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ARTICLE INFO ABSTRACT

Keywords: The cooling and exhumation history of orogens along subduction systems provides unique constraints on
Exhumation regional tectonic evolution, reflecting the interplay between crustal deformation and plate convergence dy-
Cooling namics. Southern Ecuador lies within a transitional zone between the northern and central Andes, where con-
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Rock cooling
Southern Ecuador

trasting tectonic histories have generated variations in inherited crustal architecture that influence how regional
plate-boundary forcing is expressed in the upper plate. We present new apatite fission-track thermochronology
data from seventeen plutonic rock samples across five crustal blocks in southern Ecuador: Western Cordillera,
Eastern Cordillera, Intermontane basins, Celica-Lancones, and Amotape-Tahuin. Our results show that cooling
ages are internally consistent within each block but differ across them, revealing a pattern of diachronous
exhumation in most blocks. Some blocks instead record pronounced post-magmatic cooling, suggesting shallow
pluton emplacement. Thermal history modeling, based on good-fit time-temperature paths indicates that
regional exhumation initiated in the middle Eocene and persisted thereafter. The cooling trajectories group into
three distinct, albeit partially overlapping, intervals: ~45-38 Ma (middle - late Eocene), ~40-30 Ma (late Eocene
— early Oligocene), and ~ 33-25 Ma (Oligocene). We interpret this protracted and spatially variable exhumation
as reflecting changes in the boundary conditions of the subduction system, including a transition from oblique to
more orthogonal convergence and increases in convergence rates during the Cenozoic. However, the observed
spatial variability is more directly linked to the progressive re-activation of major fault systems and, locally, to
magmatic activity.

et al., 2015; Giambiagi et al., 2022; Howlett et al., 2025; Mosolf et al.,
2011; Steinmann et al., 1999), when accelerated uplift and crustal

1. Introduction

The timing, drivers, and spatial expression of exhumation and
topographic growth in the Andean mountain range remain intensively
debated. Geological and thermochronology evidence demonstrates a
long history of crustal deformation and exhumation since at least the
Late Cretaceous (e.g., Bermtdez et al., 2019; Boschman, 2021; Noriega-
Londono et al., 2020; Restrepo-Moreno et al., 2019; Ronda et al., 2022;
Sandoval-Espinel et al., 2024; Spikings et al., 2005; Zapata et al., 2019).
At the same time, multiple lines of evidence, including provenance
analysis, biostratigraphic constraints and paleoenvironmental records,
suggest that the most significant phase of Andean topographic growth
occurred during the Miocene (e.g., Anderson et al., 2016; Echeverri

shortening established the Andes as a major orographic barrier (Horton,
2018).

The timing and mechanisms of exhumation and uplift are not uni-
form along the orogen and remain poorly constrained in many regions,
particularly in Ecuador. Here, exhumation has been primarily attributed
to successive oceanic terrane-accretion events, including the incorpo-
ration of Caribbean-derived terranes (e.g., Ruiz et al., 2004; Spikings
etal., 2001, 2005, 2010), as well as to the subduction of aseismic ridges
such as the Carnegie Ridge (Brichau et al., 2021; George et al., 2022;
Gutscher, 2002; Margirier et al., 2023; Michaud et al., 2009; Spikings
et al., 2010). To a lesser extent, exhumation has also been linked to
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changes in subduction dynamics, including variations in convergence
rates (Margirier et al., 2023; Spikings et al., 2005, 2010) and shifts in the
subduction vector toward more orthogonal convergence (Jaillard,
2025).

Most thermochronological studies in Ecuador have focused on the
northern segment of the margin (e.g., Brichau et al., 2021; Margirier
et al.,, 2023; Ruiz et al., 2004; Spikings et al., 2000, 2005, 2010),
particularly between ~1°N and 2°S, where the Carnegie Ridge is
currently subducting (Gutscher et al., 2000; Michaud et al., 2009). In
contrast, southern Ecuador remains comparatively under-studied, with
existing data largely limited to the Western and Eastern Cordilleras and
the Amotape-Tahuin Block (ATB; Margirier et al., 2023; Spikings et al.,
2001, 2005, 2010). Other structural blocks, including the Cel-
ica-Lancones Basin, the Intermontane basins, and the Inter-Andean
Valley, have received little to no thermochronological attention (e.g.,
Espurt et al., 2018; Steinmann et al., 1999).

Southern Ecuador offers a strategic location to determine whether
exhumation arises from terrane-accretion processes, shifts in subduction
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dynamics, or a combination of both. This region lies south of the
Colombian-north central Ecuadorian margin, where accretionary events
were pronounced (Restrepo-Moreno et al., 2019; Ruiz et al., 2004;
Spikings et al., 2000).

In this study, we present seventeen new AFT ages from bedrock
samples from across southern Ecuador (Fig. 1B), spanning major crustal
blocks including the Celica-Lancones Arc, the Western and Eastern
Cordilleras, the ATB, and several Cenozoic intrusives intruding the
Intermontane basins. Using thermal history modeling, we assess the
timing and rates of exhumation and investigate spatial variations across
strike. Our results indicate a protracted exhumation history punctuated
by three cooling intervals. These intervals broadly correlate with
changes in subduction dynamics, including transitions from oblique to
more orthogonal convergence and increases in convergence rates.
However, the distinct timings and rates of cooling between adjacent
crustal blocks suggest that deformation was primarily accommodated
along major crustal faults.
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Fig. 1. (A) Regional geology of central-southern Ecuador, highlighting major faults. (B) Sketch map of southern Ecuador showing crustal blocks and sample locations
analyzed in this study, along with published thermochronological data (ZFT, AFT, AHe, and ZHe) from Spikings et al. (2001, 2005, 2010); Espurt et al. (2018);
Steinmann et al. (1999); and Margirier et al. (2023). ATB: Amotape-Tahuin block.
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2. Geological background and previous thermochronological
studies

2.1. Geological overview

The Ecuadorian Andes represent a composite orogenic belt charac-
terized as a bivergent orogen, with active thrusting along the western
flank of the Western Cordillera and the sub-Andean ranges to the east
(Fig. 1; Baby et al., 2013; Eguez et al., 2003; Hernandez et al., 2024;
Jaillard et al., 2005). This orogeny has evolved through a complex his-
tory of subduction processes, involving Mesozoic-Cenozoic accretionary
events (Aizprua et al., 2019; Hughes and Pilatasig, 2002; Jaillard, 2022;
Kerr and Tarney, 2005; Reynaud et al., 1999; Vallejo et al., 2006; Witt
etal., 2019), transitions between compressional and extensional settings
(George et al., 2021; Witt et al., 2023) and variations in convergence
rates (Maloney et al., 2013).

