. These observations may be relevant to other flat slab systems, which exhibit a broad zone of 
arc shutoff with corridors of focused exhumation.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Periods of flat slab subduction, when a subducting slab shallows 
to a near-horizontal orientation, are generally considered to drive 
punctuated shifts in magmatism and deformation along Cordilleran 
margins (e.g., Dickinson and Snyder, 1978; Jordan et al., 1983; 
Gutscher et al., 2000a, 2000b; Ramos and Folguera, 2009; Finzel 
et al., 2011; Horton, 2018). While modern flat slabs occupy ∼10% 
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of Earth’s subduction zones and are straightforward to identify 
with seismicity and tomography (e.g., Gutscher et al., 2000b; Hayes 
et al., 2018) our understanding of the kinematic response in the 
overriding plate remains limited. Although subducting ridges are 
not necessary to generate zones of flat slab subduction (Skinner 
and Clayton, 2013), many modern zones of flat slab subduction 
coincide with subducting oceanic ridges, which can also drive ex-
humation in the overriding plate (Wipf et al., 2008; Spikings and 
Simpson, 2014). This co-occurrence in modern subduction zones 
obscures the relative roles of aseismic ridge subduction versus flat 
slab subduction in concentrating upper-plate exhumation.
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Fig. 1. (A) Digital elevation model of the Central and Northern Andes Mountains. Nazca slab Benioff contours, which define the top of the oceanic slab, are from Hayes et 
al. (2018). Trench parallel ridge velocity (vridge) from Hampel (2002). Note the wide 100–200 km contour spacing that corresponds with the zone of flat slab subduction. 
Position of the subducted Inca plateau from Gutscher et al. (1999). Inset map after Horton (2018) with red triangles showing the Quaternary volcanic arc. CR = Carnegie
Ridge. NR = Nazca Ridge. JFR = Juan Fernández Ridge. (B) Swath topographic profiles and seismicity profiles constructed from reviewed earthquakes in the USGS earthquake 
catalog (1975 to 2020 with magnitudes >4.5). Profiles 1 and 2 are located above the flat slab, profile 3 is above the Nazca Ridge, and profile 4 is south of the flat slab. 
Note that between profiles 3 and 2, the top of the flat slab deepens from ∼60 km to ∼100 km. (C ) Slab earthquakes plotted by latitude, longitude, and depth (70–300 km) 
showing spatial variability in the slab along-strike. Locations of the Nazca Ridge (NR) and Inca Plateau (IP) are also shown. (D) Schematic depiction of the Nazca slab below 
Peru. Note the sag between the subducting Nazca Ridge and subducted Inca Plateau. After Gutscher et al. (1999). (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)
Ancient zones of hypothesized flat slab subduction are identi-
fied from the inboard migration and subsequent shutoff of mag-
matic activity, propagation of deformation towards the foreland, 
often along high-angle, basement-involved structures, and funda-
mental changes in basin subsidence and sediment routing (e.g., 
Dickinson and Snyder, 1978; Jordan et al., 1983; Finzel et al., 2011). 
In North America, Laramide flat slab subduction, often linked to 
subduction of the Shatsky Plateau and Hess Rise conjugates, drove 
inboard migration of magmatic centers ∼1000 km and caused a 
fundamental shift from dominantly thin-skinned, ramp-flat style 
structures to high-angle basement-cored uplifts (Dickinson and 
Snyder, 1978). Similar changes in deformation are documented 
in some active zones of flat slab subduction such as the Sierras 
Pampeanas of Argentina above the Pampean flat slab with the as-
sociated Juan Fernandez Ridge (e.g., Jordan et al., 1983), and the 
Alaskan flat slab above the thickened Yakutak microplate (Finzel et 
al., 2011). Other segments of flat slab subduction, such as in Mex-
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ico, appear to lack inboard basement-involved deformation (Manea 
et al., 2017).

