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Abstract
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of subduction of the Carnegie Ridge at ~6-5 Ma increased plate coupling at the subduction interface and promoted shortening
and regional rock uplift in the northern Andes. Overall, our results highlight the essential role of bathymetric anomalies in
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Key Points:

e Thermochronological data reveal two cooling phases in the Western Cordillera: one during the Miocene,
and one since 6 Ma.

e The onset of cooling at 6 Ma is associated with the onset of active shortening, rock uplift and exhuma-
tion in the Western Cordillera.



e The onset of exhumation at 6 Ma was triggered by the initial subduction of the Carnegie Ridge that
caused stronger plate coupling.

Abstract

Cenozoic growth of the Andes has been strongly influenced by subduction dynamics, reactivation of inherited
crustal heterogeneities, and the superposed effects of climate. Subduction of the submarine Carnegie Ridge
has fundamentally impacted late Cenozoic magmatism and tectonic activity in the northern Andes. 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 immediately
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, which we infer to record the onset of
exhumation in the Western Cordillera, coeval with the last cooling phase in the Eastern Cordillera. Based
on these findings we posit that the onset of subduction of the Carnegie Ridge at ~6-5 Ma increased plate
coupling at the subduction interface and promoted shortening and regional rock uplift in the northern Andes.
Overall, our results highlight the essential role of bathymetric anomalies in driving regional upper-plate
deformation at non-collisional convergent plate margins.

Plain language summary

Topographic growth and morphology of the Andes have been strongly influenced by subduction processes,
tectonic inheritance, and climate. Here, we investigate the role of subduction of bathymetric highs in driving
continental plate deformation at ocean-continent plate margins. The subduction of the Carnegie Ridge,
a linear bathymetric high on the subducting Nazca Plate in the Eastern Pacific, has strongly impacted
magmatism and tectonic activity in the Ecuadorian Andes. We employed radioisotopic dating techniques
and numerical modeling to evaluate the uplift of Andes by exploiting information contained in certain
minerals that record the cooling of rock as mountain ranges are uplifted, and eroded. The cooling histories
of rocks from the Western Cordillera in Ecuador reveal two distinct phases of cooling. The first phase of
cooling occurred shortly after magmatic bodies were emplaced in the Western Cordillera. The second phase
began after 6 Ma, which we attribute to the onset of uplift and erosion in the Western Cordillera, coeval
with the last cooling phase in the Eastern Cordillera. Based on these findings we suggest that the onset of
subduction of the Carnegie Ridge increased the coupling between the two plates and promoted shortening
and regional rock uplift in this part of the Andes.

1 Introduction

The topography and morphology of the Andes results from crustal shortening and thickening associated
with the convergence of the oceanic Nazca Plate and the continental South American Plate as well as
superposed climate-driven surface processes. At the orogen-scale, slab geometry, inherited heterogeneities,
and lithospheric strength exert first-order controls on deformation, uplift, and magmatic processes, and
thus topography of the upper plate (e.g., Isacks, 1988; Horton and Fuentes, 2016; Rodriguez Piceda et al.,
2022). At a more regional scale, the presence of bathymetric highs on the downgoing Nazca Plate also
influences the tectono-magmatic and topographic evolution the overriding plate (e.g., Barberi et al., 1988;
Espurt et al., 2007; Wipf et al., 2008; Georgieva et al., 2016). Several field studies relate Quaternary coastal
uplift, documented by uplifted marine terraces, to the subduction of bathymetric highs such as sea mounts or
aseismic ridges (e.g., Macharé and Ortlieb, 1992; Gardner et al., 1992; Hsu, 1992; Pedoja et al., 2006; Saillard
et al., 2011; Freisleben et al., 2021). On larger spatial scales, 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 underneath the Central Andes (e.g., Espurt et al., 2010; Bishop et al., 2018). Modeling studies suggest
that subduction of bathymetric highs enhances upper-plate deformation and promotes regional uplift that
propagates away from the trench when the subduction of a ridge initiates (e.g., Dominguez et al., 2000; Gerya
et al., 2009; Martinod et al., 2013). While the influence of aseismic ridge subduction in the topographically
low forearc and foreland regions is reasonably well documented, the influence of ridge subduction on 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
Subandes of northern Peru (e.g., Margirier et al., 2015; Bishop et al., 2018), but the relative importance of
ridge subduction versus the change in slab geometry is unknown. Other studies relate uplift and exhumation
of the Eastern Cordillera in Ecuador and Colombia to ridge subduction (Spikings et al., 2001, 2010; Spikings
and Simpson, 2014); however, owing to shortening phases unrelated to ridge subduction in the eastern side
of the Andes (e.g., Mégard, 1984; Sébrier et al., 1988), the link between exhumation in this area and ridge
subduction is not straightforward.

The oblique subduction of the aseismic Carnegie Ridge in Ecuador (Fig. 1) has strongly impacted the geo-
logical 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 and Kellog, 2010; Schiitt and
Whipp, 2020), and driving changes in magmatism (e.g., Barberi et al., 1988; Bourdon et al., 2003; Chiaradia
et al., 2020). Despite its importance for the evolution of the northern Andes, neither the timing of ridge
subduction nor its potential impact on uplift and exhumation are well constrained. To unravel these relati-
onships, we present new geochronological and thermochronological data from the previously sparsely dated
Western Cordillera integrated with structural information (e.g., Daly, 1989; Eguez et al., 2003), geochemistry
(e.g., Bourdon et al., 2003; George et al., 2020), and existing thermochronological data (Spikings et al., 2000,
2001, 2004, 2010; Winkler et al., 2005) to decipher the effect of the onset of ridge subduction, its timing,
and the spatiotemporal patterns of exhumation above the subducted portions of the Carnegie Ridge.
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Figure 1. a) Geodynamic setting and topography of the Ecuadorian Andes with bathymetry
and Carnegie Ridge. The North Andean Sliver (NAS) is highlighted in yellow. The inset
shows the location of study area. b) Active faults (Alvarado et al., 2016; black lines) and GPS
horizontal velocity field (red arrows) with respect to stable South America (Nocquet et al.,
2014).