This intricate tectonic evolution has given rise to a number of distinct
crustal blocks throughout southern Ecuador (Fig. 1A). Each region re-
flects a different geological history and lithological composition. To the
east lies the Eastern Cordillera, also known as the Cordillera Real, which
comprises Paleozoic to Lower Cretaceous metamorphic rocks (Kennan,
20005 Litherland, 1994). To the west of this range lies the Inter-Andean
Valley, a structural depression filled with Cenozoic volcanic and sedi-
mentary rocks (e.g., Hungerbiihler et al., 2002). Adjacent to the west are
the Intermontane basins, which were accompanied by sustained
magmatic activity until ~5 Ma (e.g., Schiitte et al., 2010). Further west
lies the Cretaceous Celica-Lancones Basin, whose eastern segment is
dominated by continental Late Cretaceous arc-related igneous rocks and
volcaniclastic deposits (e.g., The Alamor and Celica Fms; Jaillard et al.,
1996; Reynaud et al., 1996; Valarezo et al., 2019), while the central-
western part is mainly composed of siliciclastic deposits (Jaillard
et al., 1999; Winter et al., 2010; and references therein). Farther west
lies the ATB (Fig. 1B), an E-W trending low elevation range that shifts to
a NE-SW orientation in Peru (Mourier, 1988; Witt et al., 2017). It can be
subdivided into two main domains: the El Oro Complex, located south of
the Naranjo Shear Zone (NSZ), which includes the Las Piedras Unit and
the Tahuin Group (Noble et al., 1997; Riel et al., 2014), and a regional-
scale mélange zone north of the NSZ, containing high-pressure rocks
primarily from the Raspas Ophiolitic Complex and the Biron Complex
(Riel et al., 2014).

2.2. Previous thermochronological studies

Published thermochronological data from southern Ecuador
(Table S1; Fig. 1B) are concentrated in the Western and Eastern Cor-
dilleras and the ATB. These studies document three principal cooling
phases at ~75-55 Ma (ZFT and AFT; Spikings et al., 2001, 2005),
~43-30 Ma (ZFT, AFT, and AHe; Spikings et al., 2010), and ~ 20-5 Ma
(AFT, AHe; Margirier et al., 2023; Spikings et al., 2001, 2010), each
linked to major tectonic and geodynamic events.

The ~75-55 Ma cooling phase in south Ecuador has been tentatively
linked to the collision and accretion of the Pallatanga terrane in north-
central Ecuador (e.g., Spikings et al., 2001, 2005, 2010) or to incre-
ment in convergence rates (see Espurt et al., 2018). The ~43-30 Ma
interval was initially attributed to the collision of the Macuchi intra-
oceanic arc with the Pallatanga Terrane (e.g., Spikings et al., 2001,
2005), but, more recently, this event has been linked exclusively to
changes in plate kinematics (accelerated subduction rates; Espurt et al.,
2018; Spikings et al., 2010). Cooling during the ~20-5 Ma interval has
been widely associated with the onset of Carnegie Ridge subduction. For
example, Spikings et al. (2000, 2001) proposed an early onset of Car-
negie Ridge subduction at ~15-10 Ma based on the exhumation history
of the Eastern Cordillera. In contrast, studies conducted in the Western
Cordillera suggest a later onset of about 6-5 Ma (e.g., Margirier et al.,
2023).
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3. Sampling and methods

We collected seventeen bedrock samples from the Eastern Cordillera,
the Western Cordillera, the Intermontane basins, the Celica-Lancones
arc, and the ATB. Their locations and key details are provided in
Table 1 and illustrated in Fig. 1B.

3.1. Apatite fission-track thermochronology

Apatite fission track thermochronology is based on the defects pro-
duced by the spontaneous fission of 238y (Gleadow, 1981), which can be
retained, or annealed depending on the temperature. Thus, this method
can be used to reconstruct the thermal history of rocks by providing
insights into their cooling within the shallow crust (e.g., Armstrong
et al., 2003; Gallagher et al., 1998; Gleadow et al., 2002). The temper-
ature range in which fission tracks partially anneal is referred to as the
partial annealing zone (PAZ), and is typically used to record the cooling
of rocks within the 60 °C to 120 °C interval (Gallagher et al., 1998).

Sample preparation took place at the Pedagogical and Technological
University of Colombia (UPTC). Samples were crushed, sieved, and
separated using hydro-gravimetric and magnetic methods (Frantz
magnetic separator with current increments from 0.2 to 1.2 Amperes) to
isolate the heavy and non-magnetic fractions. Subsequently, gravimetric
separation was carried out using standard heavy liquids (bromoform:
~2.89 g/cm® and diiodomethane: ~3.32 g/cm®) to concentrate apatite
fraction.

Apatite mounts were prepared using the external detector method
(EDM), which utilizes a Zeta calibration factor (Hurford and Green,
1983). This factor was determined by analyzing the Fish Canyon and
Durango age standards at the Thermochronology Laboratory of the
University of Padova, Italy. Crystals were selected using an Olympus
SZX16 binocular microscope, mounted on double-sided tape, embedded
in epoxy sheets, and polished to expose their internal surfaces. The
exposed surfaces were then etched with a solution 5 N of nitric acid
HNOj3 during for 20 s at 20 °C to etch fission tracks. The mountings were
covered with mica detectors and irradiated in two separate campaigns
(0OSU28, OSU29B) at the Oregon State Radiation Center, USA, with
nominal fluence between 6 x 10717 a™* to 9 x 10717 a~L. The irradiation
tubes included Fish Canyon, Mount Dromedary, and Durango age
standards, as well as CN5 dosimeter glasses. After irradiation, the mica
detectors were detached, etched with 40 % HF at 20 °C for 45 min, and
prepared for track counting.

Fission tracks were counted dry at 1250x magnification using an
Olympus BX-51 optical microscope with an automated XY-stage system
at the University of Padova. Ages were calculated using a zeta value of
356.04 + 14.58 (zeta determined by analyst Sandoval Leidy C. for the
CN5 dosimeter glass). Under the same system, etch pit diameters (Dpar)
were measured, and where possible confined fission tracks lengths were
obtained. AFT ages are reported as central ages with 1o standard de-
viations, calculated using the radial plot software developed by Ver-
meesch (2018). Detailed AFT results are summarized in Table 2, with
associated radial plots shown in Fig. 2.