However, the enhanced exhumation ascribed to flat slab sub-
duction zones may instead be linked to interactions with subduct-
ing ridges on the seafloor (e.g., Rosenbaum and Mo, 2011; Spikings 
and Simpson, 2014; Morell, 2016). The Peruvian Andes contain the 
largest modern flat slab subduction segment, the Peruvian flat slab, 
spanning ∼5–15◦S (Fig. 1A) and occupying ca. 20% of the Andean 
subduction margin. The Peruvian flat slab corresponds with two 
buoyant features: the Nazca Ridge which is currently subducting 
near its southern terminus (∼15◦S), and the Inca Plateau, a plateau 
that has been fully subducted under South American continental 
lithosphere (∼5◦S; Gutscher et al., 2000b). Despite its spatial ex-
tent, the areas of active aseismic ridge subduction occupy only 
a small fraction of the spatial extent of the Peruvian flat slab 
(Fig. 1D). Tomography suggests direct contact between the top of 
the Nazca Ridge and overriding continental lithosphere (Bishop et 
al., 2017).
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Fig. 2. (A) Migration history of the Nazca Ridge and Inca Plateau after Rosenbaum et al. (2005). (B) Distance from modern ridge axis, as used throughout the text and figures. 
Benioff contours are shown at 20 km intervals. (C ) Key geomorphic features and sea floor ridges shown on an oblique digital elevation model.
The Peruvian flat slab has been the subject of geophysical stud-
ies defining the modern slab geometry and slab migration history 
(Barazangi and Isacks, 1976; Gutscher et al., 1999, 2000b; Rosen-
baum et al., 2005; Bishop et al., 2017, 2018). These studies demon-
strate that the Nazca Ridge intersected the trench in northern Peru 
in the middle Miocene and has swept progressively southward 
to its present location (Fig. 2A; Hampel, 2002; Rosenbaum et al., 
2005). The relatively well-constrained geometry and migration his-
tory of the Nazca Ridge allow testing of the signals imparted on 
the rock record (Figs. 1 and 2). We present compiled datasets of 
high-temperature (U-Th-Pb, 40Ar/39Ar, and K/Ar) geochronometers 
as indicators of arc cessation, low-temperature thermochronome-
ters (apatite (U-Th)/He and fission-track) that record the timing of 
upper-crustal cooling, catchment-averaged erosion rates measured 
with cosmogenic nuclides to track transient landscape perturba-
tions, and newly generated hypsometric profiles and normalized 
channel steepness of river profiles in the Western Cordillera to 
document landscape transience. We address the following ques-
tions:

(1) What were the spatio-temporal patterns and relative magni-
tudes of exhumation across the Andean region directly above 
the Peruvian flat slab? Specifically, was exhumation localized 
along discrete upper-crustal structures or broadly distributed 
3

across the landscape? Further, how did the rate and magni-
tude of exhumation above the subducting ridges (Nazca Ridge 
and Inca Plateau) compare to the remainder of the flat slab?

(2) What mechanisms facilitate exhumation above zones of flat 
slab subduction, and do they operate uniformly across the 
flat slab, or are they spatially restricted to zones of en-
hanced mechanical coupling directly above subducting ridges 
and plateaus?

2. Geologic setting

2.1. The Nazca Ridge and the Inca Plateau

The northern and southern terminations of the Peruvian flat 
slab correspond to the proposed Inca Plateau and Nazca Ridge, re-
spectively. Tomography and seismicity suggest that the slab is not 
laterally uniform in its subsurface geometry, and exhibits sags and 
spatially-restricted tears along-strike (Fig. 1; Gutscher et al., 1999; 
Antonijevic et al., 2015; Wagner and Okal, 2019). At the southern 
terminus is the ∼200 km wide Nazca Ridge, a thickened portion of 
oceanic crust that intersected the trench at ∼10◦S between 15 Ma 
and 11.2 Ma and has been sweeping southward since to its current 
position at 15◦S (Fig. 2A; Hampel, 2002; Rosenbaum et al., 2005). 
Geophysical surveying suggests that the ridge is ∼17 km thick and 



S.W.M. George, N.D. Perez, W. Struble et al. Earth and Planetary Science Letters 600 (2022) 117754
rises ∼1.5 km from the seafloor, relative to the surrounding Nazca 
plate, which has an average 7 km oceanic crustal thickness (Ham-
pel et al., 2004). The Nazca Ridge is considered to be a conjugate 
to the Tuamotu Plateau, which would have formed at the intersec-
tion between the East Pacific Rise and Easter-Salas Hotspot (Pilger, 
1981; Gutscher et al., 1999; Hampel, 2002; Bishop et al., 2017).

The northern terminus of the flat slab region coincides with the 
proposed Inca Plateau, a fully subducted plateau that is thought 
to have reached the trench at ca. 13–10 Ma, and currently is lo-
cated under the Santiago Basin of northernmost Peru (Figs. 1 and 
2A; Gutscher et al., 1999, 2000b; Rosenbaum et al., 2005). The 
Marquesas Plateau in the Pacific Ocean is considered the most 
likely conjugate to the now subducted Inca Plateau (Gutscher et 
al., 1999; Rosenbaum et al., 2005).

2.2. Geologic overview

The Peruvian subduction zone has been active throughout most 
of the Paleozoic to present. Five tectonic domains characterize the 
flat slab region of Peru: the forearc, Western Cordillera, Eastern 
Cordillera, Subandean Zone, and foreland basin.

