
1. Introduction
The entry of a plate spreading center (or mid-ocean ridge) into a subduction zone profoundly affects the tecton-
ics, topographic relief, magmatism, and metamorphism of the overriding plate. Modern triple junctions involv-
ing this process, such as the Mendocino triple junction, correlate with fundamental changes including a switch 
from compressional to extensional tectonics for the Basin and Range Province of North America (Furlong 
& Schwartz,  2004). Evidence of mid-ocean ridge subduction is inferred in the geological record with eight 
particularly clear examples through the Cenozoic (Barker et al., 1992; Kimura et al., 2019; Madsen et al., 2006; 
Scalabrino et al., 2009; Sisson et al., 2003). In addition, tectonic reconstructions suggest that this process is fairly 
common in the Pacific Basin (Iannelli et al., 2020; Seton et al., 2015).

By mid-ocean ridge subduction, we mean that an active spreading center moves into a subduction zone, where 
the subducting slab separates and leads to the opening of a slab window (Uyeda & Miyashiro, 1974). There 
are several active tectonic settings on Earth where this process takes place: The Juan the Fuca Plate along both 
north and south ridge flanks under North America (Thorkelson & Taylor, 1989), the Chile Ridge system under 
South America (DeLong & Fox, 1977), the Panama Slab window (Johnston & Thorkelson, 1997), the Antarctic 
Peninsula slab window (e.g., Breitsprecher & Thorkelson, 2009; Hole & Larter, 1993) and The Woodlark basin 
(e.g., Chadwick et al., 2009). In all these cases a slab window opens but with different tectonic implications. For 
instance, in Juan de Fuca case, the subduction ceases after the slab detachment, and a strike-slip fault marks the 
boundary between the Pacific and North American Plate (Madsen et al., 2006). In the case of the Chile Ridge 
subduction, both sides of the spreading center continue to subduct along with the opening of the interpreted Pata-
gonian slab window (Breitsprecher & Thorkelson, 2009; S. C. Cande & Leslie, 1986).
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The consequences on the overriding plate due to the slab window opening have been commonly attributed to 
mantle upwelling and melting after slab separation (Thorkelson,  1996). These processes have been inferred 
through geophysical imaging, which provides a snapshot of the present state of the upper mantle in terms of 
temperature and viscosity structures (Mark et  al.,  2022; Russo et  al.,  2010). Although previous numerical 
(Groome & Thorkelson, 2009; Wu et al., 2022) and analog (Guillaume et al., 2010, 2013) models have been 
carried out to explain the Patagonian slab window, a systematic study assessing the role of the asthenosphere, 
partial melt properties, and the overriding/subducting plate characteristics is so far missing.

In this contribution, we focus our efforts on unraveling transient geodynamic processes using the Chile Triple 
Junction (CTJ) as a case study (Figure 1) which is affected by recent and ongoing mid-ocean ridge subduction of 
the Chile Ridge system (Breitsprecher & Thorkelson, 2009; S. C. Cande & Leslie, 1986; Gorring et al., 1997). 
First, we describe a suite of key geological, geophysical and geochemical observations for the area. Next, we 
describe numerical models aimed at addressing how the opening of a slab window and migration of partial melts 
might affect such observables. Finally, we compare the results of the numerical models with the observations 
from South America.

2. Geological Setting
2.1. Tectonic Setting and Geological Record

The Chile Ridge (Nazca-Antarctica spreading ridge) subducts below South America at an oblique angle to the 
trench, resulting in a northward migration of the CTJ since 15 Ma (S. C. Cande & Leslie, 1986; S. C. Cande 
et al., 1987; Herron et al., 1981). The separation of the Nazca slab progressively led to the continuous opening of 
the interpreted slab window beneath the continent (Figure 1a). Large differences in the convergence rate between 
the Nazca and Antarctic plates relative to South America control the geometry of the slab window opening 
(Tebbens & Cande, 1997). However, the precise slab window geometry is still under debate and several models 
have been proposed (Bourgois & Michaud,  2002; Breitsprecher & Thorkelson,  2009; Forsythe et  al.,  1986; 
Gorring et al., 1997; Thorkelson, 1996).