3.2. Thermal modeling

Thermal histories were reconstructed using the HeFTy software
version 2.1.7 developed by Ketcham (2005), which employs a ‘Fre-
quentist” approach that uses formal statistical hypothesis tests to assess
the goodness-of-fit between the input data and the thermal model pre-
dictions. We applied the annealing model of Ketcham et al. (2007), used
etch pit diameters (Dpar) as kinetic parameters (Donelick et al., 2005),
and aimed to minimize constraints in the model to avoid over-
constraining.

To guide the thermal history modeling, we defined two primary
constraint boxes for all samples. These constraints reduce model ambi-
guity by integrating independent geological and geochronological
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Table 1

Sample locations and zircon U-Pb ages.
Sample Lat. (S) Long. (W) Elevation (m) U-Pb + 16 (Ma) Rock Type Crustal block Source
Name age (Ma)
1G22-02 2.9769 79.3842 3480.3 13.3 0.2 Granodiorite Western Cordillera Iglesias et al. (2025)
1G22-04 3.2238 79.3621 2246.37 29.7 2 Quartz-diorite Western Cordillera Iglesias et al. (2025)
1G22-05 3.1809 79.3824 2716.3 1035.7* 5.1 Granodiorite Western Cordillera Iglesias et al. (2025)
1G22-07 3.5515 79.9495 72.58 NA NA Plutonic ATB (Biron complex) This study
1G22-08 3.6657 79.8601 226.14 NA NA Granodiorite ATB (El Oro Complex) This study
1G22-09 3.7678 79.8249 749.56 200-1000 Metaquartzite ATB (El Oro Complex) Sandoval-Espinel et al. (2025)
1G22-13 4.1758 79.4336 2024.37 18.5 0.2 Quartz-diorite Intermontane basins Iglesias et al. (2025)
1G22-14 4.1891 79.4395 2133.67 21.7 0.4 Tonalite Intermontane basins Iglesias et al. (2025)
1G22-15 4.1486 79.4793 1427.23 36.7 0.4 Tonalite Intermontane basins Iglesias et al. (2025)
1G22-17 4.3109 79.5552 1906.31 NA NA Plutonic Intermontane basins This study
1G22-18 4.3310 79.6262 1880.65 96.3 2.1 Gabbro Celica-Lancones arc Sandoval Espinel et al. (2026)
1G22-19 4.3260 79.5844 1965.76 94.7 0.9 Granodiorite Celica-Lancones arc Sandoval Espinel et al. (2026)
1G22-21 4.0027 79.0148 1546.22 NA NA Granodiorite Eastern Cordillera (Sabanilla) Sandoval Espinel et al. (2026)
1G22-23 3.8204 78.8921 874.21 191.6 1.8 Granodiorite Eastern Cordillera (Zamora) Sandoval Espinel et al. (2026)
1G22-26 4.6966 79.1287 1042.43 179.2 1.1 Granodiorite Eastern Cordillera (Zamora) Sandoval Espinel et al. (2026)
1G22-51B 4.1992 79.8767 549.1 100.8 1.8 Diorite Celica-Lancones arc Sandoval Espinel et al. (2026)
1G22-53 3.7183 80.0464 521.3 235.5 3.7 Granite ATB (El Oro Complex) Sandoval Espinel et al. (2026)

NA: not available. *: Inherited component, no crystallization age is available.

Table 2
AFT data from southern Ecuador.

Sample Crustal block nG pd(10°/cm?)  YNs  SNi  P(x2) (%) Central Age (Ma) +1c(Ma) nL MTL +1c (um)  Dpar (um)
1G22-02 Western Cordillera 20 1.206 75 1004 100 15.4 1.9 29 14.18 1.18 2.90
1G22-05 Western Cordillera 8 1.199 21 150 100 29.8 7.1 24 13.43 1.51 2.30
1G22-04 Western Cordillera 19 1.192 55 495 100 23.5 3.6 22 1371 1.64 2.20
1G22-07 ATB (Biron complex) 20 1.178 166 1278 100 27.2 2.5 30 13.70 1.70 2.00
1G22-08 ATB (El Oro Complex) 20 1.171 521 2689 90 40.3 2.5 72 1323 1.05 1.80
1G22-09 ATB (El Oro Complex) 20 1.164 368 2988 100 25.5 1.8 36 1371 1.43 2.30
1G22-13 Intermontane basins 20 1.157 33 341 100 19.9 3.6 30 13.82 1.20 2.02
1G22-14 Intermontane basins 10 1.240 16 129 100 23.1 6.6 24 13.06 0.80 3.00
1G22-15 Intermontane basins 3 1.233 6 35 75 38.0 17 0 - - 2.10
1G22-17 Intermontane basins 5 1.225 11 71 920 34.0 11 0 - - 1.95
1G22-18 Celica-Lancones arc 19 1.150 110 713 100 31.5 3.6 14 14.15 1.09 2.80
1G22-19 Celica-Lancones arc 13 1.218 16 97 100 35.9 9.7 31 1337 0.92 2.20
1G22-21 Eastern Cordillera (Sabanilla) 20 1.210 331 1966 91 36.2 2.6 71 1310 1.60 2.80
1G22-23 Eastern Cordillera (Zamora) 20 1.203 178 1214 100 31.3 2.8 11 13.89 0.75 2.80
1G22-26 Eastern Cordillera (Zamora) 11 1.123 66 456 100 28.9 4.0 21 12.94 1.43 1.90
1G22-

51B Celica-Lancones arc 20 1.019 187 1283 98 26.3 2.3 37 12.89 1.4 2.12
1G22-53 ATB (El Oro Complex) 20 1.012 432 2185 83 35.5 2.4 33 13.3 1.4 1.81

nG: number of grains. Ns: Spontaneous tracks. Ni: Induced tracks. nL: number of confined fission-tracks. MTL: mean track length. P(%2) = Chi-square probability that
the single grain ages represent one population; MTL = mean track length; Dpar = Etch-pit width parallel to the C-axis (Barbarand et al., 2003; Carlson et al., 1999); SD
= standard deviation of track-length distribution and etch-pit width measurements, respectively.

evidence. The first constraint was based on U-Pb zircon crystallization
ages from the same samples (Iglesias et al., 2025; Sandoval Espinel et al.,
2026). The second constraint represents the present-day surface tem-
perature, fixed at 20 £+ 5 °C.