A relatively narrow series of low-relief forearc basins are pre-
served onshore and offshore along the coast of Peru. From north 
to south these include the Talara, Sechura-Salaverry, Pimentel, Tru-
jillo, Lima, Huacho, Pisco, Paracas, Moquegua, and Mollendo Basins. 
These basins generally contain Cretaceous to Quaternary strata, 
typically deposited on Paleozoic metasedimentary rocks or Creta-
ceous arc-related rocks. The forearc basins have undergone signif-
icant subduction erosion since the middle Miocene (Clift et al., 
2003; Hampel et al., 2004), yet differences in convergence ve-
locities have been negligible since the Miocene (Maloney et al., 
2013).

The Western Cordillera contains relatively high-elevation, high-
relief peaks. Jurassic through Miocene arc rocks ranging from felsic 
to intermediate compositions dominate the Western Cordillera. 
In central-northern Peru, the Western Cordillera also hosts the 
Marañón fold-thrust belt, which was the locus of shortening 
throughout the Eocene (Mégard, 1984; Scherrenberg et al., 2016; 
Moreno et al., 2020). Since the late Miocene (∼10 Ma) only re-
stricted volcanic centers have been active in the Western Cordillera 
above the flat slab (e.g., Yanacocha and the Cordillera Blanca). The 
Western Cordillera also hosts the Cordillera Blanca normal fault 
and purported metamorphic core complex, interpreted to have 
formed during or after slab flattening (Fig. 2C; McNulty and Farber, 
2002; Giovanni et al., 2010; Margirier et al., 2015).

The Eastern Cordillera is dominated by Paleozoic metamorphic 
and igneous rocks and Mesozoic sedimentary rocks, largely ex-
posed along high-angle reverse faults and within the Marañón 
Anticline, a large-scale north plunging structure. At the northern 
terminus, the Eastern Cordillera is uplifted along a east-vergent 
high-angle fault, the Almendro Jumbilla Fault, and associated west-
vergent back-thrusts (Fig. 2C; George et al., 2019; Moreno et al., 
2020).

The Subandean Zone hosts the Miocene to modern thin-skinned 
fold-thrust belt, which deforms Paleozoic to modern metasedimen-
tary and sedimentary rocks. Locally, deformation is accommodated 
on high-angle basement-involved structures (e.g., Shira Mountains, 
Cushabatay High, Contamana High, and Moa Divisor Range). Fi-
nally, the modern foreland basin consists of the Santiago, Huallaga, 
and Ene-Camisea Basins (wedge-top) and the Marañón, Acre, and 
Ucayali Basins (foredeep). East of the deformation front, the Fitz-
carrald Arch forms a foreland region of higher elevation (ca. 600 
masl) in eastern Peru and western Brazil (Fig. 2C). The Fitzcarrald 
Arch represents a long wavelength basement uplift that likely ini-
tiated in response to the Nazca Ridge (Fig. 2C; Espurt et al., 2007; 
Bishop et al., 2018). Late Cenozoic uplift of the Fitzcarrald arch has 
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strongly impacted Amazonian subsidence and partitioned the fore-
land basin system (Espurt et al., 2007). Flexural modeling suggests 
that flat slab subduction drove both (i) dynamic uplift in regions 
directly overlying the flat segment of the slab and (ii) dynamic 
subsidence in distal foreland regions east of the flat slab, possi-
bly explaining anomalously thick (>1 km) sedimentary deposits 
located far from the deformation front (Eakin et al., 2014).

The work herein focuses on the mechanisms and crustal re-
sponses to initiation and establishment of the modern flat slab 
configuration with discrete margins defined by aseismic ridge sub-
duction.

3. Methods

Geochronologic ages (n = 1288 reported ages) from Oligocene 
to Quaternary igneous rocks from 2–18◦S were compiled from the 
literature and the INGEMMET database and were confirmed using 
the original publications. The compilation was filtered to exclude 
sedimentary and metamorphic ages and the final dataset is avail-
able in the Supplemental Materials. The dataset is not filtered on 
magmatic type, as compositional data is unavailable, and thus the 
compilation could include some data unrelated to arc magmatism; 
however, the location of most datapoints is consistent with the 
Cenozoic arc axis.

Hypsometric profiles of large (>500 km2) watersheds draining 
the western flank of the Peruvian Andes were generated using 
the Global Multi-resolution Terrain Elevation Data 2010 7.5-arc-
second Digital Elevation Model (DEM) and the Hypsometric Curves 
Raster Terrain Analysis tool in QGIS. Catchment-averaged normal-
ized channel steepness values for these west-draining river net-
works were computed in MATLAB with TopoToolbox (Schwanghart 
and Scherler, 2014; Supplemental Materials). Catchment-averaged 
normalized channel steepness (ksn) values exhibit complex rela-
tionships with uplift rate, and are impacted by lithology, climate, 
and tectonics (e.g., Kirby and Whipple, 2012). To generate accurate 
ksn maps, we employed topographic and geologic maps to define 
individual catchment boundaries and ensure that drainages ana-
lyzed were limited to bedrock channels. Significant Cenozoic vol-
canic materials in catchments could modulate channel slope. Ceno-
zoic volcanic rocks in catchments are largely restricted to south of 
the Nazca Ridge (Fig. 4 and Supplemental Materials). Finally, we 
identified catchments potentially impacted by recent glaciation and 
removed channels that flow through glacial valleys, as application 
of ksn is limited to bedrock, fluvial drainage networks (see Supple-
mental Materials).