In terms of the rock record, the western margin of South America exhibits two remarkable geological features 
along the segment where the Chile Ridge has subducted: the emplacement of the Taitao Ophiolite complex 
(Anma et al., 2006; Bourgois et al., 2016; Forsythe et al., 1986; Guivel et al., 1999; Nelson et al., 1993; Veloso 
et al., 2005) and extensive backarc plateau lavas (Gorring et al., 1997; Kay et al., 1993; Ramos & Kay, 1992; 
C. R. Stern & Kilian, 1996). The Taitao Ophiolite is composed of a complete sequence expected for an oceanic 
lithosphere from top to bottom (Forsythe et al., 1986; Nelson et al., 1993) with basaltic compositions ranging 
from N-MORB (depleted mantle) to enriched compositions (Guivel et al., 1999; Lagabrielle et al., 1994). Coeval 
with this process, the Taitao granites were emplaced, which are possibly linked to contamination of sediment/
basement rocks due to the proximity of the subducting spreading center (Anma et al., 2009).

Abundant Neogene lavas erupted over large areas of the backarc region in Argentina south-east of the CTJ with 
both MORB and OIB affinities (Figure 1a, Ramos & Kay, 1992; Gorring et al., 1997). In this region, there is a gap 
of the typical arc-magmatism, which can be found north of the CTJ along the Southern Volcanic Zone (Cembrano 
& Lara, 2009). Further south, arc-type magmatism is resumed along the Austral Volcanic Zone (∼49°S) above 
the slab edge of the Antarctic plate where adakite rocks are produced by the melting of the young/hot oceanic 
plates (Kay et al., 1993; C. R. Stern & Kilian, 1996). The distinct magmatism in this region is commonly attrib-
uted to slab window formation beneath South America (Gorring et al., 1997; Ramos & Kay, 1992).

2.2. Geophysical Observations

Heat flow measurements in southern South America (Figure 1b) show maximum values exceeding 400 mW/m 2 
in the vicinity of the CTJ (Ávila & Dávila, 2018), which is consistent with data acquired at other oceanic spread-
ing ridges (Davies, 2013). Further inland, in the backarc region, the average measured heat flow is 50 mW/m 2 
(Ávila & Dávila, 2018), in a range expected for backarc environments. Between these two areas, where most of 
the measurements are concentrated, only scarce and scattered data were collected by Murdie et al. (1998). These 
measurements exhibit intermediate values between 80 and 120  mW/m 2 in areas located above the expected 
slab window. Southeast of the CTJ there is scarce coverage with a few reported values <80 mW/m 2 (Ávila & 
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Dávila, 2018). To overcome the lack of direct heat flow data in the forearc region, we included, as an additional 
thermal constraint, the depth of the bottom-simulating reflector (BSR) along the accretionary prism near the CTJ. 
We compiled the BSR data gathered on two R/V Conrad expeditions (RC2304 and RC2901) and one cruise of the 
R/V Mirai (MR1806). The studies developed in these expeditions (Bangs & Cande, 1997; K. Brown et al., 1996; 
S. C. Cande et al., 1987; Villar-Muñoz et al., 2013, 2021) allowed a detailed characterization of the heat flow 
through the BSR in the vicinity of the CTJ from values that continuously decrease from ∼280 to ∼50 mW/m 2 in 
the first 50 km from the trench.

Recorded seismicity in this region is sparse (Figure 1c), mostly located in the upper-plate crust (Agurto-Detzel 
et al., 2014; Suárez et al., 2021). The low rate of seismicity along the plate contact and within oceanic plates is 
attributed to the low coupling of the Antarctic-South American plate interface and warm conditions of the slabs 
due to the proximity of the CTJ (Agurto-Detzel et al., 2014; Ávila & Dávila, 2018; Suárez et al., 2021). These 
warm conditions might extend north up to 38.5°S, enhancing aseismic deformation correlated with the subduc-
tion of young oceanic lithosphere <30 Ma (Correa-Otto & Gianni, 2023). As a consequence of low or absent 
interplate and intraslab seismicity, global subduction zone geometry models do not provide information about the 
geometry of the slabs south of the CTJ (Figures 1b and 1c, Hayes et al., 2018). Although several models of the 
slab edges in the slab window area have been proposed (Figure 1b; Bourgois & Michaud, 2002; Breitsprecher & 
Thorkelson, 2009; Forsythe et al., 1986; Gorring et al., 1997; Thorkelson, 1996), geophysical evidence suggests 
that the geometry might be larger due to thermal erosion of the slab edges and tearing of the Nazca plate north of 
the CTJ (Correa-Otto and Gianni, 2023; Navarrete et al., 2020).