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
Cordillera (Eguez et al., 2003; Jaillard et al., 2004; Jaillard et al., 2005) and in the Subandes in the east
(Baby et al., 2013). Currently, transpression dominates this region, which causes the northward extrusion
of the North Andean Sliver along the dextral Puna-Pallatanga-Cosanga fault system (e.g., Alvarado et al.,
2016).

The Western and Eastern cordilleras are separated by the Interandean Valley (Fig. 2), which is filled
with Cenozoic volcanic and sedimentary rocks (e.g., Hungerbiihler et al., 2002). The Western Cordillera is



characterized by a high-elevation (3500 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 to 7 Ma; Schiitte et al., 2010) and Cretaceous and
Paleogene volcano-sedimentary rocks. None of the existing thermochronological data (e.g., Spikings et al.,
2005; Winkler et al., 2005; Fig. 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 ridge subduction and the subduction
of a bathymetric high along the subducting ridge (Spikings et al., 2000; 2001; 2004; 2010).
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Figure 2. a) Topographic map showing faults (black lines; Eguez et al., 2003), and purported
sutures zones (white dashed lines; Alvarado et al., 2014). The Coastal Cordillera (CC), the
Western Cordillera (WC) and the Eastern Cordillera (EC) are indicated on the map as well
as the Montalvo fault (Mf) and the Ponce Enriquez fault (PEf). b) Existing, and new thermo-
chronological data of the Ecuadorian Andes (non-reset AHe and AFT ages and volcanism ages
indicated by black dots; Spikings et al., 2000, 2001, 2004, 2010; Winkler et al., 2005); intrusions
(orange) and faults. ¢, d) Swath profiles across the Montalvo and the Ponce Enriquez reverse
faults, respectively and thermochronological ages (Garanda and Cuenca profiles).

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 (Fig.
1); it is one of the most prominent bathymetric highs intercepting the South American trench. The oblique
subduction of the Carnegie Ridge in Ecuador (Fig. 1) is linked with coastal surface and rock uplift (Pedoja et
al., 2006), strike-slip faulting (Fig. 2; e.g., Egbue and Kellogg, 2010; Baize et al., 2015; Alvarado et al., 2016),



changes in magmatism, and the extrusion of the North Andean Sliver coeval with the opening of the Gulf of
Guayaquil. However, the timing of onset of Carnegie Ridge subduction is controversial. Spikings et al. (2000,
2001, 2004) suggested an early onset of ridge subduction at 15-10 Ma based on the exhumation history of
the Eastern Cordillera. Pilger (1984) suggested that the ridge collided at 15 Ma based on a plate-kinematic
reconstruction. Using a refined plate-kinematic reconstruction, Daly (1989) suggested a late Miocene (78
Ma) onset of ridge subduction, which was thought to be in agreement with the timing of arc widening and
migration (e.g., Gutscher et al., 1999). Studies based on the timing of submarine canyon incision, marine
terrace uplift, and variation in the spatial distribution and chemistry of magmatism have proposed an onset
at 75 Ma (Barberi et al., 1988; Collot et al., 2019; Pedoja et al., 2006; Bourdon et al., 2003). Finally, a
Pleistocene onset of ridge subduction was suggested based on plate-kinematic reconstructions (Londsdale
and Klitgord, 1978), a shift toward adakitic arc volcanics at 1.5 Ma (Samaniego et al., 2005), coastal uplift
and stratigraphy of marine terraces (Cantalamessa and Di Celma, 2004), and accelerated subsidence and
sedimentation rates in the Gulf of Guayaquil. The latter process was associated with accelerated escape of
the North Andean Sliver and the geometry of shelf depocenters (e.g., Witt et al., 2006; Herndndez et al.,
2020).

3 Methods

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

4 Results
4.1 Zircon U-Pb dating

We obtained 5 new zircon U-Pb ages for the intrusions of the Western Cordillera ranging from 23.9 + 0.7 to
15.4 £ 0.5 Ma (Fig. 3A; Table 1; Fig. S1). 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 (1676 m). In central Ecuador the zircon U-Pb age of
the Telimba Chazo Juan intrusion is 21 + 0.6 Ma (2086 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
(2578 m), respectively.

4.2 Low-temperature thermochronology

We sampled along two structural cross-sections in the central (Guaranda area) and southern parts (Cuenca
area) of the Western Cordillera (Fig. 2B, C), 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).

We present 86 AHe single-grain ages for 22 samples, AFT data for 20 samples, and 26 ZHe single-grain ages
for 9 samples (Fig. 3; Tables 2, 3, 4; Figs. S2-S7; Tables S3-S24). AHe 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 ages are younger than AFT ages and range from 23.6 & 0.3 to 5.9 & 0.1 Ma (Fig.
3).

Thermochronological ages from the Garanda cross-section are different either side of the Montalvo reverse
fault, with mean AHe and ZHe ages being older in the footwall and younger in the hanging wall (Fig. 2B).
AFT dates cluster at 20 Ma in the hanging wall and no AFT date is available in the footwall (Fig. 2B).



Thermochronological ages from the Cuenca 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 (Fig. 2C).

Combined, the samples from the vertical profiles cover an elevation range from 950 to 3100 m (Fig. 3). Early
Miocene AFT ages from the Apuela and Garanda areas are similar to the ages of intrusion (Fig. 3A, B).
In the Cuenca area AFT ages cluster at "11 Ma, and are largely invariant with elevation (Fig. 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 (Fig. 3D, E, F). AHe ages from the Cuenca
and Apuela area clearly show a positive age-elevation relationship (Fig. 3D, F), with ages ranging from 8.7
4+ 0.1 Ma to 2.3 £ 0.1 Ma. AHe ages from the Garanda area show more intersample grain-age dispersion and
do not reveal such a clear trend with elevation (Fig. 3E). Here, 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.
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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 (WC) plotted against sample elevation for the
Apuela, the Guaranda and the Cuenca profiles. d-f: New AHe and ZHe ages from the Western
Cordillera plotted against sample elevation for the Apuela, the Guaranda and the Cuenca
profiles.