Additionally, we compiled erosion rates from 10Be cosmo-
genic nuclide studies in west draining catchments of the Western 
Cordillera. We present results for larger catchments (>500 km2) 
to avoid local signals and to examine regional spatial variations 
in erosion rate. Specifically, we use erosion rates presented in 
the OCTOPUS database (Codilean et al., 2018) because these data 
have been reprocessed for consistent data treatment, allowing for 
comparisons among datasets from different studies. In well-mixed 
catchments, the average concentration of 10Be in detrital quartz 
reflects the average erosion rate of a watershed (Codilean et al., 
2018 and references therein), typically on timescales of 103–105
years. Unlike thermochronometric data, these rates are not depen-
dent on the geothermal gradient, which may change during slab 
shallowing.

Thermochronometric ages from igneous and metamorphic rocks 
(apatite (U-Th)/He n = 218; apatite fission track n = 273) were 
compiled between 2–18◦S (Supplemental Materials). Non-meta-
morphosed sedimentary rocks were excluded due to the preva-
lence of partially reset ages. We incorporated thermochronometric 
ages from a variety of methods with variable closure tempera-
tures including apatite (U-Th)/He and apatite fission track. Apatite 
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Fig. 3. (A) Map showing the distribution of dated magmatic deposits, colored by age. Benioff contours are shown at 20 km intervals. (B) Cross-plot of igneous ages (intrusive 
and extrusive) versus distance from the Nazca Ridge, highlighting the southward propagating arc shutoff starting in the late Miocene. Red box highlights magmatic centers 
associated with the Cordillera Blanca (CB) that remain active after the inferred timing of slab flattening. IP and NR show the timing and location where the Inca Plateau and 
Nazca Ridge intersected the trench. See text for additional details.

Fig. 4. (A) Map of catchment averaged normalized channel steepness (ksn) for west draining catchments >500 km2 (using a calculated reference channel concavity; Supple-
mental Materials). Note that ksn increases toward the current location of the Nazca Ridge. Blue asterisks indicate potential glaciation and red asterisks indicate significant 
Cenozoic volcanic rocks in headwaters. Purple asterisks indicate both. See Supplemental Materials for additional information. (B) Normalized hypsometric curves for catch-
ments within the flat slab region versus to the north and south. Concave up profiles indicate fluvially incised landscapes, and concave down profiles correspond with 
catchments that are actively adjusting to a changing baselevel. (C ) Map view of 10Be erosion rates from the catchments in the Western Cordillera by latitude. Generally, 
erosion rates increase from north to south, toward the Nazca Ridge. (D) Cross-plot of 10Be erosion rates from the catchments in the Western Cordillera by latitude with a 
moving average. See Supplemental Materials for data sources. Benioff contours are shown at 20 km intervals.
(U-Th)/He records cooling from ∼50–110 ◦C, and the AFT system 
records cooling from ∼90–140 ◦C, which collectively reflect ex-
humation from ∼2–5 km, depending on the geothermal gradient 
(Ehlers and Farley, 2003; Ketcham et al., 2007). Specific closure 
temperatures depend on grain size, uranium concentration, and 
cooling rate (Ehlers and Farley, 2003). For fission track datasets, 
when both pooled and central ages are reported, we use the cen-
tral age. For (U-Th)/He, we use weighted mean ages.

4. Results

4.1. Southward propagation of arc shutoff

Magmatic ages in Peru show a latitudinal southward progres-
sion of arc shutoff, with no further arc magmatism after ∼10 Ma at 
5◦S (Fig. 3). Arc magmatism in southern Peruvian localities shut off 
5