Seismic tomography and seismicity provide one of the most robust available constraints on the geometry of the 
slab window beneath South America, and also help constraining the viscosity structure of the upper mantle, which 
is further supported by geodetic measurements. P-wave and S-wave velocity models show large (>200 × 200 km) 
plan-view zones with low velocity anomalies in the mantle (at least from 100 to 200 km depth) coinciding with 
the interpreted extent of the slab window (Mark et al., 2022; Russo et al., 2010) (Figure 1c). Slab edges can be 

Figure 1. (a) Tectonic setting of the Chile Triple Junction (CTJ), Chile Ridge system and fractures zones according to 
Maksymowicz et al. (2012), slab window from Breitsprecher and Thorkelson (2009), Neogene plateau lava from Servicio 
Geológico Minero Argentino and active magmatism from http://volcano.si.edu/. (b) Compiled heat flow map from direct 
(piston/well; scattered data) and indirect (BSR; lines) measurements, zoom located at the dotted rectangle near the CTJ. (c) 
Seismic observations along southern South America, Slab 2.0 (Hayes et al., 2018), seismicity (USGS catalog) and shear wave 
seismic tomography at 100 km depth (Mark et al., 2022), uplift rates on the slab window are also shown in green/yellow 
stars. NZ, Nazca plate; ANT, Antarctic plate; SA, South American plate. Plate kinematics based on Gao et al. (2023) rotation 
model using a hotspot reference frame in the GPlates software (http://www.gplates.org/). Colormaps according to Crameri 
et al. (2020).
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inferred south of the CTJ with Mark et al. (2022) model while north of the CTJ, slab tearing of the Nazca plate 
might enlarge the extent of the slab window (Correa-Otto & Gianni, 2023; Navarrete et al., 2020). Based on seis-
mic velocity variations as a proxy for temperature and viscosity, Mark et al. (2022) estimated mantle viscosities 
around 10 19 Pa·s in the slab window low velocity anomaly, while the viscosities increase to >10 21 Pa·s near the 
expected Antarctic slab edge. The low viscosity interpreted in the slab window region is consistent with viscos-
ities derived from models of glacial isostatic adjustment of the Patagonian Icefields. Anomalously high surface 
uplift rates (green and yellow stars in Figure 1c) with a peak >4 cm/yr (Richter et al., 2016; Russo et al., 2022) 
are consistent with upper mantle viscosities along the slab window area within a range of ∼10 18–10 19 Pa·s.

3. Methods
The 2D numerical models were conducted to simulate the mid-ocean ridge subduction within the CTJ tectonic 
framework. We used a petrological-thermomechanical approach by solving classical geodynamic modeling equa-
tions (Turcotte & Schubert, 2014) comprising mass, momentum and energy conservation that are incorporated 
in the I2ELVIS code (Gerya, 2019; Gerya & Yuen, 2007). In addition, the evolving topography is modeled using 
the sticky air approach, where this layer simulates a free surface through a low viscosity (10 18 Pa·s) layer on top 
of the model (Crameri et al., 2012; Schmeling et al., 2008). Other features in the code include thermodynamic 
and phase relations for the mantle (Stixrude & Lithgow-Bertelloni, 2011), partial melting (Katz et al., 2003), 
melt extraction and oceanic lithosphere thickening (e.g., Nikolaeva et al., 2008). Melt fraction tracks the residual 
partially molten rocks after melt extraction (e.g., Nikolaeva et al., 2008). Finally, the effective rheology for the 
different domains considers a visco-elasto-plastic approach (e.g., Gerya, 2019; Ranalli, 1995). Further details on 
the governing equations, the petrological model, partial melting parametrization and rheological parameters are 
included in Supporting Information S1.

The model setup and initial conditions are summarized in Figure 2. The model domain extends 2,000 × 700 km 
in the x and y directions, respectively, with a discretization using a variable spacing grid with 401 × 141 nodes. 
In addition, ∼2 million randomly distributed Lagrangian markers are initially prescribed for advecting material 
properties at every timestep and pressure-temperature condition. The initial temperature field exhibits two major 
features: the spreading ridge and a subduction zone. The first one is based on oceanic plate cooling models (Stein 
& Stein, 1992) where the ridge axis is located 200 km from the trench (e.g., Burkett & Billen, 2009; Gerya 
et al., 2009) where the oceanic lithosphere gets older and thicker away from the spreading center according to 
the Chile Ridge half-spreading rates (∼3 cm/yr; Klitgord et al., 1973; Tebbens et al., 1997). The lithology of the 
oceanic lithosphere consists of 2 km of basalts, 5 km of gabbros and a variable thickness of mantle lithosphere is 
set until the 1,000°C isotherm (e.g., Rychert et al., 2020) is reached in the cooling model. The subduction zone 