4.3 Thermal modeling



Thermal histories predicted by QTQt satisfactorily reproduced AHe and AFT data for each profile (Fig. 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 (Figs. S5-S7), 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 intrusions (7100°C/Myr); this was
followed by residence of the samples at temperatures of “100°C from 15 to 6 Ma and from 11 to 6 Ma, for
the northern and the southern profiles, respectively. The final cooling phase of the overall thermal history
initiated between ~6 and 5 Ma, and continues to the present-day (715°C/Myr). Although the Garanda profile
exhibits a similar early cooling history, the older, high-elevation AHe ages cannot resolve the late Miocene
cooling history.
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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 represent 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 best
fit the data. d-f: Age-elevation profiles for the Apuela, Garanda and Cuenca areas showing
AFT ages, mean-track length (MTL) and AHe ages; ages predicted based on thermal history
are shown by pastel colors.

5. Discussion
5.1 Late Miocene rock uplift and exhumation in the western Ecuadorian Andes

Thermochronological and geochronological data from the Western Cordillera indicate rapid cooling after the



early Miocene crystallization of the intrusions (Fig. 4). Initial early Miocene rapid cooling likely corresponds
to post-magmatic cooling via thermal relaxation of the intrusions (e.g., Murray et al., 2019), although coeval
exhumation cannot be excluded. The most recent cooling histories documented by the Cuenca and the
Apuela profiles are consistent and record an isothermal phase followed by a second cooling phase 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 and 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 in both cordilleras is also contemporaneous with the formation of alluvial-
fan deposition in the basins to the west and east of the Andes (e.g., Alvarado et al., 2016), supporting the
idea that this cooling phase was associated with erosional exhumation. The cooling rate and the geothermal
gradient of 30°C/km derived from the modeling of our thermochronological data suggest exhumation rates
of 70.5 km/Myr for the last 6 Myr, with total exhumation of "3 km achieved since 6 Ma.

In contrast to the simple two-stage cooling history of the Western Cordillera, 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 starting at 6 and 2 Ma, respectively (Spikings et al. 2010; Brichau et al.,
2021). AFT data from the Interandean Cuenca Basin suggest that it experienced a cooling history similar
to the Eastern Cordillera, including a major cooling event at 9 Ma accompanied by shortening (Steinmann
et al., 1999). The AHe ages along the Garanda and Cuenca cross-sections are younger in the hanging wall
of the reverse faults, whereas they are older in both the footwall and at high elevations in the hanging wall
(Fig. 2B, C). This AHe age pattern suggests uplift of the hanging walls of the Montalvo and Ponce Enriquez
reverse faults and internal deformation of the North Andean Sliver. Together with thermal histories obtained
for vertical profiles (Fig. 4), the 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 Subandes (Spikings and Crowhurst, 2004; Spikings et al., 2010).

Coltorti et al. (2000) suggested that an extensive low-relief surface in the Western Cordillera at 3500 m
was at sea level during the early Pliocene (75.3 Ma) but became dissected because of uplift in the middle
and late Pliocene. In light of our new thermochronological data these observations suggest that cooling in
the Western Cordillera involving a total of 3 km of exhumation must have been associated with rock and
surface uplift starting at "6 Ma. In southern Ecuador a low surface elevation in the Western Cordillera
prior to 6 Ma is compatible with marine sediments in the inter-Andean basins deposited between 15 and 9
Ma (Steinmann et al., 1999; Hungerbiihler et al., 2002). Finally, 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. Thus, the present-day topography of
the Ecuadorian Andes, including two parallel, high-elevation mountain ranges separated by an intermontane
depression, must have initiated at 6 Ma.

5.2 Implications for the timing of Carnegie Ridge subduction

The subduction of bathymetric highs has been suggested to trigger widespread deformation and uplift in non-
collisional orogens (e.g., Lallemand et al., 1992; von Huene et al., 1997; Dominguez et al., 1998; Pubellier et
al., 1999; Ramos, 2005; Martinod et al., 2013; Spikings and Simpson, 2014; Georgieva et al., 2016) and island
arcs (Taylor et al., 1987; Mann et al., 1998; Rosenbaum and Mo, 2011; Freisleben et al., 2021). 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 (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 at “6-5 Ma (Fig. 4). Our data 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 strike-slip fault. Although the North Andean Sliver may have initiated as



early as 15 Ma due to oblique subduction (e.g., Alvarado et al., 2016), the acceleration of northward motion
of this block suggests increased coupling at the plate interface after the interception of the Carnegie Ridge
(Witt et al., 2006). Importantly, earlier cooling and exhumation phases identified in the Eastern Cordillera
and the Coastal Cordillera between 15 and 7 Ma (Spikings et al., 2005, 2010; Brichau et al., 2021) 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 Ma, 13 Ma, and 9-8 Ma in the sub-Andes of northern Peru
(e.g., Mégard, 1984; Sébrier et al., 1988; Moreno et al., 2020). These earlier cooling phases, however, are not
recorded in the Western Cordillera, suggesting that earlier uplift and exhumation in other parts of Ecuador
were independent from aseismic ridge subduction processes.

Initial Carnegie Ridge subduction at “6-5 Ma is consistent with geodynamic reconstructions and with the
results of studies of the offshore morphology and subsidence history of the Gulf of Guayaquil that propose
an onset of ridge subduction at 5 Ma and document ongoing ridge subduction by “1.8 Ma (e.g., Witt et al.,
2006; Collot et al., 2019). Onset of ridge subduction at ~6-5 Ma is also compatible with the timing of regional
compressional tectonic inversion of the forearc (Daly, 1989). Moreover, an eastward shift of volcanism at 6-5
Ma in northern Ecuador (Barberi et al., 1988) and a subsequent change in magma chemistry also support
the notion of onset of Carnegie Ridge subduction at this time (e.g., Bourdon et al., 2003; Samadiego et al.,
2010).

