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Abstract The subduction of bathymetric highs, such as aseismic ridges, leads to far-reaching changes in the
dynamics of subduction zones with increased plate coupling and deformation in the upper plate. Subduction of
the submarine Carnegie Ridge on the Nazca Plate has fundamentally impacted late Cenozoic magmatism and
tectonic activity in the northern Andes. However, the timing of onset of Carnegie Ridge subduction has been

a matter of debate. Time-temperature inverse modeling of new thermochronological data from the Western
Cordillera of Ecuador reveals two phases of cooling separated by isothermal conditions. The first cooling phase
postdates early and middle Miocene magmatism in the Western Cordillera and is attributed to post-magmatic
thermal relaxation. The second cooling phase started after 6 Ma. Inferred to record the onset of tectonically
controlled rock uplift and exhumation in the Western Cordillera, this phase is coeval with the last cooling
phase recorded in the Eastern Cordillera. Based on these findings, we suggest that the onset of subduction of
the Carnegie Ridge at ~6—5 Ma increased plate coupling at the subduction interface, promoting shortening,
regional rock uplift, and exhumation in the northern Andes. Overall, our results highlight the essential role of
bathymetric highs in driving regional upper-plate deformation at non-collisional convergent plate margins.

Plain Language Summary Topographic growth and morphology of the Andes have been
influenced by subduction processes, tectonic inheritance, and climate. Here, we investigate the role of
subduction of high topography on the ocean floor in driving deformation in the upper plate at the Nazca-South
America ocean-continent plate margin. The subduction of the Carnegie Ridge, a linear, topographically high
sector on the Nazca Plate, has impacted magmatism and deformation processes in the Ecuadorian Andes.
However, the timing of onset of ridge subduction is debated. We employed radioisotopic dating techniques to
evaluate the uplift of the Andes. These techniques record the cooling of rocks as mountain ranges are uplifted
and eroded. The thermal histories of rocks from the Western Cordillera in Ecuador reveal two distinct cooling
phases. The first cooling phase occurred shortly after Miocene magmatic bodies were emplaced in the Western
Cordillera. The second cooling phase began at ~6—5 Ma, coeval with the last cooling phase in the Eastern
Cordillera. We attribute this cooling phase to the onset of uplift and erosion in the Western Cordillera. Based
on these findings, we suggest that the onset of subduction of the Carnegie Ridge increased plate coupling and
promoted shortening and rock uplift in the northern Andes.

1. Introduction

Subduction of buoyant bathymetric highs, such as aseismic ridges and oceanic plateaus, often results in
far-reaching changes in the dynamics of the subduction zone and deformation processes in the upper plate (e.g.,
Flores-Rodriguez et al., 2019; Geist et al., 1993; Horton et al., 2022; Rosenbaum & Mo, 2011). The subduction
of bathymetric highs is known to increase the coupling at the plate interface (e.g., Das & Watts, 2009; Singh
et al., 2011; Taylor et al., 2005) and may result in flat-slab subduction geometries (e.g., Gutscher et al., 1999;
Jordan et al., 1983), thus modifying the tectono-magmatic evolution of the overriding plate (e.g., Axen et al., 2018;
Gutscher et al., 1999; Margirier et al., 2017; Ramos & Folguera, 2009). For example, field observations and
modeling studies suggest that subduction of bathymetric highs enhances upper-plate deformation and promotes
regional uplift that propagates away from the trench (e.g., Dominguez et al., 2000; Georgieva et al., 2016; Gerya
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et al., 2009; Martinod et al., 2013). In addition, aseismic ridge subduction may induce changes in magmatic
activity (e.g., Chiarada et al., 2020; Kay & Mpodozis, 2002; Ramos & Kay, 1992; Yang et al., 1996), leading to
non-magmatic sectors of volcanic arcs (e.g., Nur & Ben-Avraham, 1981; Pilger, 1981; Rosenbaum & Mo, 2011;
Yang et al., 1996). Important changes in the dip of the subducting plate may also have an impact on mantle dynam-
ics and influence dynamic topography of the upper plate (e.g., Davila et al., 2010; Eakin et al., 2014; Gérault
et al., 2015; Liu, 2015). In addition to the subduction of bathymetric anomalies and its impact on upper-plate
processes, inherited lithospheric-scale heterogeneities and strength contrasts in the upper plate exert first-order
controls on deformation, uplift, and magmatic processes, thus influencing the build-up of topography in subduc-
tion orogens (e.g., Horton & Fuentes, 2016; Isacks, 1988; Rodriguez Piceda et al., 2022; Waldien et al., 2022).