around 4–2 Ma. This southward propagation of arc shutoff traces 
the reconstructed course of the Nazca Ridge through time (Fig. 2A). 
Rosenbaum et al. (2005) also considered the arc magmatic record 
of Peru and suggested that no convincing volcanic gaps existed 
before 4 Ma. New geochronologic constraints enable better con-
straints on the northern portion of the flat slab, where arc shutoff 
likely occurred earlier (ca. 10 Ma; Fig. 3). The Cordillera Blanca 
(CB of Fig. 3) exhibits younger ages than to the north or south. 
While these ages record the final magmatism during slab flatten-
ing (Coldwell et al., 2011) the youngest (<5 Ma) K/Ar and Ar/Ar 
ages likely represent cooling associated with large-displacement 
detachment faulting in the Cordillera Blanca, rather than magmatic 
crystallization. The eastward inboard sweep of magmatism remains 
poorly documented in Peru, potentially due to remote access in the 
Amazon Basin, though several Miocene–Pliocene igneous centers 
have been mapped and/or dated in the foreland (Fig. 3). Over-
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Fig. 5. Maps showing the distribution of (A) apatite (U-Th)/He and (C) apatite fission track thermochronometric cooling ages colored by age and corresponding cross-plots (B 
and D) of thermochronometric ages versus distance from the Nazca Ridge. Note the southward younging in the ages, and the step-function toward older ages at the terminus 
of the Nazca Ridge. The Cordillera Blanca (CB) shows young cooling ages, reflecting extensional exhumation on the Cordillera Blanca Normal Fault. IP and NR show the timing 
and location where the Inca Plateau and Nazca Ridge intersected the trench. Benioff contours are shown at 20 km intervals.
all, arc shutoff becomes systematically younger to the south, with 
shutoff around 10 Ma in the northern segment of the flat slab, 
and around 4–2 Ma in the southern portion near the Nazca Ridge. 
South of the Nazca Ridge, volcanism remains active.

4.2. Forearc drainage evolution

Geomorphic indices suggest transient and actively adjusting 
drainage systems above the Peruvian zone of flat slab subduction 
(Fig. 4). West-draining river networks within the flat slab (from 
6–15◦S) exhibit smaller catchments, steeper channels, and greater 
variation in hypsometric profiles than drainages to the north and 
south (Fig. 4). Concave down hypsometric profiles are most preva-
lent above the flat slab, and reflect high-elevation, low-relief land-
scapes that have not yet adjusted to base level. Elevated ksn values 
are nonuniform above the flat slab and indicate relatively steeper 
drainages north of the Nazca Ridge. Modern erosion rates from 
10Be cosmogenic nuclides show less pronounced spatial trends, 
though the northern drainages tend to have lower erosion rates 
than those in the south (Fig. 4C). At 16◦S, erosion rates increase to 
>200 mm/kyr, well above the background value of ∼60 mm/kyr 
along the rest of the Peruvian margin. The spike may reflect the 
leading edge of the Nazca Ridge, or may be controlled by the abun-
6

dant, easily erodible volcanic rocks that fill the drainages south of 
the Nazca Ridge (Fig. 4D).

4.3. Magnitude and spatial extent of upper-crustal cooling

Thermochronometric ages in Peru exhibit strong spatial trends. 
Apatite (U-Th)/He analyses yield early to mid-Cenozoic cooling 
ages in the northernmost flat slab (∼1200–1000 km north of the 
Nazca Ridge), and late Cenozoic cooling ages above the rest of the 
flat slab region (Fig. 5). A sharp, step-function shift occurs at the 
Nazca Ridge, with a highly varied distribution of ages spanning 
from the Late Cretaceous to late Cenozoic. A similar step-function 
is expressed in apatite fission track data, where mostly Cenozoic 
ages define regions above the flat slab, with a major shift toward 
broadly distributed ages (Mesozoic–Cenozoic) at the Nazca Ridge 
(Fig. 5D). The Cordillera Blanca (CB in Fig. 5) shows anomalously 
young cooling ages compared to surrounding areas, consistent with 
large-scale extensional exhumation since ∼5.4 Ma (Giovanni et al., 
2010; Margirier et al., 2016).

The spatial distribution of published thermochronometric con-
straints is not uniformly distributed across the study area. De-
spite this, two trends emerge: (1) the zone that the Nazca Ridge 
has interacted with has younger cooling ages than areas to the 
south or north, including zones that are within the modern flat 



S.W.M. George, N.D. Perez, W. Struble et al. Earth and Planetary Science Letters 600 (2022) 117754
slab, as defined by the Benioff zone (Fig. 5), and (2) the youngest 
age peak generally is younger progressively southward toward the 
ridge (Fig. 6).

The compilation of thermochronometric data across Peru clar-
ifies the spatial and temporal cooling patterns in the overriding 
plate. Apatite (U-Th)/He cooling ages tend to be younger than the 
timing of ridge passage (Fig. 5). For this to be true, there must 
have been ∼60◦C of cooling in areas where ridge passed. Apatite 
fission track ages mostly exhibit younger ages above the flat slab 
than to the south, but only the Cordillera Blanca has significant 
cooling ages that are younger than ridge subduction.