Taken together, our thermochronological and geochronological data suggest that the subduction of the Car-
negie Ridge triggered shortening and exhumation in the Ecuadorian Andes starting at ~6-5 Ma (Fig. 5).
However, a delay between the onset of ridge subduction and exhumation processes in the high Andes is
possible. Thus, we cannot exclude an onset of Carnegie Ridge subduction at 9-8 Ma as previously suggested
by Daly (1989) and Gutscher et al. (1999) based on plate kinematic reconstruction. Finally, Hafnium isotopic
compositions of zircons in Ecuador become more juvenile at 8-6 Ma (George et al., 2020) and could also
reflect the arrival of the Carnegie Ridge at the trench and ensuing changes in volcanic arc geochemistry at
that time.
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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 indicated
in grey. The Coastal Cordillera (CC), Western Cordillera (WC) and the Eastern Cordillera
(EC) as well as the position of the magmatic arc (after George et al., 2021) are showed on the
figure.

6. Conclusions

New geochronological and thermochronological data constrain several cooling phases in the Western Cor-
dillera of Ecuador. AFT ages record cooling associated with post-magmatic thermal relaxation of early and
middle Miocene intrusions. This suggests that the AFT thermochronometer is not well suited to decipher the
exhumation of the Miocene magmatic arc in the northern Andes. Thermal modeling of our data constrains
two cooling phases: a post-magmatic cooling during early and middle Miocene associated with thermal rela-
xation, a period of tectonic quiescence, and a second phase driven by uplift and exhumation since ~6-5 Ma
in the Western Cordillera. This latest Miocene onset of exhumation correlates well with the onset of active
shortening and rock uplift, as well as coeval exhumation previously identified in the Coastal Cordillera and
the Eastern Cordillera of the northern Andes. We propose that the onset of regional shortening and exhuma-
tion at “6-5 Ma was triggered by the effects of initial subduction of the Carnegie Ridge that caused stronger
plate coupling.
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Key Points:

o Thermochronological data reveal two cooling phases in the Western
Cordillera: one during the Miocene, and one since 6 Ma.

e The onset of cooling at 6 Ma is associated with the onset of active short-
ening, rock uplift and exhumation in the Western Cordillera.

e The onset of exhumation at 6 Ma was triggered by the initial subduction
of the Carnegie Ridge that caused stronger plate coupling.

Abstract

Cenozoic growth of the Andes has been strongly influenced by subduction dy-
namics, reactivation of inherited crustal heterogeneities, and the superposed
effects of climate. Subduction of the submarine Carnegie Ridge has fundamen-
tally impacted late Cenozoic magmatism and tectonic activity in the northern
Andes. 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 immediately 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, which we infer to record the onset of exhumation in the Western Cordillera,
coeval with the last cooling phase in the Eastern Cordillera. Based on these
findings we posit that the onset of subduction of the Carnegie Ridge at ~6-5 Ma
increased plate coupling at the subduction interface and promoted shortening
and regional rock uplift in the northern Andes. Overall, our results highlight
the essential role of bathymetric anomalies in driving regional upper-plate de-
formation at non-collisional convergent plate margins.

Plain language summary

Topographic growth and morphology of the Andes have been strongly influenced
by subduction processes, tectonic inheritance, and climate. Here, we investigate


mailto:audrey.margirier@unil.ch)

the role of subduction of bathymetric highs in driving continental plate deforma-
tion at ocean-continent plate margins. The subduction of the Carnegie Ridge,
a linear bathymetric high on the subducting Nazca Plate in the Eastern Pa-
cific, has strongly impacted magmatism and tectonic activity in the Ecuadorian
Andes. We employed radioisotopic dating techniques and numerical modeling
to evaluate the uplift of Andes by exploiting information contained in certain
minerals that record the cooling of rock as mountain ranges are uplifted, and
eroded. The cooling histories of rocks from the Western Cordillera in Ecuador
reveal two distinct phases of cooling. The first phase of cooling occurred shortly
after magmatic bodies were emplaced in the Western Cordillera. The second
phase began after 6 Ma, which we attribute to the onset of uplift and erosion
in the Western Cordillera, coeval with the last cooling phase in the Eastern
Cordillera. Based on these findings we suggest that the onset of subduction of
the Carnegie Ridge increased the coupling between the two plates and promoted
shortening and regional rock uplift in this part of the Andes.

1 Introduction

The topography and morphology of the Andes results from crustal shortening
and thickening associated with the convergence of the oceanic Nazca Plate and
the continental South American Plate as well as superposed climate-driven sur-
face processes. At the orogen-scale, slab geometry, inherited heterogeneities,
and lithospheric strength exert first-order controls on deformation, uplift, and
magmatic processes, and thus topography of the upper plate (e.g., Isacks, 1988;
Horton and Fuentes, 2016; Rodriguez Piceda et al., 2022). At a more regional
scale, the presence of bathymetric highs on the downgoing Nazca Plate also
influences the tectono-magmatic and topographic evolution the overriding plate
(e.g., Barberi et al., 1988; Espurt et al., 2007; Wipf et al., 2008; Georgieva et
al., 2016). Several field studies relate Quaternary coastal uplift, documented
by uplifted marine terraces, to the subduction of bathymetric highs such as
sea mounts or aseismic ridges (e.g., Macharé and Ortlieb, 1992; Gardner et al.,
1992; Hsu, 1992; Pedoja et al., 2006; Saillard et al., 2011; Freisleben et al.,
2021). On larger spatial scales, long-wavelength uplift of the Amazonian fore-
land is thought to reflect basal shear and thickening of the lower crust associated
with the subduction of the Nazca Ridge underneath the Central Andes (e.g., Es-
purt et al., 2010; Bishop et al., 2018). Modeling studies suggest that subduction
of bathymetric highs enhances upper-plate deformation and promotes regional
uplift that propagates away from the trench when the subduction of a ridge ini-
tiates (e.g., Dominguez et al., 2000; Gerya et al., 2009; Martinod et al., 2013).
While the influence of aseismic ridge subduction in the topographically low fore-
arc and foreland regions is reasonably well documented, the influence of ridge
subduction on 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 Subandes of northern Peru (e.g., Margirier et al., 2015; Bishop et al.,
2018), but the relative importance of ridge subduction versus the change in slab
geometry is unknown. Other studies relate uplift and exhumation of the East-



ern Cordillera in Ecuador and Colombia to ridge subduction (Spikings et al.,
2001, 2010; Spikings and Simpson, 2014); however, owing to shortening phases
unrelated to ridge subduction in the eastern side of the Andes (e.g., Mégard,
1984; Sébrier et al., 1988), the link between exhumation in this area and ridge
subduction is not straightforward.