The topography and morphology of the Andes are the result of from crustal shortening and thickening associated
with the convergence of the oceanic Nazca Plate and the continental South American Plate (e.g., Armijo et al., 2015;
Isacks, 1988); in addition, the evolution of this orogen has been significantly influenced by the formation of
meridional orographic barriers and superposed asymmetric climate-driven surface processes (e.g., Bookhagen &
Strecker, 2008; McQuarrie et al., 2008; Strecker et al., 2007; Thomson et al., 2010). Along the coastal sectors of
the South American continental margin, the subduction of bathymetric anomalies is mirrored by differential coastal
uplift and the distribution of marine terraces (e.g., Freisleben et al., 2021; Gardner et al., 1992; Hsu, 1992; Macharé
& Ortlieb, 1992; Pedoja et al., 2006; Saillard et al., 2011). On larger spatial scales involving the orogen interior and
the foreland, distributed deformation and range uplifts in the broken foreland and the evolution of non-magmatic
sectors are also thought to have resulted from strong plate coupling associated with the subduction of bathymetric
anomalies (e.g., Giambiagi et al., 2012; Horton & Fuentes, 2016; Ramos & Folguera, 2009). For example, the
broken-foreland uplifts of the Andean foreland and the non-magmatic arc segment in Argentina have been linked
to flat-slab subduction (e.g., Capaldi et al., 2020; Jordan et al., 1983; Kay et al., 1987; Ramos et al., 2002). Further-
more, long-wavelength uplift of the Amazonian foreland is thought to reflect basal shear and thickening of the lower
crust associated with the subduction of the Nazca Ridge (e.g., Bishop et al., 2018; Espurt et al., 2010). While the
influence of aseismic ridge subduction in the forearc and foreland regions is reasonably well documented, the influ-
ence of ridge subduction with respect to the high-elevation regions of the northern Andes has remained uncertain.
Some authors suggest that the subduction of the Nazca Ridge and subsequent slab flattening triggered regional uplift
in the Western Cordillera and the sub-Andean ranges of northern Peru (e.g., Bishop et al., 2018; George et al., 2023;
Margirier et al., 2015); similarly, other authors have linked uplift and exhumation of the Eastern Cordillera in Ecua-
dor and Colombia to ridge subduction (Spikings et al., 2001, 2010; Spikings & Simpson, 2014). However, owing to
pulses of shortening unrelated to ridge subduction in the eastern Andes (e.g., Mégard, 1984; Sébrier et al., 1988), an
unambiguous link between exhumation and ridge subduction in the northern Andes does not exist.

The oblique subduction of the aseismic Carnegie Ridge in Ecuador (Figure 1a) has strongly influenced the geolog-
ical evolution of the northern Andes by promoting strike-slip faulting and the northward motion of the North
Andean Sliver, reactivating inherited tectonic structures (e.g., Egbue & Kellogg, 2010; Schiitt & Whipp, 2020),
and driving compositional changes in magmatism (e.g., Barberi et al., 1988; Bourdon et al., 2003; Chiaradia
et al., 2020). Strike-slip motion of the North Andean Sliver is mostly accommodated by the Puna-Pallatan-
ga-Cosanga-Chingual fault system (Figure 1b), which has been active at least since the Miocene (e.g., Alvarado
et al., 2016; Dumont et al., 2005). Despite its importance for the evolution of the northern Andes, neither the
timing of Carnegie Ridge subduction nor its potential impact on uplift and exhumation are well constrained. To
unravel these complex relationships between the subducting slab and upper-plate deformation, we integrate new
geochronological and thermochronological data from the Western Cordillera with published structural informa-
tion (e.g., Daly, 1989; Eguez et al., 2003), geochemistry (e.g., Bourdon et al., 2003; George et al., 2021), and
existing thermochronological data (Spikings & Crowhurst, 2004; Spikings et al., 2000, 2001, 2010; Winkler
et al., 2005) with the principal aim of deciphering the timing of the onset of Carnegie Ridge subduction, its effect
on deformation of the South American Plate, and the spatiotemporal patterns of exhumation above and inboard
of the subducted portions of the Carnegie Ridge.