5. Discussion

5.1. Controls on exhumation: flat slab or aseismic ridge subduction?

If flat slab subduction were the singular mechanism driving 
rock uplift in Peru, then signals associated with the flat slab should 
start earlier in the north but continue to be active across the en-
tire flat slab. In contrast, if along-strike passage of the subduct-
ing ridge was the primary driver of exhumation, then patterns of 
thermochronologic ages and geomorphology would be expected 
to sweep southward and diminish after ridge passage. The re-
gional thermochronologic and geomorphic datasets show strong 
spatial variability. Critically, we observe that the youngest apatite 
(U-Th)/He ages and highest ksn values are generally co-located and 
situated within the region through which the ridge has passed. 
Further, these cooling ages and geomorphic indices show clear spa-
tial trends along-strike from north to south. In our discussion, we 
consider coupling to mean direct contact between the ridge and 
overriding plate, encompassing both forces related to shear along 
the interface as well as upward directed normal forces (ridge buoy-
ancy). Above the modern location of the subducting Nazca Ridge, 
tomography shows removal of continental mantle lithosphere, and 
perhaps even thinning of the lower crust, requiring direct contact 
between the ridge and overriding crust (Bishop et al., 2017).

Thermochronometric ages decrease toward the south (Fig. 6), 
indicative of southward propagating exhumation that tracked the 
migration of the Nazca Ridge along the margin (this study; Wipf 
et al., 2008; Spikings and Simpson, 2014). While previous studies 
have emphasized increased coupling and forearc uplift (e.g., Hall 
et al., 2008; Wipf et al., 2008; Saillard et al., 2011) and foreland 
uplift (Fitzcarrald Arch; Espurt et al., 2007; Bishop et al., 2018) 
above the Nazca Ridge, this study also suggests increased hin-
terland exhumation centered directly above the subducting ridge 
(Fig. 7). Thermochronometric data reflect ridge-enhanced upper-
crustal cooling up to ∼550 km inboard from the trench (Fig. 7, 
similar to the extent of the flat slab region beneath Peru (e.g., 
Bishop et al., 2017). In addition to a comparable horizontal scale, 
the thermochronologic data provide first-order constraints on the 
amount of cooling attributable to ridge interactions. Apatite (U-
Th)/He cooling ages not only post-date passage of the ridge, they 
also support 2 km of exhumation since the arrival of the Nazca 
Ridge at the trench. Young cooling ages, in the absence of surface 
breaking structures, have been documented in the Marañón fold-
thrust belt, and are attributed to underthrusting at depth (Scher-
renberg et al., 2016).

Geomorphic indices, including ksn and 10Be erosion rates, di-
minish northward away from the subducting Nazca Ridge (Fig. 4). 
Hypsometric curves show concave down drainage morphologies in 
the southern portion of the flat slab, suggesting that the drainages 
were recently perturbed and have not yet reached equilibrium pro-
files. Variability in these indices can be driven by a number of 
factors including rock uplift, drainage reorganization, climate, and 
lithology. The entire forearc region receives similar amounts of an-
nual precipitation, and the study area is entirely located within the 
7

Fig. 6. Kernel density estimates and histograms of apatite (U-Th)/He ages across 
tectonomorphic domains binned by distance to the Nazca Ridge. Peak ages shown 
in green. Note the lack of cooling ages older than 15 Ma (the timing of ridge arrival) 
to the north of the Nazca Ridge. Young cooling ages in the Cordillera Blanca (CB) 
are related to extensional exhumation on the Cordillera Blanca Normal Fault (e.g., 
Margirier et al., 2015).

regional band of trade winds (Supplemental Materials); therefore, 
a strong climatic control on the along-strike variability is consid-
ered unlikely. Similarly, the magmatic arc materials of the Western 
Cordillera are relatively homogenous (Supplemental Materials). Al-
though there is a change in lithology north of 8◦S and south of 
13.5◦S, where sedimentary rocks are present in onshore forearc 
regions, we account for this change by limiting analysis to the in-
board portions of the channels.

The spatial gradient in geomorphic indices is attributed to con-
trasts in rock uplift. Because the geomorphic indices are not uni-
form across the flat slab, and increase southward toward the Nazca 
Ridge, we suggest that rock uplift and associated drainage shifts 
were driven by ridge passage. Wipf et al. (2008) also empha-
sized drainage reorganization above the subducting Nazca Ridge, 
by showing that drainages above the ridge at altitudes <500 m do 
not take direct routes to the coast but are diverted to the north-
northwest and southeast and exhibit bimodal dispersal patterns. 
Similar observations have been made above the Cocos Ridge in 
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Fig. 7. (A) Cross-plot of distance from trench (km) versus cooling age (Ma) above the modern flat slab, north of the ridge axis. Note that the young cooling ages concentrate 
>175 km inboard from the trench. (B) Cross-plot of apatite (U-Th)/He age versus elevation for samples above the modern flat slab, north of the ridge axis (labeled distance 
from trench of 0 km in Fig. 5). Note the prevalence of young cooling ages at high elevation.