The oblique subduction of the aseismic Carnegie Ridge in Ecuador (Fig. 1) has
strongly impacted the geological evolution of the northern Andes by promoting
strike-slip faulting and the northward motion of the North Andean Sliver, reac-
tivating inherited tectonic structures (e.g., Egbue and Kellog, 2010; Schiitt and
Whipp, 2020), and driving changes in magmatism (e.g., Barberi et al., 1988;
Bourdon et al., 2003; Chiaradia et al., 2020). Despite its importance for the
evolution of the northern Andes, neither the timing of ridge subduction nor its
potential impact on uplift and exhumation are well constrained. To unravel
these relationships, we present new geochronological and thermochronological
data from the previously sparsely dated Western Cordillera integrated with
structural information (e.g., Daly, 1989; Eguez et al., 2003), geochemistry (e.g.,
Bourdon et al., 2003; George et al., 2020), and existing thermochronological
data (Spikings et al., 2000, 2001, 2004, 2010; Winkler et al., 2005) to decipher
the effect of the onset of ridge subduction, its timing, and the spatiotemporal
patterns of exhumation above the subducted portions of the Carnegie Ridge.
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Figure 1. a) Geodynamic setting and topography of the Ecuadorian
Andes with bathymetry and Carnegie Ridge. The North Andean
Sliver (NAS) is highlighted in yellow. The inset shows the location
of study area. b) Active faults (Alvarado et al., 2016; black lines)
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and GPS horizontal velocity field (red arrows) with respect to stable
South America (Nocquet et al., 2014).

2 Geologic and geodynamic setting

2.1 Cenozoic tectonics and exhumation history of the Ecuadorian An-
des

The Ecuadorian Andes constitute a bivergent orogen with active thrusting at
the western flank of the Western Cordillera (Eguez et al., 2003; Jaillard et al.,
2004; Jaillard et al., 2005) and in the Subandes in the east (Baby et al., 2013).
Currently, transpression dominates this region, which causes the northward ex-
trusion of the North Andean Sliver along the dextral Puna-Pallatanga-Cosanga
fault system (e.g., Alvarado et al., 2016).

The Western and Eastern cordilleras are separated by the Interandean Val-
ley (Fig. 2), which is filled with Cenozoic volcanic and sedimentary rocks
(e.g., Hungerbiihler et al., 2002). The Western Cordillera is characterized by
a high-elevation (3500 m), low-relief surface capped by Quaternary volcano-
sedimentary deposits and Quaternary volcanoes. The western flank of the West-
ern Cordillera is incised by ~2-km-deep valleys exposing Oligocene and Miocene
intrusions (31 to 7 Ma; Schiitte et al., 2010) and Cretaceous and Paleogene
volcano-sedimentary rocks. None of the existing thermochronological data (e.g.,
Spikings et al., 2005; Winkler et al., 2005; Fig. 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. Thermochrono-
logical 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 sev-
eral exhumation phases from 15 Ma to the present that have been linked to the
onset of ridge subduction and the subduction of a bathymetric high along the
subducting ridge (Spikings et al., 2000; 2001; 2004; 2010).
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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 (Fig. 1); it is one of the most prominent bathymetric
highs intercepting the South American trench. The oblique subduction of the
Carnegie Ridge in Ecuador (Fig. 1) is linked with coastal surface and rock up-
lift (Pedoja et al., 2006), strike-slip faulting (Fig. 2; e.g., Egbue and Kellogg,
2010; Baize et al., 2015; Alvarado et al., 2016), changes in magmatism, and
the extrusion of the North Andean Sliver coeval with the opening of the Gulf
of Guayaquil. However, the timing of onset of Carnegie Ridge subduction is
controversial. Spikings et al. (2000, 2001, 2004) suggested an early onset of
ridge subduction at 15-10 Ma based on the exhumation history of the Eastern
Cordillera. Pilger (1984) suggested that the ridge collided at 15 Ma based on a
plate-kinematic reconstruction. Using a refined plate-kinematic reconstruction,
Daly (1989) suggested a late Miocene (~8 Ma) onset of ridge subduction, which
was thought to be in agreement with the timing of arc widening and migra-
tion (e.g., Gutscher et al., 1999). Studies based on the timing of submarine
canyon incision, marine terrace uplift, and variation in the spatial distribution
and chemistry of magmatism have proposed an onset at ~5 Ma (Barberi et al.,
1988; Collot et al., 2019; Pedoja et al., 2006; Bourdon et al., 2003). Finally, a
Pleistocene onset of ridge subduction was suggested based on plate-kinematic
reconstructions (Londsdale and Klitgord, 1978), a shift toward adakitic arc vol-
canics at 1.5 Ma (Samaniego et al., 2005), coastal uplift and stratigraphy of
marine terraces (Cantalamessa and Di Celma, 2004), and accelerated subsi-
dence and sedimentation rates in the Gulf of Guayaquil. The latter process was
associated with accelerated escape of the North Andean Sliver and the geometry
of shelf depocenters (e.g., Witt et al., 2006; Herndndez et al., 2020).

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. Zircon (U-Th)/He (ZHe), apatite fission track
(AFT) and apatite (U-Th)/He (AHe) thermochronometers are sensitive to tem-
peratures ranging from 200 to 20 °C (e.g., Ault et al., 2019). The thermal his-
tories of Cuenca, Guaranda and Apuela regions in the Western Cordillera were
determined using QTQt software, which inverts AFT annealing and AHe dif-
fusion parameters for samples with an elevation relationship (Gallagher, 2012).
We used zircon U-Pb geochronology conducted at the Arizona LaserChron Cen-
ter and published data (Schiitte et al., 2010) to determine the crystallization
ages of intrusions and as a constraint for thermal modeling. Additional method-
ological details can be found in Supplemental Data (Text S1; Tables S1, S2).