2. Geologic and Geodynamic Setting
2.1. Cenozoic Tectonics and Exhumation History of the Ecuadorian Andes

The Ecuadorian Andes constitute a bivergent orogen with active thrusting at the western flank of the Western Cordil-
lera (Eguez et al., 2003; Jaillard et al., 2004, 2005) and in the sub-Andean ranges in the east (Baby et al., 2013).
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Figure 1. (a) Geodynamic setting and topography of the Ecuadorian Andes with Nazca-Plate bathymetry and Carnegie
Ridge. The extent of the North Andean Sliver (NAS) is highlighted in yellow; the Quaternary active volcanoes are indicated
by black triangles (Global Volcanism Program, 2022). The Coastal Cordillera (CC), the Western Cordillera (WC), and

the Eastern Cordillera (EC) are shown. The inset shows the location of the study area. (b) Principal active faults (black
lines; Alvarado et al., 2016) and Global Positioning System horizontal velocity field with respect to stable South America
(indicated by red arrows; Nocquet et al., 2014). Quaternary horizontal displacement rates along the different segments of the
Puna-Pallatanga-Cosanga-Chingal fault system are indicated below the name of each segment (Baize et al., 2015; Dumont
et al., 2005; Ego, 1995; Tibaldi et al., 2007; Winter et al., 1993).

Currently, transpression dominates this region, which causes the northward extrusion of the North Andean Sliver
along the dextral Puna-Pallatanga-Cosanga-Chingual fault system (Figure 1b; e.g., Alvarado et al., 2016). The
Cosanga fault segment of this deformation zone is mainly characterized by reverse offsets (Alvarado et al., 2016).
Quaternary horizontal slip rates along the other segments of the Puna-Pallatanga-Cosanga-Chingual fault system
range from 2.5 to 10 mm/yr (Figure 1b; Baize et al., 2015; Dumont et al., 2005; Ego, 1995; Tibaldi et al., 2007,
Winter et al., 1993). Northward motion of the North Andean Sliver may have initiated as early as 15 Ma due
to oblique subduction of the Nazca Plate (e.g., Alvarado et al., 2016); however, increased coupling at the plate
interface after the subduction of the Carnegie Ridge may have caused the acceleration of northward motion
of this block as recently as the Pliocene to early Pleistocene (Deniaud, 1999; Witt et al., 2006). Shortening in
Ecuador is accommodated by an east-verging fold-and-thrust belt in the Eastern Cordillera and the sub-Andean
ranges (Figure 2a; Eguez et al., 2003). Reverse faults along the western flank of the Andes control the uplift of
the Western Cordillera and involve Quaternary deposits (Eguez et al., 2003). The Montalvo and the Quinsaloma
reverse faults, and the Naranjal and the Ponce Enriquez reverse faults control the uplift of the Western Cordillera
north and south of the Puna-Pallatanga-Cosanga-Chingual fault system, respectively (Figures 2¢ and 2d; Eguez
et al., 2003).

The Western and Eastern Cordilleras are separated by the inter-Andean Valley (Figures 1 and 2a), which is
filled with Cenozoic volcanic and sedimentary rocks (e.g., Hungerbiihler et al., 2002). The Western Cordillera
is characterized by a high-elevation (3,500 m), low-relief surface capped by Quaternary volcano-sedimentary
deposits and Quaternary volcanoes. The western flank of the Western Cordillera is incised by ~2-km-deep
valleys exposing Oligocene and Miocene intrusions (31-7 Ma; Schiitte et al., 2010) and Cretaceous and Pale-
ogene volcano-sedimentary rocks. None of the existing thermochronological data (e.g., Spikings et al., 2005;
Winkler et al., 2005, Figure 2a) has resolved the most recent exhumation history of the Western Cordillera that
was associated with topographic growth and valley incision on its western flank. Thermochronological data from
the Western and Eastern Cordilleras record cooling phases at ~65-55 and 43-30 Ma that were associated with
Cenozoic accretion events and changes in plate kinematics that led to exhumation (e.g., Spikings et al., 2001).
Thermochronological data from the Eastern Cordillera also record several exhumation phases from 15 Ma to the
present that have been linked to the onset of Carnegie Ridge subduction and to the subduction of a bathymetric
high along the subducting ridge (Spikings & Crowhurst, 2004; Spikings et al., 2000, 2001, 2010).
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Figure 2. (a) Topographic map showing published, and new thermochronological data from the Ecuadorian Andes
(non-reset AHe and AFT ages and volcanism ages indicated by black dots; Spikings & Crowhurst, 2004; Spikings

et al., 2000, 2001, 2010; Winkler et al., 2005); intrusions (orange) and faults (Eguez et al., 2003). The Coastal Cordillera
(CC), the Western Cordillera (WC), the Eastern Cordillera (EC), the Montalvo fault (Mf), and the Ponce Enriquez fault

(PE() are indicated. (b—d) Detailed views of the Apuela, Guaranda and Chaucha regions with new thermochronological

data, intrusions, and faults. Zircon U-Pb ages of the intrusions are indicated on the maps, asterisks indicate ages from
Schiitte et al. (2010). (e, f) Swath profiles across the Montalvo and the Ponce Enriquez reverse faults, respectively, and
thermochronological ages (Guaranda and Chaucha profiles). The error bars are smaller than the symbols for most of the ages.