For samples from the ATB (samples IG22-53, 1G22-07, IG22-08, and
1G22-09), we applied an additional constraint derived from strati-
graphic and structural evidence indicating that the massif was exposed
at the surface during the Late Cretaceous (Albian-Maastrichtian) and
was unconformably overlaid by the continental fluvial environments to
shallow marine Puyango-Cazaderos and Cochurco formations (Jaillard
et al., 1999; Riel et al., 2014).

For samples from the Western Cordillera (IG22-21 and 1G22-23), we
incorporated previously published AHe data (weighted average age and
uncertainty) from Spikings et al. (2010) into the thermal models to
improve temporal constraints on the cooling histories. For sample
1G22-21, AHe data from samples 99RS40 (43.6 + 06 Ma) and 99RS41
(38.3 £ 1 Ma; Table S1), located within ~5 km of our sampling site,
were included. For sample 1G22-23, AHe data from sample 99RS43,
located within ~15 km, were incorporated. The inclusion of these
nearby samples is justified by their position within the same structural
block and their consistent lithological context, supporting the

assumption that they experienced a similar thermal history.

Models were run until 500 good paths (defined as those that statis-
tically fit the observed AFT ages and length distributions within the
imposed constraints, p-value >0.05, and GOF of ~1.0) were found.
Samples 1G22-15 and IG22-17 were excluded due to having too few
grains (fewer than 5) and no measured confined track lengths. Time-
temperature models are shown in Figs. 3 and S1, and their corre-
sponding mean track length (MTL) distributions for both measured and
modeled data are shown in Fig. S1.

Finally, to estimate exhumation rates, we used the Age2EDOT pro-
gram (Brandon et al., 1998; Ehlers et al., 2005), which models cooling
rates and calculates the apparent geothermal gradient (dT/dZ, °C/km)
for a given thermochronometric system. As input parameters we
assumed a surface temperature of 20 °C and a geothermal gradient of
35 °C/km, consistent with the elevated heat flow observed in the
present-day southern Ecuadorian magmatic arc. Given the long-lived
magmatic activity in this region and the absence of evidence for sig-
nificant thermal regime changes, it is reasonable to infer that past
geothermal gradient were comparable to current values, which typically
exceed 30 °C/km (e.g., Angulo-Romero et al., 2023).



L.C. Sandoval-Espinel et al.

Tectonophysics 924 (2026) 231086

o 150 - i 720 A - 40
100 - o o a4 35 vt
w ] o
50 - L ® 50 4 o [ ] @ 30 4
® 9’ | - cog’ e :
° 3 |
8 ‘pes | 3 v |7 - ot .
1 %o I} 2 s 2
10 30 20
| f o
uw —
1G22-04 5 w 1G22-08 . 1G22-09
o4 L 21 h e 15
- . . ; : :
0 02 04 06 08 1 12 0 05 1 15 2 25 3 35 0 1 2 3 4 5 6
tie tia tia
- 49.2
& @A ¥ 1 G 45 E:
50 4 50 @ i °
i m i
40 1 " \ :. & &
‘I o \ i
30 ® o8 ' .‘ ip—
| Qe
[OR=) ‘ {20 N = 80 ® g .~ ® | 2 »° @ | =
7] b1 o0 ° ® 30 | (7S ' 30 - P
® ® | e ®
‘0 | & ._.' = 25 g
i i 20 ™ o=
1G22-13 1G22-18 1G22-21 .
—_—== — | - d o
0 05 1 15 2 0 05 1 15 2 25 3 35 0 1 2 3 4 5 8
tia ta tis
® -
o so- [ o o | |
45 - ¥ - o
- LY o
® R LR ' @
| [ ]
se & o | Y I
o o @
0o 8% ° ° o, ° | L oA %
» 30 »n ® ® 30 - o .‘
[ ] ® ® 0 °
[ ] o @ g . =
® 25 & ' ® I B 25
P ® /
1G22-23 IG22-51B o ® / F 2 1G22-53 ”
- 20 ) o 20 4 20 < i

0 1 ] 1

/o

T
2
1

3

te

0 1 2

a

Fig. 2. Radial plots of apatite fission track (AFT) data for selected samples from this study, illustrating single-grain age distributions. The color bar to the right of each
plot indicates Dpar values (in pm), with bluish hues denoting smaller etch pit diameters and reddish hues indicating larger Dpar values.

4. Results and interpretation
4.1. AFT thermochronology

AFT ages range from 40.3 & 2.5 Ma (sample 1G22-08; Fig. 2) to 15.4
+ 1.9 Ma (sample 1G22-02). In general, samples from the Cel-
ica-Lancones Arc and the Eastern Cordillera show a positive correlation
between age and elevation (Fig. 4A and E), while samples from the ATB
display a negative correlation. In the Western Cordillera, the three
samples form a boomerang pattern with no clear age-elevation rela-
tionship. MTL range from 12.89 pm to 14.18 um (Fig. 4B), and Dpar
values range from 1.8 pm to 3.0 pm (Fig. 4C). All samples passed the p
() test, indicating the presence of a single population.

Four AFT ages were obtained from the ATB (Fig. 1B), including three
samples from the El Oro Complex. The Triassic granite (IG22-53) yiel-
ded an AFT age of 35.5 &+ 2.4 Ma and a MTL of 13.3 + 1.4 pm. The
granodiorite (IG22-08) gave an age of 40.3 + 2.5 Ma and an MTL of
13.2 £+ 1.1 pm, whereas the granite (I1G22-09) yielded 25.5 + 1.8 Ma
and an MTL of 13.7 + 1.4 pm. The northernmost sample (IG22-07),
from the Biron Complex, yielded an age of 27.2 + 2.5 Ma with an MTL of
13.7 + 1.7 pm. These results indicate protracted cooling of the ATB from
the late Eocene to early Miocene.

Three plutonic samples from the Western Cordillera were analyzed

(Fig. 1B). The Oligocene quartz-diorite (IG22-04) gave an AFT age of
23.5 + 3.6 Ma and an MTL of 13.7 £+ 1.6 pm, while sample 1G22-05
yielded an AFT age of 29.8 & 7.1 Ma with an MTL of 13.4 & 1.5 pm. The
Miocene granodiorite IG22-02 yielded an AFT age of 15.4 & 1.9 Ma and
an MTL of 14.2 + 1.2 pm; this age closely matches its zircon U-Pb
crystallization age of 13.3 + 0.2 Ma (Table 1), indicating rapid post-
magmatic cooling.