4 Results
4.1 Zircon U-Pb dating

We obtained 5 new zircon U-Pb ages for the intrusions of the Western Cordillera



ranging from 23.9 £ 0.7 to 15.4 + 0.5 Ma (Fig. 3A; Table 1; Fig. S1). 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 (1676 m). In central Ecuador the zircon U-Pb
age of the Telimba Chazo Juan intrusion is 21 £+ 0.6 Ma (2086 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 (2578 m),
respectively.

4.2 Low-temperature thermochronology

We sampled along two structural cross-sections in the central (Guaranda area)
and southern parts (Cuenca area) of the Western Cordillera (Fig. 2B, C), span-
ning 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).

We present 86 AHe single-grain ages for 22 samples, AFT data for 20 samples,
and 26 ZHe single-grain ages for 9 samples (Fig. 3; Tables 2, 3, 4; Figs. S2-S7;
Tables S3-S24). AHe 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 ages are younger than AFT ages and range
from 23.6 + 0.3 to 5.9 &+ 0.1 Ma (Fig. 3).

Thermochronological ages from the Garanda cross-section are different either
side of the Montalvo reverse fault, with mean AHe and ZHe ages being older in
the footwall and younger in the hanging wall (Fig. 2B). AFT dates cluster at 20
Ma in the hanging wall and no AFT date is available in the footwall (Fig. 2B).
Thermochronological ages from the Cuenca 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 (Fig.
2C).

Combined, the samples from the vertical profiles cover an elevation range from
950 to 3100 m (Fig. 3). Early Miocene AFT ages from the Apuela and Garanda
areas are similar to the ages of intrusion (Fig. 3A, B). In the Cuenca area AFT
ages cluster at ~11 Ma, and are largely invariant with elevation (Fig. 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 (Fig. 3D, E, F). AHe ages from the Cuenca and Apuela
area clearly show a positive age-elevation relationship (Fig. 3D, F), with ages
ranging from 8.7 + 0.1 Ma to 2.3 £+ 0.1 Ma. AHe ages from the Garanda area
show more intersample grain-age dispersion and do not reveal such a clear trend
with elevation (Fig. 3E). Here, 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.
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Apuela, the Guaranda and the Cuenca profiles.
4.3 Thermal modeling

Thermal histories predicted by QTQt satisfactorily reproduced AHe and AFT
data for each profile (Fig. 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 (Figs. S5-S7), 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 intrusions (~100°C/Myr); this was followed by residence of the
samples at temperatures of ~100°C from 15 to 6 Ma and from 11 to 6 Ma, for
the northern and the southern profiles, respectively. 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 Garanda profile exhibits a similar
early cooling history, the older, high-elevation AHe ages cannot resolve the late
Miocene cooling history.
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5.1 Late Miocene rock uplift and exhumation in the western Ecuado-
rian Andes

Thermochronological and geochronological data from the Western Cordillera
indicate rapid cooling after the early Miocene crystallization of the intrusions
(Fig. 4). Initial early Miocene rapid cooling likely corresponds to post-magmatic
cooling via thermal relaxation of the intrusions (e.g., Murray et al., 2019), al-
though coeval exhumation cannot be excluded. The most recent cooling histories
documented by the Cuenca and the Apuela profiles are consistent and record
an isothermal phase followed by a second cooling phase 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 and 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 in both cordilleras is also
contemporaneous with the formation of alluvial-fan deposition in the basins to
the west and east of the Andes (e.g., Alvarado et al., 2016), supporting the idea
that this cooling phase was associated with erosional exhumation. 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.

In contrast to the simple two-stage cooling history of the Western Cordillera, pre-
vious thermochronological studies from the Eastern Cordillera and the Coastal
Cordillera have suggested multiple phases of exhumation starting at 15, 9, and
6 Ma, and starting at 6 and 2 Ma, respectively (Spikings et al. 2010; Brichau
et al., 2021). AFT data from the Interandean Cuenca Basin suggest that it
experienced a cooling history similar to the Eastern Cordillera, including a ma-
jor cooling event at 9 Ma accompanied by shortening (Steinmann et al., 1999).
The AHe ages along the Garanda and Cuenca cross-sections are younger in the
hanging wall of the reverse faults, whereas they are older in both the footwall
and at high elevations in the hanging wall (Fig. 2B, C). This AHe age pattern
suggests uplift of the hanging walls of the Montalvo and Ponce Enriquez reverse
faults and internal deformation of the North Andean Sliver. Together with
thermal histories obtained for vertical profiles (Fig. 4), the 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 Subandes (Spikings and
Crowhurst, 2004; Spikings et al., 2010).

Coltorti et al. (2000) suggested that an extensive low-relief surface in the West-
ern Cordillera at 3500 m was at sea level during the early Pliocene (~5.3 Ma)
but became dissected because of uplift in the middle and late Pliocene. In light
of our new thermochronological data these observations suggest that cooling in
the Western Cordillera involving a total of 3 km of exhumation must have been
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associated with rock and surface uplift starting at ~6 Ma. In southern Ecuador a
low surface elevation in the Western Cordillera prior to 6 Ma is compatible with
marine sediments in the inter-Andean basins deposited between 15 and 9 Ma
(Steinmann et al., 1999; Hungerbiihler et al., 2002). Finally, 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. Thus, the present-day topogra-
phy of the Ecuadorian Andes, including two parallel, high-elevation mountain
ranges separated by an intermontane depression, must have initiated at ~6 Ma.