2.2. Subduction of the Carnegie Ridge

The aseismic Carnegie Ridge is 200 km wide and rises up to 2 km above the surrounding ocean floor (Figure 1);
it is one of the most prominent bathymetric highs intercepting the South American trench. Subduction earthquake
locations suggest that the Carnegie Ridge is buoyant (e.g., Gutscher et al., 1999). Surface displacements recorded
by Global Positioning System during the interseismic phase suggest that the subduction interface between the Carn-
egie Ridge and the South American Plate is strongly coupled between the surface and 40 km depth (e.g., Chlieh
etal., 2014; Nocquet et al., 2014, 2017), although the degree of coupling decreases southward (e.g., Yepes et al., 2016).
The oblique subduction of the Carnegie Ridge in Ecuador (Figure 1) is linked with coastal deformation and uplift
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(Pedoja et al., 2006), strike-slip faulting (Figure 1; e.g., Alvarado et al., 2016; Baize et al., 2015; Egbue &
Kellogg, 2010), changes in magmatism (e.g., Barberi et al., 1988; Bourdon et al., 2003; Chiaradia et al., 2020), and
the extrusion of the North Andean Sliver, which is coeval with the opening of the Gulf of Guayaquil (Daly, 1989;
Witt & Bourgois, 2010; Witt et al., 2006). However, the timing of onset of Carnegie Ridge subduction is controversial
(e.g., Michaud et al., 2009). Spikings et al. (2000, 2001) and Spikings and Crowhurst (2004) suggested an early onset
of Carnegie Ridge subduction at 15-10 Ma based on the exhumation history of the Eastern Cordillera. Similarly, based
on a plate-kinematic reconstruction, Pilger (1984) proposed that the Carnegie Ridge collided at 15 Ma. In contrast,
using a refined plate-kinematic reconstruction, Daly (1989) posited a late Miocene (~8 Ma) onset of Carnegie Ridge
subduction, which was thought to be in agreement with the timing of arc widening and migration (e.g., Gutscher
et al., 1999), while studies based on the timing of submarine canyon incision, marine terrace uplift, and variation
in the spatial distribution and chemistry of magmatism indicated an onset at ~5 Ma (Barberi et al., 1988; Bourdon
et al., 2003; Collot et al., 2019; Pedoja et al., 2006). A Pleistocene onset of Carnegie Ridge subduction was suggested
based on plate-kinematic reconstructions (Lonsdale & Klitgord, 1978), a shift toward adakitic arc volcanism at 1.5 Ma
(Samaniego et al., 2005), and coastal uplift and stratigraphy of marine terraces (Cantalamessa & Di Celma, 2004). In
this scenario, the subduction of a bathymetric high was linked with an accelerated escape of the North Andean Sliver
(e.g., Hernandez et al., 2020; Witt et al., 2006) and concomitant faster subsidence and sedimentation in the Gulf of
Guayaquil (Witt et al., 2006).

Given this diversity of interpretations, we aim in this paper not only to resolve the timing of the onset of Carnegie
Ridge subduction, but also to decipher its effect on deformation of the South American Plate and to constrain the spati-
otemporal patterns of exhumation above and inboard of the subducted portions of the Carnegie Ridge. To do this, we
provide new geochronological and thermochronological data from the Western Cordillera to complement published
thermochronological data (Spikings & Crowhurst, 2004; Spikings et al., 2000, 2001, 2010; Winkler et al., 2005).

3. Methods

Low-temperature thermochronology records the thermal history of the crust that can be related to exhumation and/
or cooling/heating events. Exhumation can be, with supporting geological information, interpreted as the combined
result of rock uplift and erosion (e.g., England & Molnar, 1990). Zircon (U-Th)/He (ZHe), apatite fission track (AFT)
and apatite (U-Th-Sm)/He (AHe) thermochronometers are sensitive to temperatures ranging from 200°C to 20°C
(e.g., Ault et al., 2019). The thermal histories of Chaucha, Guaranda, and Apuela regions in the Western Cordillera
(for location refer to Figure 2a) were determined using the QTQt software, which inverts AFT annealing and AHe
diffusion parameters for samples with an age-elevation relationship (Gallagher, 2012). We used zircon U-Pb geochro-
nology conducted at the Arizona LaserChron Center and published data (Schiitte et al., 2010) to determine the crys-
tallization ages of intrusions and as a constraint for thermal modeling. Additional methodological details can be found
in Supplemental Data (Text S1 in Supporting Information S1; Tables S1, S5 and S6 in Supporting Information S2).