Fig. 8. Maps showing the location and timing of major geomorphic features in Peru that are explainable by uplift during aseismic ridge subduction and collapse after ridge 
passage. Location of ridge through time is from Rosenbaum et al. (2005). Benioff contours are shown at 20 km intervals.
Costa Rica (Morell, 2016), and are consistent with modeling that 
shows immediate uplift along the trench as the result of isostatic 
adjustments and thickening of the overriding plate upon ridge ar-
rival (Espurt et al., 2008). A number of studies suggest that shal-
lowing subduction leads to uplift in near-trench regions. For exam-
ple, Gurnis (1992) demonstrated that shallow subduction induces 
isostatic uplift near the trench, with dynamic subsidence farther 
inboard. Near-trench uplift is detected in several studies of coastal 
and forearc areas along the Peruvian margin (von Huene and Suess, 
1988; Hampel, 2002; Clift et al., 2003).
8

Here we review additional geologic evidence for the concentra-
tion of uplift and exhumation above the subducting ridge. A pulse 
of exhumation and uplift tracked the trajectory of the subduct-
ing ridge as it progressed from northern to southern Peru (Fig. 8). 
Sometimes the pulse of exhumation is accommodated on surface 
breaking structures, and in other cases it is not. Margirier et al. 
(2015) emphasized that the greater Cordillera Blanca region ex-
perienced early exhumation at ∼15 Ma, roughly 10 Myr prior to 
initial detachment faulting (ca. 5.4 Ma; Giovanni et al., 2010). The 
lack of documented structures for this time period led the authors 



S.W.M. George, N.D. Perez, W. Struble et al. Earth and Planetary Science Letters 600 (2022) 117754

Fig. 9. Schematic diagram emphasizing the documented impacts of aseismic ridge subduction on the geomorphic evolution of the forearc and cordillera of the Peruvian 
margin. Geometry of the subducting plate is after Gutscher et al. (1999).
to suggest dynamic uplift associated with ridge arrival (Margirier 
et al., 2015). Uplift along the Eastern Cordillera in northmost Peru 
(5–6◦S) commenced with the arrival of the Inca Plateau at the 
trench (ca. 13 Ma; Moreno et al., 2020). Here the Eastern Cordillera 
is brought up on a basement-involved high-angle structure, the Al-
mendro Jumbilla Fault, though it likely shares a decollement with 
the rest of the fold-thrust belt. Moreno et al. (2020) suggest that 
uplift of the Eastern Cordillera at ca. 13 Ma, and that the Eastern 
Cordillera was acting as a drainage divide by ca. 11 Ma.

In the foreland, the Shira Mountains partitioned the surround-
ing basin between 7.2–5.3 Ma (Alvarez, 2008), coincident with the 
passage of the Nazca Ridge at these latitudes (9–11◦S). Other fea-
tures of potentially similar origins include the Cushabatay High, 
Contamana High, and Moa Divisor Range. The Fitzcarrald Arch 
(7.5–12.5◦S) has been uplifting since ca. 4 Ma in the absence of 
surface breaking faults above the inboard projection of the Nazca 
Ridge (Espurt et al., 2007). Seismic tomographic data for the sub-
ducted segment of the Nazca Ridge indicate the removal of con-
tinental mantle lithosphere and displacement of lower crust fore-
landward (Bishop et al., 2018). It remains unclear whether bull-
dozing of lower crustal and continental mantle lithosphere occurs 
everywhere above the flat slab or is localized above the subduct-
ing ridge (Bishop et al., 2018). We suggest that the young cooling 
ages south of the current ridge location may reflect bulldozing 
of continental mantle lithosphere to lower crust in front of the 
southward-advancing ridge. The southward-migrating keel would 
induce rock uplift, which would generate increased erosion, and 
could explain the younger cooling ages in front of the ridge.

Exposure dating on terraces suggests coastal uplift above the 
modern trace of the Nazca Ridge (e.g., Hall et al., 2008; Saillard et 
al., 2011). Rosenbaum et al. (2005) also show a spatial and tem-
poral coincidence between arrival of the Nazca Ridge at the trench 
and increased metallogenic activity. Such as immediate response 
in magmatism could represent a change in overriding plate stress 
that facilitates mobilization of fertile melts to shallow depths, pro-
moting metal concentration in fractures.

Finally, Gérard et al. (2021) emphasize the Abancay Deflection 
within the Peruvian fold-thrust belt as a tectonic syntaxis with 
rapid incision and localized deformation since ∼5 Ma. We sug-
gest that the Abancay Deflection is the surface expression of the 
transition in the subducting slab from a steep to shallow config-
uration. Recent studies have suggested that subducting indenters 
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may promote syntaxial growth (Bendick and Ehlers, 2014). In such 
a scenario, coupling between the subducting and overriding plates 
above the subducting Nazca Ridge may be hindering subduction, 
leading to shear stresses along the transition to a normally dip-
ping slab. We posit that these shear stresses lead to permanent 
strain in the overriding plate and are reflected in the rotation in 
the Abancay Deflection, and older rotational events farther north 
(Rousse et al., 2003).