Three Late Cretaceous samples from the Celica-Lancones Arc (gab-
bro 1G22-18, granodiorite 1G22-19, diorite IG22-51B; Fig. 1B) yielded
AFT ages ranging from 35.9 + 9.7 Ma to 26.3 + 2.3 Ma, with MTL values
between 13.3 £ 1.4 pm and 14.1 £ 1.5 pm. Additionally, sample
1G22-19, despite having 13 counted apatite grains (typically sufficient
for igneous rocks; Table 2), exhibits an unusually large age uncertainty,
likely related to variable track preservation, heterogeneous uranium
distribution, or analytical limitations.

Four granitoids samples from the Intermontane Basins (I1G22-13,
1G22-14, 1G22-15, IG22-17; Fig. 1B) yielded AFT ages between 19.9 +
3.6 Ma and 38 + 11 Ma; these overlap with their respective zircon U-Pb
crystallization ages (Iglesias et al, 2025), suggesting mainly
post-magmatic cooling.

Three granodiorite samples from the Eastern Cordillera yielded
Oligocene to Eocene AFT ages. Samples 1G22-26 and 1G22-23, located
east of the Palanda Fault (Fig. 1), yielded similar Oligocene ages of 28.9
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+ 4.0 Ma and 31.3 + 2.8 Ma, respectively, whereas sample 1G22-21,
west of the fault, present an older Eocene age of 36.2 + 2.6 Ma. These
differences may reflect differential exhumation across the Palanda Fault
during the late Eocene to Oligocene.

4.2. Thermal history models

A) Amotape-Tahuin Block (ATB)

Samples 1G22-53 (Fig. 3A) and 1G22-08 (Fig. 3C) record similar
thermal histories. Both samples were exhumed and served as sediment
sources for Albian-Maastrichtian sedimentary formations (Jaillard
et al., 1999; Riel et al., 2014). Following burial and reheating, they
experienced cooling between ~45 and 40 Ma. Although some good-fit
paths show thermal quiescence between ~60 and 40 Ma. The best-fit
models indicate rapid 42-40 Ma cooling at ~35 °C/Ma, corresponding
to exhumation of ~0.7 km/Ma considering a geothermal gradient of
35 °C/km.
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In contrast, the northernmost (IG22-07; Fig. 3B) and southernmost
(IG22-09; Fig. 3D) samples record reheating followed by later cooling,
at ~33-25 Ma. Their best-fit models yield rates of ~30-35 °C/Ma
(equivalent to ~0.6-0.7 km/Ma of exhumation). Mean track lengths
>13 pm (Fig. 4B, Table 2) across the ATB indicate short residence times
within the partial annealing zone, consistent with relatively rapid

exhumation.
B) Celica-Lancones arc

Samples from this block (I1G22-51B, 1G22-19, and 1G22-18; Fig. 3F,
H, and I, respectively) show cooling primarily between ~40 and 29 Ma,
as indicated by the majority of good-fit paths, with only a few paths
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suggesting cooling in the ~50-40 Ma interval. Best-fit models for all
samples indicate cooling initiated at ~35-33 Ma, at rates of ~15-30 °C/
Ma, equivalent to exhumation of ~0.4-0.6 km/Ma.

C) Eastern Cordillera

Samples 1G22-23 and 1G22-26, located east of the Palanda Fault
(Figs. 1 and 3), exhibit broadly similar thermal histories. Sample
1G22-23 (Fig. 3E) shows cooling mainly between ~38 and 32 Ma, as
indicated by most of the good-fit paths. Sample 1G22-26 (Fig. 3J) re-
cords a similar primary cooling interval, although a few paths extend to
around 42 Ma. The best-fit models for these samples indicate cooling
between ~34 and 32 Ma, with rates of about 16-20 °C/Ma,
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corresponding to exhumation rates of 0.4-0.5 km/Ma. In contrast,
sample 1G22-21, located west of the Palanda Fault, records an older
cooling episode. All good-fit paths (Fig. 3G) indicate cooling between ca.
45 and 40 Ma, while the best-fit model suggests cooling at around 42 Ma,
with a rate of about 20 °C/Ma, corresponding to an exhumation rate of
~0.5 km/Ma. A potential change in cooling rate is suggested by best-fit
paths of all studied samples at temperatures lower than ~60 °C; how-
ever, this occurs out of the sensitivity range of the method employed in
this study and cannot be evaluated further due to the absence of AHe
data.

5. Discussion
5.1. Cooling events within the crustal blocks

The interpretation of regional exhumation patterns must be consid-
ered in light of sampling density. Although each major crustal block is
represented, only 1-2 samples per block yielded suitable apatite con-
centrates, as many collected rocks contained apatites that were highly
fractured, inclusion-rich, or otherwise unsuitable for reliable track
counting. This limits high-resolution assessment of intra-block vari-
ability; however, the dataset still constitutes one of the most compre-
hensive AFT compilations for southern Ecuador and provides a robust
first-order framework for reconstructing the region's cooling history.
Our thermochronological dataset indicates broadly continuous and
asynchronous exhumation across southern Ecuador (Fig. 5A), with
cooling occurring in partially overlapping intervals across different
crustal blocks (Figs. 3 and 5). Within this long-term exhumation history,
three main cooling clusters can be recognized: (i) a middle- late Eocene
interval (~45-38 Ma; Fig. 5D) characterized by rapid cooling of
~20-35 °C/Ma; (ii) a late Eocene- early Oligocene interval (~40-30
Ma; Fig. 5E) with cooling rates of ~15-30 °C/Ma; and (iii) Oligocene
interval (~33-25 Ma; Fig. 5F), during which cooling rates increased
again to ~30-35 °C/Ma. Beyond the exhumation-related cooling pat-
terns, rapid post-magmatic cooling is also recorded in some structural
blocks (Fig. 5A).