4. Results
4.1. Zircon U-Pb Dating

We obtained five new zircon U-Pb ages for the intrusions of the Western Cordillera ranging from 23.9 + 0.7 to
15.4 + 0.5 Ma (Figures 2b—2d and 3a—3c; Table 1; Figure S1 in Supporting Information S1, Table S1 in Support-
ing Information S2). Zircon U-Pb ages from the Apuela Nanegal intrusion in northern Ecuador are 23.9 + 0.7
(987 m) and 15.4 + 0.5 Ma (1,676 m). In central Ecuador the zircon U-Pb age of the Telimba Chazo Juan intru-
sion is 21.0 + 0.6 Ma (2,086 m). In southern Ecuador the zircon U-Pb ages for the Gaby-Papa Grande intrusion
and the Chaucha intrusion are 22.7 + 0.5 Ma (683 m) and 16.9 + 0.4 Ma (2,578 m), respectively.

4.2. Low-Temperature Thermochronology

We sampled along two structural cross sections in the central (Guaranda area) and southern parts (Chaucha area)
of the Western Cordillera (Figures 2c-2f), spanning an elevation range between 0.9 and 1.4 km. Each transect
includes a vertical profile in the hanging wall of the principal reverse fault. We also sampled along a vertical
profile in the northern part of the Western Cordillera (Apuela area, Figure 2b).

We present 86 AHe single-grain ages for 22 samples, AFT data for 20 samples, and 26 ZHe single-grain ages
for 9 samples (Figure 3; Table 1; Figures S2-S10 in Supporting Information S1; Tables S1-S28 in Supporting
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Figure 3. (a—c): New AFT ages and zircon U-Pb ages (data from Schiitte et al., 2010 are indicated in pastel colors) from
the Western Cordillera plotted against sample elevation for the Apuela, the Guaranda, and the Chaucha profiles. (d—f): New
single grain AHe and ZHe ages from the Western Cordillera plotted against sample elevation for the Apuela, the Guaranda,
and the Chaucha profiles.

Information S2). AHe single grain ages range from 15.4 + 0.3 to 2.3 + 0.1 Ma, AFT ages range from 21.7 + 1.6
to 8.1 + 1.3 Ma; mean-track lengths are between 13 and 16 pm. For the same samples ZHe single grain ages are
younger than AFT ages and range from 23.6 + 0.3 t0 5.9 + 0.1 Ma (Figure 3).

Thermochronological ages from the Guaranda cross section are different on either side of the Montalvo reverse fault,
with mean AHe and ZHe ages being older in the footwall and younger in the hanging wall (Figure 2¢). AFT dates
cluster at 20 Ma in the hanging wall and no AFT date is available in the footwall (Figure 2e). Thermochronological
ages from the Chaucha cross section record a clear pattern with older AHe, AFT, and ZHe ages for the samples
located in the footwall of the Ponce Enriquez reverse fault and younger ages in the hanging wall (Figure 2f).