Figure 2. Initial geometry, temperature field and volumetric degree of melting of the numerical model. Background colors 
represent the domains modeled. Grid resolution in the high-resolution area is 2 km with ∼2 million randomly distributed 
markers. Temperature contours are every 300°C.
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consists of a pre-subducted oceanic plate beneath a continental plate, which represents the geodynamic setting 
north of the CTJ with the subduction of the Nazca plate beneath the South American plate (Figure 1a). The Nazca 
plate north of the CTJ is characterized by depths <400 km based on seismic tomography models and seismicity 
(Correa-Otto & Gianni, 2023; Navarrete et al., 2020). Under this scenario, the initial temperature field is calcu-
lated as a steady state solution using the same approach described in Araya Vargas et al. (2021) and Sanhueza 
et al. (2022) for 2D models using a slab bending geometry for the subducting plate. This subduction zone temper-
ature field generates that the subducting slab 1,000°C isotherm reaches 300 km and subducting velocities of 
6–8  cm/yr consistent with the Nazca plate kinematics (Figure  1a). As we do not include a higher viscosity 
lower mantle (e.g., Burkett & Billen, 2009), deeper initial depths might generate abnormally high subduction 
velocities. The continental lithosphere is set with a linear geotherm of 30°C/km and is composed of upper crust 
(20 km), lower crust (15 km) and mantle lithosphere with a base defined by the 1,350°C isotherm. A 10 km thick 
low-viscosity sticky air layer is used at the top of the model to replicate a free surface as commonly used in previ-
ous studies (e.g., Crameri et al., 2012; Schmeling et al., 2008). A 10 km thick slip layer is assigned a viscosity of 
10 20 Pa·s (e.g., Behr et al., 2022; Yáñez & Cembrano, 2004) along the subduction interface to force subduction, 
which is generated by two driving forces: the slab pull produced by the low temperatures (<1,000°C) and so high 
densities in the subducting plate and the prescribed velocity of the continental plate (2 cm/yr; South American 
plate). Velocity and temperature boundary conditions are summarized in Figure 2.

Finally, explored cases and their respective features and aims are detailed in Table  1. These cases consider 
changes in the rheology of the asthenosphere and partial melt properties (buoyancy and rheology). For the conti-
nental lithosphere, we tested different initial thermal gradients which impact the depth of the overriding plate and 
the magnitude of the prescribed velocity (0 and 6 cm/yr). For the subducting slab, we explored a different initial 
depth of the pre-subducted slab (200 km). Lastly, we tested a hot asthenosphere case where the upper mantle has 
a positive temperature anomaly of 100°C that reaches a depth of 200 km.

4. Results
In order to understand geodynamic processes such as slab separation, slab window opening and the subduction 
of a region of partial melting, we tested several cases similar to those described in Section 3. To simplify the 
description of the models, we set time t = 0 Ma when the mid-ocean ridge is at the trench during the simulation. 
Therefore, before the ridge collision t < 0 and when the mid-ocean ridge starts subducting t > 0.

First, we describe the temporal evolution of a reference case (Figure 3) in terms of the melt fraction (residual 
melt after melt extraction), degree of melting, stream function (flow pattern) and temperature field and the defor-
mation (stress and maximum stress direction; Figure 4) and movement of modeled domains. Then, a parametric 
study is described in order to compare differences in the spatial extent of the melt fraction and stream function 
when the mid-ocean ridge is at the trench (t = 0 Ma) and 1–2 Ma after the subducted mid-ocean ridge as shown 
in Figures 5 and 6, respectively.

4.1. Reference Case

The temporal evolution of the reference model can be separated into three distinct stages: (a) prior to the ridge/
continent collision (Figure 3, panels a–b), (b) mid-ocean ridge subduction (Figure 3, panels c–h) and (c) post-ridge 
collision (Figure 3, panels i–l). The first and third stages consist of self-sustaining subduction, while the second 
one consists of slab separation followed by the slab window opening and subduction of an oceanic lithosphere 
with zero-absolute motion and age (the Antarctic plate).