5.2 Implications for the timing of Carnegie Ridge subduction

The subduction of bathymetric highs has been suggested to trigger widespread
deformation and uplift in non-collisional orogens (e.g., Lallemand et al., 1992;
von Huene et al.; 1997; Dominguez et al., 1998; Pubellier et al., 1999; Ramos,
2005; Martinod et al., 2013; Spikings and Simpson, 2014; Georgieva et al., 2016)
and island arcs (Taylor et al., 1987; Mann et al., 1998; Rosenbaum and Mo,
2011; Freisleben et al., 2021). In addition, the subduction of oceanic aseismic
ridges also appears to cause changes in the geochemical composition of mag-
matism with a shift to a more juvenile isotope signal (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 at
~6-5 Ma (Fig. 4). Our data 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 strike-slip fault. Although the North Andean Sliver
may have initiated as early as 15 Ma due to oblique subduction (e.g., Alvarado
et al., 2016), the acceleration of northward motion of this block suggests in-
creased coupling at the plate interface after the interception of the Carnegie
Ridge (Witt et al., 2006). Importantly, earlier cooling and exhumation phases
identified in the Eastern Cordillera and the Coastal Cordillera between 15 and
7 Ma (Spikings et al., 2005, 2010; Brichau et al., 2021) that have been associ-
ated with subduction of the Carnegie Ridge (i.e., Spikings et al., 2010), were
synchronous with deformation and uplift recorded at 17-15 Ma, 13 Ma, and 9-8
Ma in the sub-Andes of northern Peru (e.g., Mégard, 1984; Sébrier et al., 1988;
Moreno et al., 2020). These earlier cooling phases, however, are not recorded in
the Western Cordillera, suggesting that earlier uplift and exhumation in other
parts of Ecuador were independent from aseismic ridge subduction processes.

Initial Carnegie Ridge subduction at ~6-5 Ma is consistent with geodynamic
reconstructions and with the results of studies of the offshore morphology and
subsidence history of the Gulf of Guayaquil that propose an onset of ridge
subduction at 5 Ma and document ongoing ridge subduction by ~1.8 Ma (e.g.,
Witt et al., 2006; Collot et al., 2019). Onset of ridge subduction at ~6-5 Ma is
also compatible with the timing of regional compressional tectonic inversion of
the forearc (Daly, 1989). Moreover, an eastward shift of volcanism at 6-5 Ma

12



in northern Ecuador (Barberi et al., 1988) and a subsequent change in magma
chemistry also support the notion of onset of Carnegie Ridge subduction at this
time (e.g., Bourdon et al., 2003; Samadiego et al., 2010).

Taken together, our thermochronological and geochronological data suggest that
the subduction of the Carnegie Ridge triggered shortening and exhumation in
the Ecuadorian Andes starting at ~6-5 Ma (Fig. 5). However, a delay between
the onset of ridge subduction and exhumation processes in the high Andes is
possible. Thus, we cannot exclude an onset of Carnegie Ridge subduction at 9-8
Ma as previously suggested by Daly (1989) and Gutscher et al. (1999) based
on plate kinematic reconstruction. Finally, Hafnium isotopic compositions of
zircons in Ecuador become more juvenile at 8-6 Ma (George et al., 2020) and
could also reflect the arrival of the Carnegie Ridge at the trench and ensuing
changes in volcanic arc geochemistry at that time.
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Figure 5: Schematic cross-sections showing tectonic changes and to-
pographic growth in Ecuador (at ~2°S) during the late Cenozoic.
The North Andean Sliver (NAS) is indicated in grey. The Coastal
Cordillera (CC), Western Cordillera (WC) and the Eastern Cordillera
(EC) as well as the position of the magmatic arc (after George et al.,
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2021) are showed on the figure.
6. Conclusions

New geochronological and thermochronological data constrain several cooling
phases in the Western Cordillera of Ecuador. AFT ages record cooling associ-
ated with post-magmatic thermal relaxation of early and middle Miocene in-
trusions. This suggests that the AFT thermochronometer is not well suited to
decipher the exhumation of the Miocene magmatic arc in the northern Andes.
Thermal modeling of our data constrains two cooling phases: a post-magmatic
cooling during early and middle Miocene associated with thermal relaxation, a
period of tectonic quiescence, and a second phase driven by uplift and exhuma-
tion since ~6-5 Ma in the Western Cordillera. This latest Miocene onset of
exhumation correlates well with the onset of active shortening and rock uplift,
as well as coeval exhumation previously identified in the Coastal Cordillera and
the Eastern Cordillera of the northern Andes. We propose that the onset of
regional shortening and exhumation at ~6-5 Ma was triggered by the effects of
initial subduction of the Carnegie Ridge that caused stronger plate coupling.
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Methods
Sampling and mineral separation

Samples were collected in the Western Cordillera in Ecuador (Fig. 2A, Table 1, 2, 3 and
4). Apatite grains were separated by ZirChron (Tucson, USA) using heavy-liquid separation
technique (methylene iodide with densities of 2.9 and 3.3).

Zircon U-Pb

Zircon U-Pb geochronology was conducted on a Photon Machines G2 excimer laser
coupled to the Element2 mass spectrometer at the Arizona LaserChron Center following
in-house procedures. The zircon U-Pb geochronology results are presented in Table 1 and
Figure S1. Please refer to Tables 1, S1 and S2 for details of the analytical setting .

Apatite (U-Th-Sm)/He

Apatite (U-Th-Sm)/He analysis were done at the Arizona Noble Gas Laboratory
(University of Arizona). Apatite grains were selected according to their morphology, size
and purity (absence of visible inclusions; from 1 to 5 grains dated per sample, depending
on sample apatite quality). The selected crystals were measured and placed in niobium
tubes for He extraction. A diode laser was used to heat the niobium tubes at 1065+50°C
during 3 min to allow a total degassing of radiogenic “He. The “He content was determined
by comparison with a known amount of 3He spike added during analysis. After He
extraction, niobium tubes were placed into single-use polypropylene vials and apatite
grains were dissolved for 1 h at 90°C in a 50 pl HNO3 solution containing a known
concentration of 2°U, #°Th and '*°Sm that then was filled with 1 ml of ultrapure MQ water.
U, Th-Sm measurements followed a procedure similar to that of Evans et al. (2005). U, Th
and Sm concentrations were measured in the solution using an inductively coupled
quadrupole plasma mass spectrometry (Element 2 ICP-MS). The analysis was calibrated
using external age standards, including Limberg Tuff and Durango apatite. Single ages
were corrected using the calculated ejection factor FT, determined using the Monte Carlo
simulation technique of Farley and Stockli (2002). The apatite (U-Th-Sm)/He results are
presented in Table 2.