Combined, the samples from the vertical profiles cover an elevation range from 950 to 3,100 m (Figure 3).
Early Miocene AFT ages from the Apuela and Guaranda areas are similar to the plutonic crystallization ages
(Figures 3a and 3b). In the Chaucha area, AFT ages cluster at ~11 Ma and are largely invariant with elevation
(Figure 3c). AHe ages from the different sampling sites are consistent along the Western Cordillera and show an
age-elevation relationship, with a trend toward younger ages at lower elevations (Figures 3d—3f). AHe ages from
the Chaucha and Apuela area clearly show a positive age-elevation relationship (Figures 3d and 3f), with ages
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ranging from 8.7 + 0.1 Ma to 2.3 + 0.1 Ma. AHe single grain ages from the Guaranda area show higher inter-
sample grain-age dispersion without a clear trend with changing elevation (Figure 3e). In this area, most samples
are located at higher elevation, and AHe ages are dispersed around 12 Ma. ZHe ages increase with elevation at
the scale of the Western Cordillera.
4.3. Thermal Modeling
Thermal histories predicted by QTQt satisfactorily reproduced AHe and AFT data for each profile (Figure 4). The
ZHe thermochronometer has a wide range of temperature sensitivity depending on the radiation damage of the zircons
(e.g., Ault et al., 2019). As our ZHe data show no clear correlation between the single-grain ages and eU (Figures
S5-S7 in Supporting Information S1), we were not able to reproduce the measured ZHe ages with the diffusion model
included in QTQt (i.e., Guenthner et al., 2013), thus the ZHe data were excluded from the thermal modeling.
The thermal histories that best predict the AHe and AFT data from inversion of the three age-elevation profiles
indicate rapid cooling immediately after the emplacement of the intrusions (~100°C/Myr); followed by resi-
dence of the samples at temperatures of ~100°C from 15 to 6 Ma for the northern profile and from 11 to 6 Ma
for the southern profile. The final cooling phase of the overall thermal history initiated between ~6 and 5 Ma,
and continues to the present-day (~15°C/Myr). Although the Guaranda profile exhibits a similar early phase of
cooling, the older, high-elevation AHe ages cannot resolve the late Miocene thermal history.
5. Discussion
5.1. Late Miocene Rock Uplift and Exhumation in the Western Ecuadorian Andes
Thermochronological and geochronological data from the Western Cordillera of Ecuador indicate a phase of
rapid cooling after early Miocene crystallization of the granitic intrusions (Figure 4). This rapid cooling likely
corresponds to post-magmatic cooling via thermal relaxation of the intrusions (e.g., Murray et al., 2019), although
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Figure 4. (a—c): t-T path for each profile. Each line represents the t-T path of a sample, the red and blue lines show the t-T
path of the lower and upper sample, respectively; transparent shading indicates uncertainties. The red and blue-dashed lines
denote thermal paths that fit the data best. (d—f): Age-elevation profiles for the Apuela, Guaranda, and Chaucha areas showing
AFT ages, mean-track length (MTL), and AHe ages; ages predicted based on thermal history are shown by pastel colors.
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coeval, tectonically controlled exhumation cannot be entirely excluded. The most recent cooling histories revealed
by the Chaucha and the Apuela profiles are consistent and record an isothermal phase followed by a second cool-
ing starting at ~6—5 Ma. The isothermal phase suggests that little exhumation occurred in the Western Cordillera
between 15 and 6-5 Ma. The second cooling phase in the Western Cordillera is synchronous with the onset of the
last cooling phase recorded in the Eastern Cordillera (starting at 5.5 Ma; Spikings & Crowhurst, 2004; Spikings
et al., 2010), and with rapid cooling in the Coastal Cordillera between 6 and 5 Ma (Brichau et al., 2021). This
late Miocene cooling phase in both ranges is also contemporaneous with the onset of alluvial-fan deposition in
the basins to the west and east of the Andes (e.g., Alvarado et al., 2016), supporting the notion that cooling was
associated with erosional exhumation of a growing topography. The cooling rate and the geothermal gradient of
30°C/km derived from the modeling of our thermochronological data suggest exhumation rates of ~0.5 km/Myr
for the last 6 Myr, with total exhumation of ~3 km achieved since 6 Ma.

Previous thermochronological studies from the Eastern Cordillera and the Coastal Cordillera have suggested
multiple phases of exhumation starting at 15, 9, and 6 Ma, and at 6 and 2 Ma, respectively (Brichau et al., 2021;
Spikings et al., 2010). AFT data from the inter-Andean Cuenca Basin indicate that the region experienced a cool-
ing history similar to that of the Eastern Cordillera, including a major cooling event at 9 Ma that was accompanied
by shortening (Steinmann et al., 1999). Our new thermochronological data helps clarify the exhumation history
of the Ecuadorian Andes. The AHe ages along the Guaranda and Chaucha cross sections are younger in the hang-
ing wall of the reverse faults, whereas they are older in both the footwall and at high elevations in the hanging
wall (Figures 2e and 2f). This AHe age pattern suggests rock uplift of the hanging walls of the Montalvo and
Ponce Enriquez reverse faults and internal deformation of the North Andean Sliver. Thermal histories obtained
for vertical profiles (Figure 4) and spatial age patterns suggest that shortening along these faults controlled uplift
and exhumation in the Western Cordillera during the late Miocene, synchronous with shear-zone reactivation in
the Western Cordillera (Spikings et al., 2005), and deformation and exhumation along the Eastern Cordillera and
the sub-Andean ranges (Spikings & Crowhurst, 2004; Spikings et al., 2010).