The first stage (t < 0) is characterized by mid-ocean ridge and subduction zone processes. At the beginning of 
the simulation (Figure 2), the spatial extent of the zone of partially molten mantle is symmetric with respect to 
the ridge axis, showing up to 0.35 degree of melting and to 0.04 of melt fraction respectively. This symme try 
is consistent with the prescribed initial temperature field (Figure  2), which was calculated using the same 
half-spreading rate on both sides of the spreading center (3 cm/yr). Beneath the continent, a lower degree of melt-
ing is achieved <0.1 (Figure 3, panel B) triggered by the small amount of water content included in the mantle 
(0.03 wt% or 300 ppm; Green et al., 2010). This zone is located beneath the continental lithosphere in a layer 
∼20 km thick. Two types of flow fields are observed. Beneath the mid-ocean ridge, upward velocities are devel-
oped along the ridge axis with magnitudes up to 10 cm/yr with a convection cell length of ∼50–80 km. Below 
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the continent, the subducting slab generates a corner flow velocity field with velocities between 7.5 and 8 cm/yr 
driven by the negative buoyancy of the subducting slab.

At t = −1.99 Ma, the mid-ocean ridge is ∼150 km from the trench. In comparison with the initial setup, for this 
timestep, the zone with a degree of melting >0.2 has diminished its horizontal spatial extent, while its shape is 
asymmetrical with respect to the ridge axis due to the proximity of the subduction zone (Figure 3, panel b). The 
stream function also reflects the asymmetry in this stage, where convection cells beneath the mid-ocean ridge 

Figure 3. Temporal evolution of the reference case. The left column panels show the stream function (black lines), the melt fraction (red to white zones observed 
within the asthenosphere), the trench (blue triangle) and the mid-ocean ridge axis (yellow triangle). The right column panels show temperature contours every 300°C 
(white lines) and the degree of melting (blue to red zones within the asthenosphere) according to the melting parametrization and the petrological model. In all figures, 
the background colors depict the distribution of the modeled domains according to Figure 2. Time was set at 0 Ma when the mid-ocean ridge is at the trench.
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are influenced by the velocity field generated by the subducting slab. In addition, the zone of the mantle with 
partial melts is dismembered and focused into smaller regions (Figure 3, panel a). The presence of smaller flow 
cells (black lines in Figure 3a) is driven by the positive buoyancy and lower viscosity of these smaller regions 
with partial melts.

The second stage comprises the ridge/trench collision within the time range between 0 < t < 1.3 Ma (Figure 3, 
panels c–h). In this time interval, the zone with partial melts exhibits a completely asymmetric shape due to the 

Figure 4. (a) Temporal variations in the topography of the reference model due to the slab separation and subsequent uplift. 
(b) Temporal evolution of the stress field magnitude (background colors) and maximum stress direction (crosses) during the 
topographic evolution.
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onset of the mid-ocean ridge subduction at t = 0 (Figure 3, panel d). The slab separation is generated right after 
the mid-ocean ridge collision (t > 0; Figure 3, panel c and e) where the slab collapses into the asthenosphere in 
a short time window due to its negative buoyancy and continuously opens the slab window. The mantle flow is 
dominated by the motion of the sinking slab (see black lines in Figure 3, panels e and g). The zone with partial 
melts in the mantle starts to decrease its size and degree of melting because of the subduction initiation of the very 
young lithosphere and zero absolute motion of the overlying oceanic lithosphere. Some zones with partial melts 
are observed to the right of the ridge axis, below the continental lithosphere (see melt fraction in Figure 3, panels 
e and g). The migration of such zones below the continent is forced by the local pressure gradient generated by 
the sinking slab and the low viscosity assigned to the melt-bearing rocks (10 18 Pa·s).

The third stage (t > 1.3 Ma; Figure 3, panels i–l) occurs after mid-ocean ridge subduction and the onset of the 
subduction of the zero-absolute motion plate that starts subducting as a young/hot oceanic lithosphere that gets 
older with time. The main drivers in this setting are the imposed velocity of the continental lithosphere and 
the negative buoyancy of the oceanic lithosphere, which increases with time as older oceanic plate becomes 
subducted. Partial melts in the mantle are almost completely exhausted by 8.8  Ma (Figure  3, panel i) and 
completely exhausted at 14.8 Ma (Figure 3, panel k) because the 1,300°C isotherm becomes deeper than the 
initial condition and thus, zero degree melting is achieved beneath the continental lithosphere (Figure 3, panels j 
and l). The streamlines at 8.8 Ma and 14.8 Ma (Figure 3, panel i and k) indicate roll-back of the subducting plate 
is accompanied by the migration of the trench toward the ocean, driven by the continental plate (1–3 cm/yr).