5.2. Landscape relaxation in the wake of ridge passage

The thermochronometric and geomorphic data also imply that 
enhanced exhumation is not maintained across the entire zone of 
flat slab subduction. Instead, after the aseismic ridge propagates 
past a given area, the shallow slab no longer maintains the same 
degree of coupling between the subducting plate and the over-
riding plate (Fig. 9). If coupling were uniform across the entire 
∼1300 km along-strike extent of the flat slab, then all drainages 
would exhibit elevated catchment-averaged ksn and elevated ero-
sion rates in all drainages above the entire flat slab region. Instead, 
erosion rates and channel steepness in west-draining catchments 
display the most elevated values proximal to the subducting Nazca 
Ridge and diminish to the north. Apatite (U-Th)/He ages provide 
chronologic constraints on upper-crustal cooling and suggest that 
exhumation commenced and terminated earlier in the north than 
in the south, with the peak cooling ages tracking progressive aseis-
mic ridge subduction (Fig. 6).

Subsidence and collapse in the wake of ridge passage is also 
supported by regional geologic constraints. Normal faulting initi-
ated at ca. 5.4 Ma in the Cordillera Blanca and has been used to 
argue for gravitational collapse following ridge passage (Giovanni 
et al., 2010). Nearby purported metamorphic core complex devel-
opment also suggests large-scale crustal redistribution following 
ridge passage (McNulty and Farber, 2002). Hot springs near the 
Cordillera Blanca yield 4He/3He ratios that suggest the presence 
of up to 25% mantle-derived helium, indicating either an astheno-
spheric source or mobilization from continental mantle lithosphere 
due to interactions with metasomatic fluids (Newell et al., 2015). 
Additionally, seismic, tomographic, and modeling studies indicate 
slab sags and minor tears between the Nazca Ridge and Inca 
Plateau, leading some to suggest mechanical failure of flat slab 
segments shortly after the passage of a buoyant feature (Fig. 1; 
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Gutscher et al., 1999; Antonijevic et al., 2015; Hu and Liu, 2016; 
Wagner and Okal, 2019). In many ways, extension in the wake of 
the ridge during slab sagging resembles processes observed dur-
ing slab rollback and foundering. Extension in the wake of the 
ridge was likely preceded by significant crustal thickening (Cold-
well et al., 2011), perhaps facilitated by lower crustal displacement. 
Once unsupported by physical coupling with the ridge, the thick-
ened crust became gravitationally unstable, and underwent exten-
sional collapse (sensu Dewey, 1988). These observations are critical 
for evaluating ancient flat slab systems, as mechanical coupling is 
likely restricted spatially and not maintained uniformly across the 
entire zone of arc shutoff and slab flattening.

6. Conclusions

Understanding how flat slab subduction and aseismic ridge sub-
duction manifest in the rock record is critical for tracking orogenic 
evolution of Cordilleran margins. Subduction of the Inca Plateau 
and the Nazca Ridge under the Peruvian margin helped facili-
tate a flat slab geometry initiating around 10 Ma in northern 
Peru, which was towed southward behind the subducting Nazca 
Ridge, progressively shutting of magmatism in a southward sweep. 
Concentrated rock uplift and exhumation propagated southward 
with migration of the subducting Nazca Ridge. The uptick in ex-
humation is expressed by young cooling ages of low temperature 
thermochronometers, requiring ∼2–3 kms of exhumation spatially 
restricted to regions the ridge passed (∼5–14◦S). In the west, ex-
humation is not accommodated on surface breaking structures, but 
instead appears to be supported by ridge buoyancy. In the East-
ern Cordillera and Subandean Zone, a combination of exhumation 
along discrete structures (e.g., Shira Mountains, Almendro Jumbilla 
Fault) and ridge buoyancy (e.g., Fitzcarrald Arch) seem to accom-
modate exhumation.

Though Peru has experienced protracted upper-plate deforma-
tion since the Late Cretaceous, a concentrated pulse of exhumation 
coincided with the trajectory and timing of the subducting ridge. 
In the case of the Peruvian flat slab, it seems that little coupling 
between the overriding and subducting plate persists after the 
Nazca Ridge propagates past. In broad paleo-flat slabs, large zones 
of arc shutoff are often spatially discrete from limited zones of ex-
humation. Our observations in Peru offer a mechanism to explain 
such patterns, where flat slab subduction drives broad arc shutoff, 
and exhumation is concentrated above subducting ridges.
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