A) Eastern Cordillera

Cooling in the southern Eastern Cordillera was evaluated in two
units: the Jurassic Zamora Batholith and the Triassic Sabanilla Unit. The
Zamora Batholith, located east of the Palanda Fault (Figs. 1B and 3),
records a cooling interval between ~38 and 32 Ma, with best-fit thermal
models for samples 1G22-23 and 1G22-26 indicating rates of
~16-23 °C/Ma (Fig. 3E and J). Within the same structural block,
Spikings et al. (2001) reported an AFT age of 34 + 3.3 Ma and MTL of
12.6 £+ 0.5 pm for sample 99RS43, which is consistent with our results,
although they inferred slower cooling rates (10 °C/Ma). Farther east
within the same batholith, along the Sub-Andean zone, the same authors
documented older AFT ages between 61 and 59 Ma, suggesting an
earlier phase of exhumation in that region. To the west of the Palanda
Fault, the Sabanilla Unit experienced cooling between 45 and 40 Ma at a
rate of ~20 °C/Ma (sample 1G22-21; Fig. 3G). This event is consistent
with the 45-30 Ma cooling phase at ~20 °C/Ma reported by Spikings
et al. (2010) for the same unit. These results reveal distinct cooling
histories across the Palanda fault, indicating that differential exhuma-
tion within the Eastern Cordillera. The findings also suggest that exhu-
mation in the Eastern Cordillera began as early as the Paleocene and
continued through the late Eocene—early Oligocene.

B) Intermontane basins

In the Intermontane region of southern Ecuador, igneous rocks rep-
resented by samples 1G22-13 (AFT age: 19.9 + 3.6 Ma; U-Pb age: 18.5
+ 0.2 Ma), IG22-14 (AFT age: 23.1 + 6.6 Ma; U-Pb age: 21.7 + 0.4 Ma),
and IG22-15 (AFT age: 38.0 + 17 Ma; U-Pb age: 36.7 + 0.4 Ma) exhibit
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AFT and U-Pb ages that are broadly similar. This close correspondence
indicates rapid post-crystallization cooling (Figs. 5A and 6), suggesting
that these granitoids were emplaced at shallow crustal levels, likely near
the PAZ. Therefore, the AFT ages likely record thermal relaxation
following magmatic emplacement rather than significant exhumation
(e.g., Malusa and Fitzgerald, 2019). However, coeval tectonically
controlled exhumation cannot be completely ruled out, particularly in
the context of ongoing convergence (Jaillard, 2025; and references
therein), significant crustal thickening and exhumation recorded along
the Northern Andes during the Miocene (e.g., Bermtdez et al., 2011;
Horton et al., 2020; Margirier et al., 2023; Mora et al., 2010; Sandoval-
Espinel et al.,, 2024; Spikings et al., 2000; Spikings et al., 2001).
Throughout this period, some segments of the Northern Andes experi-
enced the complete emergence of topographic features, leading to the
establishment of the Andean belt as an effective orographic barrier (e.g.,
Horton et al., 2020; Witt et al., 2017).

C) Celica-Lancones arc

The Cenomanian rocks of the Celica-Lancones arc, located between
the Intermontane basins to the east and the ATB to the west (Fig. 1),
underwent synchronous cooling and exhumation between ~40 and 29
Ma, at estimated rates of ~15-20 °C/Ma. Although previous work in this
crustal block is limited, a single detrital thermochronology dataset
(Espurt et al., 2018; sample 7) suggests a possible uplift phase around 30
Ma. Our results support this timing and provide the first direct ther-
mochronological evidence of early Oligocene exhumation in the region
derived from igneous bedrock.

D) Western Cordillera

Samples from the Western Cordillera yielded AFT ages of 29.8 Ma
(IG22-05) and 23.5 Ma (IG22-04). While no U-Pb crystallization age is
available for 1G22-05 due to the presence of only inherited zircon
components (~1 Ga), sample IG22-04 provides a more complete ther-
mal history. Its zircon U-Pb age (29.7 + 2 Ma) closely matches its AFT
age (23.5 + 3.6 Ma), suggesting rapid post-magmatic cooling, with
emplacement and cooling occurring nearly simultaneously. Since both
samples belong to the same crustal block, they likely record a shared
tectono-thermal history, most plausibly reflecting post-magmatic ther-
mal relaxation following magmatism.

This interpretation aligns well with results from Margirier et al.
(2023), who studied the same crustal block slightly north of our study
area (~3°S) and documented an early-middle Miocene post-magmatic
cooling phase attributed to thermal relaxation after intrusion. Our re-
sults reinforce the idea that AFT thermochronology in this region pri-
marily records cooling related to the final stages of magmatism rather
than tectonic exhumation (Fig. 5A).

E) Amotape-Tahuin Block

The ATB is unconformably overlain by the Puyanco-Cazaderos and
Cochurco series, indicating that the massif was at the surface during the
Aptian to Coniacian or Santonian (Jaillard et al., 1999; Riel et al., 2014).
Heating between ~80 and 45 Ma (Fig. 3) likely resulted from burial
beneath Paleocene rocks, including the Gonzanama and Sacapalca for-
mations (Hungerbiihler et al., 2002; Jaillard et al., 1999), as there is no
evidence of an increased geothermal gradient, such as volcanism, within
the ATB during this period (Fig. 6). These findings align with a post-Late
Cretaceous burial-related reheating phase previously documented by
Espurt et al. (2018) in a Triassic granite of northern Peru. Following this,
the ATB underwent heterogeneous cooling and exhumation.

The northernmost unit of the ATB, located north of the La Palma
shear zone (Fig. 1B) experienced cooling between ~33 and 25 Ma at
rates of ~30 °C/Ma. Spikings et al. (2005) reported an AFT and ZFT age
of 61 and 68 Ma, respectively, in the same block, while Gabriele (2002)
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Fig. 6. Cooling temperature (°C) versus age (Ma) plots showing geochronological and thermochronological ages from bedrock rocks across different tectonos-

tratigraphic units of southern Ecuador. Ages are from Cochrane et al. (2014),

Feininger and Silberman (1982), Gabriele (2002), Iglesias et al. (2025), Litherland

(1994), Margirier et al. (2023), Pratt et al. (2005), Riel et al. (2014), Sandoval-Espinel et al. (2025, submitted), Schiitte et al. (2010), Spikings et al. (2001, 2005,

2010), Winter et al. (2010), and Urlich (2005).

obtained an age “°Ar/3°Ar hornblende age of 75 + 0.5 Ma. Documenting
amphibolitized metagabbroic bodies in the area, Riel et al. (2014)
attributed the ~75-73 Ma ages to high-temperature deformation. Their
interpretation suggests either an accretion event or a poorly understood,
localized tectonothermal event that might have partially overprinted

pre-existing thermal and structural signatures. However, the AFT age of
61 + 5 Ma and MTL of 12.4 + 0.2 reported by Spikings et al. (2005) may
not be directly linked to this slightly older high-temperature event.
Spikings et al. (2005) noted that their AFT ages from the ATB generally
do not correspond to specific, well-defined cooling events. Their ages

10
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were interpreted as reflecting partially annealed fission tracks, sug-
gesting that the samples experienced incomplete thermal resetting. This
could explain the older apparent age despite the close spatial proximity
to our sample. In contrast, the sample analyzed in this study likely re-
cords a more recent and distinct cooling episode, as indicated by its
higher Chi-square (y%) probability value and longer MTL (13.5 pm;
Table 2). The observed difference in AFT ages may therefore reflect
localized thermal processes, such as hydrothermal activity, or structural
influences, such as faulting. Additional data are required to better
constrain these interpretations.