Zircon (U-Th-Sm)/He

Zircon (U-Th)/He analysis were performed at the Arizona Noble Gas Laboratory
(University of Arizona) following the method described by Reiners et al. (2004). Zircon
grains were selected (from 2 to 3 grains dated per sample) according to their morphology,
size and the absence of big inclusions. The selected crystals were measured and placed in
niobium tubes for He extraction. We used a diode laser to heat the platinum tubes at
1300+ 100°C during 20 min to allow a total He degassing, a reheat under the same
conditions allowed checking for the presence of remaining He. The *He content was
determined by comparison with a known amount of 3He spike added during analysis. After
He extraction zircons were retrieved from the niobium packet and placed into teflon
microvials. The samples were spiked with a solution containing a known concentration of
233, 2°Th and dissolved with HF and HNOs in Parr bombs. U and Th were measured in a
solution using an inductively coupled quadrupole plasma mass spectrometry (Element 2
ICP-MS) at the University of Arizona. The analysis was calibrated using external age
standards, including Fish Canyon Tuff zircons. Single ages were corrected using the
calculated ejection factor FT, determined using the Monte Carlo simulation technique of
Ketcham et al. (2011). The results are presented in Table 3.

AFT analysis

AFT analysis was performed by Stuart Thomson at the University of Arizona. Apatite
grains were mounted in epoxy and their surfaces were polished. The mounts were etched
with 5.5M HNO3 for 20 seconds at 20 + 1°C to reveal spontaneous tracks. AFT ages were
obtained with the external detector method (Hurford and Green, 1982) using a zeta
calibration approach, with a zeta of 343.1+8.7 for the IRMM 540R dosimeter glass. After
etching, muscovite foils, as external detectors, were attached to apatite mounts. Thermal
neutron irradiation of the samples was carried out at the Oregon State University Radiation
Center with a requested total thermal neutron fluence of 1.2 x 10'® neutrons.cm?®. After
irradiation, mica detectors were etched for 18 minutes in 48% HF at 20 + 1°C to reveal
induced tracks. Tracks were counted and track lengths were measured using an Olympus
optical microscope at a magnification of x1250, according to the recommendations of
Laslett et al. (1994). AFT ages are reported as central age at +10. Dpar (mean fission-track
etch pit diameter, parallel to the C axis of the crystal) measurement was used to estimate
the kinetic behavior of single grains (Donelick, 1993). The AFT results are presented in
Table 4, the detail of length measurements for each sample is provided in the
supplemental tables S3-S24".

Text S2.

Results
Zircon U-Pb
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Figure S1. Zircon U-Pb analyses results for samples from the Western Cordillera.
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Figure S1 (continued). Zircon U-Pb analyses results for samples from the Western

Cordillera.




Apatite (U-Th-Sm)/He
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Figure S2. AHe ages — eU plots for samples from the Cuenca area.
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Figure S3. AHe ages — eU plots for samples from the Guaranda area.
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Figure S3 (continued). AHe ages — eU plots for samples from the Guaranda area.
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Figure S4. AHe ages — eU plots for samples from the Apuela area.
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Figure S4 (continued). AHe ages — eU plots for samples from the Apuela area.
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Zircon (U-Th)/He
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Figure S5. ZHe ages — eU plots for samples from the Cuenca area.
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Figure S6. ZHe ages — eU plots for samples from the Guaranda area.
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Figure S7: ZHe ages — eU plots for samples from the Apuela area.

Text S3.
Thermal history modeling

Thermal histories were determined using the software QTQt that allows inverting
AFT annealing and AHe diffusion parameters using a Bayesian Markov chain Monte Carlo
approach (Gallagher et al, 2009; Gallagher, 2012) for complete vertical profiles. The
inversion code incorporates kinetic models of He diffusion in apatite (Flowers et al,, 2009;
Gautheron et al, 2009) and an AFT multi-kinetic annealing model (Ketcham et al., 2007).
The modeling procedure is detailed in Gallagher (2012). The input parameters used to
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model each profile were the AFT grain count data, the track length distribution, the Dpar
values, and the single-grain AHe ages with grains sizes and chemical characteristics. The
ZHe thermochronometer is sensitive to temperature ranging from 200 to 20°C depending
on the radiation damage of the zircons (Guenthner et al,, 2013; Ginster et al., 2019; Ault et
al, 2019). The ZHe thermochronometer has a wide range of temperature sensitivity
depending of the damage of the zircons (e.g., Ault et al, 2019), all the cause for age
dispersion are not recognized yet. As our ZHe data did not show a clear correlation
between the single grain ages and eU and we were not able to reproduce the measured
ZHe ages with the diffusion model included in QTQt (i.e., Guenthner et al., 2013), ZHe data
were excluded from the modeling.

For the Ibarra profile the beginning of the thermal history model is fixed att = 17+6
Ma and T = 800+50°C based on U-Pb crystallization ages (12.9+0.4 Ma, 23.9 + 0.7 and
15.4 £ 0.5 Ma; Schutte et al, 2010; this study). For the Guaranda profile, based on U-Pb
crystallization ages (25.5+2.4 Ma and 21.0+0.6 Ma; respectively from Schitte et al, 2010
and this study), the beginning of the model is fixed at t = 23+3 Ma and T = 800+50°C. For
the Cuenca profile the beginning of the model is fixed at t = 163 Ma and T = 800+50°C
based on U-Pb crystallization ages (14.8+0.4 Ma and 16.9+0.4 Ma; respectively from
Schiitte et al,, 2010 and this study). For all the areas, at 0 Ma, the temperature was fixed at
5+5°C for the upper most sample and the atmospheric temperature gradient was fixed at
7°C/km.

Thermal history simulations are the product of 100,000 iterations, that were sufficient
to obtain stable and robust solutions (e.g., discussion in Gallagher, 2012). For all models,
the grain chemical composition range (and hence potential radiation damage) was taken
into consideration following Gautheron et al. (2013). We performed simulations using the
AFT annealing model of Ketcham et al (2007) and the He radiation-damage model of
Gautheron et al. (2009) for all three profiles. The results are reported in Fig. 4.

Table S1. Analytical Settings for U-Pb Geochronology at the Arizona LaserChron Center
(Element 2 Single Collector).

Table S2. Zircon U-Pb analyses of standards.

Tables S3-S24. Apatite fission-track lengths measurements from all the samples
(Western Cordillera, Ecuador).
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