Overall, the temperature evolution at the subduction zone also depends on the geodynamic stage. Prior to and 
after the mid-ocean ridge collision, the thermal structure depends on the age and velocity of the subducting plate. 
At t = −1.99 Ma, the 400 and 700°C isotherms within the slab reach a maximum depth of 40 and 170 km respec-
tively (Figure 3, panel a), while at t = 14.8 Ma these isotherms reach similar maximum depths of 60 and 140 km 
respectively (Figure 3, panel l). However, during mid-ocean ridge subduction, large temperature variations are 
restricted to the forearc, where the asthenosphere is in contact with the subduction interface (Figure 3, panel e). 
In this region, high temperature gradients are calculated (40–60°C/km) in the first 10 km (Figure 3, panels d, f, 
and h).

In terms of the temporal evolution of the stress regime in the continental lithosphere, there is a clear correlation 
between compressional/extensional tectonics with the development of topographic relief (Figure 4). Figure 4a 
shows the temporal evolution of the topography in the reference model, especially focused on simulation times 
following the separation of the subducting plate (t > 0 Ma). The evolution of the topography shows that following 
the slab separation (Figure 4a, t ≥ 0 Ma), the elevation in the forearc increases 1–2 km in comparison with the 
topography at the mid-ocean ridge collision (Figure 4a, t = 0 Ma). The maximum stress direction in the upper 
crust in our models exhibits significant changes after the slab separation and subsequent mid-ocean ridge subduc-
tion. Figure 4b shows cross sections displaying the magnitude of the maximum stress component (background 
colors) and maximum/minimum stress direction at four snapshots of the reference model. Compressional tecton-
ics (i.e., reddish tones and quasi-horizontal maximum stress direction in Figure 4b) dominate in the forearc upper 
crust in most of the snapshots. By contrast, after the slab separation (t = 0.62 Ma), the model exhibits dominantly 
extensional stress in the crust at ∼0–100 km from the trench (i.e., blueish tones and sub-vertical maximum stress 
direction in Figure 7b).

4.2. Parametric Study

Figures 5 and 6 compare the model sections obtained for the reference and alternative cases at t = 0 Ma and 
t = ∼1–2 Ma, respectively. In these figures, we show the stream function, temperature field, melt fraction and the 
surface heat flow for every case. The aim and characteristics of each alternative case are summarized in Table 1.

In comparison with the reference model, case 1 (setup with stronger asthenosphere; Korenaga & Karato, 2008) 
has a lower subducting slab velocity and a smaller volume of partial melts. Regarding the influence of the physi-
cal properties of the melt (Figure 5, cases 2 and 3), both generate a similar spatial extent of partially molten rocks 
without secondary convection cells (Figure 6, cases 2 and 3). In addition, the stream function is highly dominated 
by the subducting slab in both cases. The assumed low melt viscosity (10 18 Pa·s) is 1–3 orders of magnitude lower 
than mantle viscosity with the dry olivine rheology, while the buoyancy of the melt is in the range of 5–20 kg/m 3. 
These two factors enhance the development of secondary convection cells beneath the ridge axis as seen in the 
reference case.
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Figure 5. Snapshot at t = 0 Ma of all the cases tested. At each case, the upper panel shows the surface heat flow calculated in the first kilometers (the black 
line = reference case, red line = the corresponding case), while the lower panel shows the section with model results. Two isotherms are shown (700 and 1,300°C), also 
the stream function and the melt fraction. Lithology colors according to Figure 2.
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Figure 6. Snapshot at t = ∼1–2 Ma of all the cases tested. At each case, the upper panel shows the surface heat flow calculated 6–10 km beneath the top of the oceanic/
continental crust (the black line = reference case, red line = the corresponding case), while the lower panel shows the section with model results. Two isotherms are 
shown (700 and 1,300°C), also the stream function and the melt fraction. Lithology colors according to Figure 2.

 15252027, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010977 by C

ochrane Peru, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

SANHUEZA ET AL.