The E-W trending block of the ATB, located just south of the NZS,
experienced a rapid cooling event between 45 and 40 Ma at rates of
~35 °C/Ma. This event is recorded in both the La Bocana Unit and the
Triassic La Florida Pluton. Within the same block, Spikings et al. (2005)
reported an AFT age of 38.8 + 2.7 and MTL of 13.63 + 0.19 pm, doc-
umenting the onset of cooling at ~43-39 Ma but at significantly lower
rates of ~5.5-4.5 °C/Ma. The difference in cooling rates, despite similar
AFT ages, is likely to be related to the constraints and assumptions used
in the thermal modeling. Further south, the block comprising the La
Victoria Unit (Fig. 1B) underwent cooling between ~33 and 25 Ma at
rates of 30-35 °C/Ma.

5.2. Cooling history of southern Ecuador and its relationship to Andean
tectonic events

The arrival of the Pallantanga Terrane at the northwestern margin of
South America around 75-73 Ma (Cediel, 2019; Jaillard, 2022; Luzieux
et al., 2006; Vallejo et al., 2019; Witt et al., 2023) marked the onset of
cooling and exhumation in several regions along the northern Andes (i.
e., Cediel and Shaw, 2019; Luzieux et al., 2006; Spikings et al., 2010;
Witt et al., 2017). This event is thought to be recorded in southern
Ecuador along the eastern margin of the Eastern Cordillera and the Sub-
Andean Zone, within faulted blocks of the Zamora Batholith (Spikings
et al.,, 2001, 2010). It also coincides with the deposition of the conti-
nental Tena Formation (72-57 Ma; Balkwill et al., 1995) in the Amazon
foreland basin, which is interpreted as the first rocks sourced from the
Eastern Cordillera, indicating that the Cordillera was uplifted during this
period (Ruiz et al., 2004; Spikings et al., 2010). Prior to the Maas-
trichtian, rocks from the Amazon basin were derived from the Brazilian
Shield (Martin-Gombojav and Winkler, 2008; Ruiz et al., 2004; Vallejo
et al., 2021). However, our dataset does not record a Maastrichtian
cooling signal. This absence may reflect the limited sampling of more
easterly structural blocks, where such cooling has been proposed, or it
may indicate that southern Ecuador does not preserve unequivocal ev-
idence of this accretionary event documented farther north.

A reorientation of the Farallon plate convergence vector from NNE or
NE to NE or ENE (~45-40 Ma; Fig. 5C; Jaillard, 2025; and references
therein), significantly increased compression in the upper plate. This
tectonic reorganization might have influenced the middle-late Eocene
cooling event (~45-38 Ma), that we captured particularly on the
western flank of the Eastern Cordillera (Sabanilla unit) and the core of
the ATB (Fig. 7A). This event culminated with the deposition of
unconformable conglomerates and volcanic rocks of late Eocene age,
such as the Quingeo Formation (42-34 Ma; Hungerbiihler et al., 2002;
Jaillard, 2025; and references therein).

Subsequently, around 38 Ma, a slight increase in convergence rates
(Fig. 5B; Maloney et al., 2013) likely contributed to the exhumation of
the Celica Arc and the crustal block of Zamora Batholith bounded by the
Nangaritza and Palanda faults (Fig. 7B). This event is evidenced by
significant paleogeographic changes along the Ecuadorian margin and
the northern Peruvian Andes, including widespread erosion and a shift
from marine to terrestrial depositional environments (Espurt et al.,
2018; Witt et al., 2019). This period has been interpreted as a major
compressional event (Jaillard et al., 1995; Naeser et al., 1991). In
southern Ecuador, late Eocene to early Oligocene compression has been
specifically linked to a shift in lag-times (difference between the AFT and
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Fig. 7. Cartoon summary of major cooling intervals in southern Ecuador,
showing the inferred causes for each interval and a profile of the study area (see
Fig. 1 for location) indicating blocks that experienced cooling (upward-pointing
arrows). (A) middle Eocene event illustrating a change in subduction vector
direction. (B) late Eocene—Oligocene event depicting an increase in subduction
rate. (C) late Oligocene—early Miocene event showing a renewed change in
subduction vector direction.



L.C. Sandoval-Espinel et al.

the sedimentation age, see Malusa and Fitzgerald, 2020) recorded in the
Tiyuyaku Formation of the Amazon foreland basin. Around ~36 Ma, lag
times changed from relatively short values between ~50-36 Ma to
progressively increasing lag times from ~36-30 Ma (see Ruiz, 2002;
Spikings et al., 2010). This transition has been interpreted as reflecting a
change in sediment provenance within the Eastern Cordillera. However,
the results of this study indicate a decrease in exhumation rates, from
higher cooling rates of ~20-35 °C/Ma during the middle- late Eocene
(~45-38 Ma) to lower rates of ~15-30 °C/Ma during the late Eocene to
early Oligocene (~40-30 Ma). Therefore, the observed increase in lag
times may reflect slower exhumation rather than a shift in the sediment
source region.

A tectonic plate rearrangement about 27-25 Ma, driven by the
fragmentation of the Farallon Plate (Jaillard, 2025; Maloney et al.,
2013) resulted in a shift in the subduction direction from ESE to E
(Gordon and Jurdy, 1986; Pilger, 1984). This reconfiguration broadly
coincides with the Oligocene (~33-25 Ma) exhumation event, which led
to the exhumation of the peripheral blocks of the ATB in southern
Ecuador (Fig. 7C). Furthermore, this event broadly coincides with a
major arc magmatic flare-up event in Ecuador that occurred during the
late Oligocene to early Miocene and was characterized by widespread
ignimbrite eruptions and pluton emplacement (Schiitte et al., 2010).
Crustal thickening associated with magmatic addition can lead to sur-
face uplift through isostatic compensation (see Farner and Lee, 2017).
Additionally, magmatism can drive uplift through several mechanisms,
including diapirism and crustal inflation associated with pluton
emplacement, as well as decompression melting and magma generation
triggered by basal lithospheric removal. For example, Perkins et al.
(2016) documented crustal thickening and uplift in the Central Andes
caused by the accumulation of buoyant magmatic bodies. While, Studies
by Coldwell et al. (2011) and Garzione et al. (2006) in central Peru and
Bolivia, respectively, have shown that removal of the lower continental
crust and mantle lithosphere (via subduction erosion and delamination)
induced asthenospheric upwelling, decompression melting, significant
magmatic activity and ultimately surface uplift. The relative contribu-
tions of magmatism and tectonic processes to uplift in the southern
Ecuadorian Andes remain poorly constrained, largely due to un-
certainties in the volume and spatial distribution of the intrusive and
volcanic material produced during the flare-up event.