Coltorti and Ollier (2000) suggested that an extensive low-relief surface in the Western Cordillera at 3,500 m was
at sea level during the early Pliocene (~5.3 Ma), and became dissected due to surface uplift during the middle
to late Pliocene. Together with our new thermochronological data, these geomorphologic constraints indicate a
total of 3 km of exhumation in the Western Cordillera that was probably associated with rock and surface uplift
and coeval erosion starting at ~6 Ma. In southern Ecuador, a low surface elevation in the Western Cordillera
prior to 6 Ma is compatible with the presence of marine sediments in the inter-Andean basins that were deposited
between 15 and 9 Ma (Hungerbiihler et al., 2002; Steinmann et al., 1999). Considering that the combination of
sedimentological and thermochronological data from the Western Cordillera and the Eastern Cordillera (i.e.,
Winkler et al., 2005) suggests limited structural uplift in the Western Cordillera prior to 6 Ma, we propose that the
present-day topography of the Ecuadorian Andes, which includes two parallel, high-elevation mountain ranges
separated by an intermontane depression, started to develop at ~6 Ma, although a volcanic arc clearly predated
this phase. Interestingly, late Miocene shortening and exhumation in the Western Cordillera is consistent with
recently obtained paleomagnetic data indicating a clockwise rotation of the western Ecuadorian Andes with
respect to the South America during the last 10 Myr (Siravo et al., 2021).

5.2. Implications for the Timing of Carnegie Ridge Subduction

The subduction of bathymetric highs has been suggested to trigger widespread deformation and uplift at subduc-
tion margins (e.g., Dominguez et al., 1998; George et al., 2023; Lallemand et al., 1992; Ramos, 2005; Rosenbaum
& Mo, 2011; von Huene et al., 1997). In addition, the subduction of oceanic aseismic ridges also appears to cause
changes in the geochemical composition of magmatism with a shift to a more juvenile isotope signal in magmas
(Chiaradia et al., 2020). Our thermochronological data from the Western Cordillera in Ecuador clearly document
the onset of a regional uplift and exhumation phase that started between ~6 and 5 Ma (Figure 4). Our data further-
more suggest that the Ponce Enriquez and Montalvo reverse faults are major structures controlling rock uplift and
exhumation in the Western Cordillera. Importantly, these faults appear to be associated with transpression and
the extrusion of the North Andean Sliver along the dextral Puna-Pallatanga-Cosanga-Chingal strike-slip fault.
Although motion of the North Andean Sliver may have initiated as early as 15 Ma due to oblique subduction
(e.g., Alvarado et al., 2016), the Pliocene to early Pleistocene acceleration of northward motion of this block
suggests increased coupling at the plate interface after the initiation of the Carnegie Ridge subduction under the
South American continent (Deniaud, 1999; Witt et al., 2006). Moreover, earlier cooling and exhumation phases
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Figure 5. Schematic cross sections showing tectonic changes and topographic

growth in Ecuador (at ~2°S) during the late Cenozoic. The North Andean
Sliver (NAS) is highlighted in gray. The Coastal Cordillera (CC), Western
Cordillera (WC), the Eastern Cordillera (EC), and the position of the
magmatic arc (after George et al., 2021) are shown.

identified in the Eastern Cordillera and the Coastal Cordillera between 15
and 7 Ma (Brichau et al., 2021; Spikings et al., 2005, 2010) that have been
associated with subduction of the Carnegie Ridge (i.e., Spikings et al., 2010),
were synchronous with deformation and uplift recorded at 17-15, 13, and
9-8 Ma in the sub-Andean ranges of northern Peru (e.g., Mégard, 1984;
Moreno et al., 2020; Sébrier et al., 1988). Notably, these earlier cooling
phases are not recorded in the Western Cordillera of Ecuador, suggesting
that earlier uplift and exhumation in other parts of Ecuador were independent
from the subduction processes associated with the Carnegie Ridge.

The interpretation of initial Carnegie Ridge subduction starting at ~6-5 Ma
is consistent with geodynamic reconstructions, the offshore morphology,
and subsidence history of the Gulf of Guayaquil. Based on these studies,
the onset of Carnegie Ridge subduction has been placed between 5 and
~1.8 Ma (e.g., Collot et al., 2019; Witt et al., 2006). This is also compatible
with the timing of regional compressional tectonic inversion of the forearc
(Daly, 1989). Furthermore, an eastward shift of volcanism between 6 and
5 Ma in northern Ecuador (Barberi et al., 1988) and an accompanying change
in magma chemistry also supports a ridge-related influence on upper-plate
processes at this time (e.g., Bourdon et al., 2003; Samaniego et al., 2010).
For example, Hafnium isotopic compositions of zircons in Ecuador become
more juvenile between 8 and 6 Ma (George et al., 2021) and indicate changes
in volcanic-arc geochemistry at that time, possibly reflecting the arrival of
the Carnegie Ridge at the subduction zone. In summary, the integration of
new and published thermochronological and geochronological data from the
Ecuadorian Andes suggests that the subduction of the Carnegie Ridge trig-
gered shortening and exhumation as well as a variety of related structural and
magmatic phenomena starting between ~6 and 5 Ma (Figure 5).