5.3. Heterogeneous uplift and topographic development of southern
Ecuador

Results from this study indicate that exhumation in southern Ecuador
was already active by at least the middle Eocene. Although our ther-
mochronological dataset (AFT ages) constrains cooling rather than ab-
solute surface uplift, the integration of stratigraphic evidence
(Hungerbiihler et al., 2002; Jaillard et al., 1999; Steinmann et al., 1999)
supports a heterogeneous pattern of topographic development across the
region.

By the middle Miocene, large shallow-marine embayment (e.g., Loja)
developed under extensional conditions and it is believed that it expe-
rienced marine incursions from the subsiding forearc (Progreso Basin;
Steinmann et al., 1999). These processes led to the accumulation of
coastal to shallow-marine facies between ~15 and 10 Ma within the
southern intermontane basins. Stratigraphic evidence suggests that
these coastal-marine systems were mainly supplied with detritus derived
from the Eastern Cordillera and surrounding older volcanic formations
(Hungerbiihler et al., 2002; Steinmann et al., 1999), probably including
material from the Celica-Lancones Basin, which is dominated by con-
tinental and volcaniclastic successions. The absence of middle Miocene
marine deposits in the Celica-Lancones Basin (Jaillard et al., 1999)
further supports the interpretation that both the Eastern Cordillera and
the Celica-Lancones domain were already partially uplifted by this time.
These structural highs likely formed the topographic margins of what is
referred to the Miocene Loja embayment.

12

Tectonophysics 924 (2026) 231086

A regionally extensive angular unconformity dated between ~10 and
8 Ma across the intermontane marine basins (Hungerbiihler et al., 2002)
marks the onset of basin inversion and continental sedimentation,
reflecting a major phase of uplift (Hungerbiihler et al., 2002; Steinmann
et al.,, 1999). Exhumation events younger than ~10 Ma enhanced
topographic growth, through renewed compressional deformation,
crustal shortening and erosion (Steinmann et al., 1999). These processes
uplifted the 15-10 Ma shallow-marine deposits to their present eleva-
tions of ~2700 m. This evolution is consistent with regional evidence
indicating that the main phase of Andean topographic development
occurred during the Miocene (e.g., Anderson et al., 2016; Echeverri
et al., 2015; Giambiagi et al., 2022; Howlett et al., 2025; Mosolf et al.,
2011). None of our AFT ages or related modeling indicates cooling after
25 Ma, although the processes described above may correspond to the
most significant phase of topographic development in the Ecuadorian
Andes and could, in principle, have resulted in rocks crossing the AFT
closure isotherm. An important implication is that the preservation of
marine sedimentation suggests that incipient denudation occurred
during uplift, or that denudation rates differed markedly between the
marine basins and adjacent areas where sedimentation was either not
preserved or may never have accumulated. Other possibilities should be
considered: 1) net surface uplift without exhumation, in which topog-
raphy increases without rocks being exhumed through isotherms (i.e.,
isotherms are uplifted together with the crust); 2) rocks were already at
lower temperatures than the AFT partial annealing zone, so that the AFT
system remained unreset throughout uplift prior to the last major phase
of late Miocene uplift; and 3) a less likely scenario in which sedimen-
tation balanced rock uplift, leaving the thermal structure essentially
unchanged. A more quantitative assessment of uplift magnitude, rates,
and spatial variability in this segment of the Andes will require future
work. Such efforts should expand the AFT dataset and integrate apatite
(U-Th)/He thermochronology, cosmogenic-nuclide analyses, and both
thermokinematic and landscape-evolution modeling.

6. Conclusions

Apatite fission-track thermal modeling from southern Ecuador re-
veals a pattern of continuous cooling from the middle Eocene to the
present, punctuated by three distinguishable cooling-exhumation in-
tervals: ~45-38 Ma (middle Eocene), ~40-30 Ma (late Eocene to
Oligocene), and ~ 33-25 Ma (late Oligocene to early Miocene). Two of
these exhumation phases (~45-38 Ma and ~ 33-25 Ma) broadly coin-
cide with documented changes in the direction of Nazca-South America
plate convergence, whereas the ~40-30 Ma interval overlaps with an
increase in convergence rate (Maloney et al., 2013).

Exhumation was spatially heterogeneous and varied across distinct
crustal blocks. In the Eastern Cordillera, the Jurassic Zamora Batholith
cooled during the late Eocene-Oligocene, whereas the adjacent Triassic
Sabanilla Unit (structurally separated by the Palanda Fault) experienced
earlier, middle-Eocene exhumation. A similar pattern characterizes the
Amotape-Tahuin Block, where the core cooled during the middle
Eocene, followed by younger late Oligocene—early Miocene exhumation
in the fault-bounded peripheral domains. These observations indicate
that reactivation of pre-existing faults modulated exhumation, accom-
modating deformation during regional tectonic reorganization. Finally,
the temporal overlap between the late Oligocene—early Miocene exhu-
mation phase and a proposed magmatic flare-up (Schiitte et al., 2010)
suggests that magmatism may have contributed to exhumation. The last
major late Miocene uplift is not recorded in our AFT dataset. Preserva-
tion of marine sedimentation suggests limited or spatially variable
denudation. This absence of cooling may reflect surface uplift without
exhumation, prior cooling of rocks below the AFT partial annealing
zone, or less-likely sedimentation balancing uplift. Together, these re-
sults indicate a dual influence of external plate-convergence dynamics
and internal processes (magmatism and fault-driven block accommo-
dation) in shaping the exhumation history of this segment of the Andes,



L.C. Sandoval-Espinel et al.

resulting is spatial variable exhumation patterns.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2026.231086.
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