5.3. Aseismic-Ridge Subduction, Deformation, and Rock Uplift

The thermochronological data from the Ecuadorian Andes indicate that aseismic Carnegie Ridge subduction

promoted Mio-Pliocene compressional deformation of the North Andean Sliver coeval with strike-slip faulting along

the Puna-Pallatanga-Cosangua-Chingal fault system (e.g., Alvarado et al., 2016). We demonstrate that the oblique

subduction of the Carnegie Ridge promoted regional uplift and exhumation of the Ecuadorian Andes over a timespan

of several million years. The onset of tectonic uplift and exhumation is synchronous across the Ecuadorian Andes.

This may be the consequence of the reactivation of pre-existing crustal heterogeneities involving strike-slip faults that

facilitated the transfer and localization of deformation as well as the ensuing exhumation processes in the upper plate.

Other sectors along the South American plate margin and the North Pacific show a similar influence of subduct-
ing bathymetric anomalies on upper-plate deformation styles. For example, the oblique subduction of the Yakutat
oceanic plateau in the North Pacific at ~30 Ma promoted transpressional deformation along the Denali fault
system and sustained rapid exhumation in the Alaska Range (e.g., Trop et al., 2019; Waldien et al., 2022).
Along the South American margin, the Chile Rise has been acting as an indenter promoting northward motion
and exhumation of the Chiloe block along the Liquifie Ofqui dextral fault zone since the late Miocene (e.g.,
Astudillo-Sotomayor et al., 2021; Cembrano et al., 2002; Forsythe & Nelson, 1985; Georgieva et al., 2016). In
Costa Rica, the subduction of the aseismic Cocos Ridge was associated with the growth of a bivergent orogenic
wedge and localized rock uplift (Morell et al., 2012). In northern Peru similar processes have taken place:
Miocene uplift and exhumation of the Western Cordillera and contemporaneous deformation of the sub-Andean

ranges was associated with the onset of subduction of the Nazca Ridge and subsequent slab flattening (George

et al., 2023; Margirier et al., 2015). The Nazca Ridge is furthermore suggested to promote localized shortening

in the overriding plate in southern Peru (Sébrier et al., 1988). Accordingly, during the Quaternary the Nazca

Ridge has been responsible for the uplift of marine terraces along the Peruvian coast (Hagen & Moberly, 1994;
Hsu, 1992; Macharé & Ortlieb, 1992; Regard et al., 2021; Saillard et al., 2011). Finally, the formation of the Fitz-
carrald Arch in the Peruvian back-arc during the Quaternary has been associated with the southward-migrating
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subduction of the Nazca Ridge (Espurt et al., 2007, 2010; Regard et al., 2009), which is thought to be linked with
basal shear and thickening of the lower crust (Bishop et al., 2018). Hence, the initial subduction of bathymetric
highs can lead to deformation at the margin, but also hundreds of kilometers inboard if inherited zones of crustal
weakness exist.

6. Conclusions

The exhumation history of the Andean highlands of Ecuador provides a record of shortening and uplift intimately
related to the subduction of the aseismic Carnegie Ridge. Our new geochronological and thermochronological
data constrain several cooling phases in the Western Cordillera of Ecuador. AFT ages record cooling associated
with post-magmatic thermal relaxation of early and middle Miocene intrusions. This suggests that the AFT ther-
mochronometer is not well suited to decipher the exhumation history of the Miocene magmatic arc in the north-
ern Andes. A second phase of cooling related to exhumation was started at ~6—5 Ma in the Western Cordillera.
Late Miocene onset of exhumation correlates closely with the onset of active shortening and rock uplift, as well
as with coeval exhumation previously identified in the Coastal Cordillera and the Eastern Cordillera. We propose
that the onset of regional shortening and exhumation at ~6—5 Ma was triggered by an increase of plate coupling
at the subduction interface related to the onset of the subduction of the aseismic Carnegie Ridge.
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The data is available in the table, supporting information files and can also be accessed in the Zenodo Repository
(https://zenodo.org/record/7311529#Y4YTY YLMITU).
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