10.1029/2023GC010977

12 of 25

The models exploring the thickness of the overriding continental plate reveal differences after the mid-ocean 
ridge subduction. In the case of a thin continental plate (Figure 5, case 4), the migration of the partially molten 
rocks from the ridge axis is enhanced due to lower mantle pressures beneath the continental lithosphere and 
thus, allowing the preservation of a higher volume of partially molten rocks than the reference (Figure 6, case 4). 
In contrast, a thick continental plate (Figure 5, case 5) represents the opposite case where mantle pressures are 
higher beneath the continental plate, which prevents the migration and generation of partially molten rocks in this 
area (Figures 5 and 6, case 5).

Varying the kinematics of the overriding plate directly affects the mid-ocean ridge subduction dynamics. When 
the overriding plate remains fixed (Figure 5, case 6), the subducting slab develops higher subduction angles. 
This collapse is faster than the cooling of the mantle, which generates a wide mid-ocean ridge opening as seen in 
the surface heat flow (Figures 5 and 6, case 6). Conversely, when the continental plate has a velocity of 6 cm/yr 
(Figure 5, case 7), the opening of the spreading ridge is inhibited, lowering the spatial extent of partially molten 
rocks both in sub-oceanic and sub-continental mantle. Case 7 is the only scenario where slab separation is not 
obtained (Figure 6), and consequently no slab window is formed.

Lowering the initial slab depth (Figure 5, case 8) affects both the mid-ocean ridge opening and the subduction 
zone dynamics. The separated slab in case 8 sinks at a slower velocity than the reference case (compare the 
position of the separated slab in Figure S1 in Supporting Information S1 for the reference case and Figure 6 case 
8). The slab pull is the main force that drives the mid-ocean ridge opening, and thus a lower initial depth is less 
efficient at opening the mid-ocean ridge.

Finally, the hot asthenosphere case (Figure 5, case 9) shows a zone with partial melting which is larger than 
in the reference case. The volume of partial melting is increased and secondary convection cells are larger 
and more vigorous than the reference case due to the higher temperatures imposed in the asthenosphere in 
this case. Also, at ∼1–2 Ma (Figure 6), after slab window opening, mantle flows from the oceanic to the 
continental asthenosphere, which allows the generation of a larger volume of partial melts in the subconti-
nental mantle. The latter process produces a sub-continental upper mantle which is 50–100°C hotter than 
the reference case.

5. Discussion
5.1. Slab Separation, Slab Window Opening and Mid-Ocean Ridge Dynamics: A Numerical Model 
Perspective

Mid-ocean ridge subduction facilitates the separation of preceding slabs because the ridge axis represents the 
weakest part of the system (Gurnis et al., 2004). As a result, the sinking slab decouples from the rest of the 
oceanic plate along the ridge system, which is the situation observed in all modeled cases, aside from case 
7. This case, where the velocity of the overriding plate is too high (i.e., vcont = 6 cm/yr), shows a closure and 
cooling of the mid-ocean ridge when it approaches the trench and no slab window is generated (see Figures 5 
and 6). However, a slab window will always form because the oceanic plates are subducting at different rates 
and dips, and the presence of transform faults further promotes the widening of slab windows (Dickinson & 
Snyder, 1979; Thorkelson, 1996). In the CTJ, large differences in subduction rates between the Nazca and Antarc-
tic plates, the presence of fracture zones (Figure 1a) and thermal erosion of the Nazca slab edge (Correa-Otto & 
Gianni, 2023; Navarrete et al., 2020) are ideal conditions to develop a large-scale slab window under Patagonia 
(e.g., Breitsprecher & Thorkelson, 2009) under all circumstances.

The interval between the slab separation and when this slab reaches the mantle transition zone (∼670 km) is rela-
tively short (generally <2 Ma; Figure S1 in Supporting Information S1). The sinking slab takes slightly longer 
time (2–2.5 Ma) to reach the mantle transition zone in case 1 (with stronger asthenosphere) and case 8 (with a 
smaller initial slab depth of 200 km). As in previous studies (e.g., Burkett & Billen, 2009, 2010), the velocity 
of sinking slabs is controlled by the viscosity of the asthenosphere and the magnitude of the slab pull force. The 
immediate consequence of slab separation is the opening of a slab window. Our 2D models represent the fastest 
slab window opening times as they assume the spreading center is parallel to the trench and a free-slip boundary 
condition at the bottom of the model (Figure 2). In reality, the oblique subduction of the Chile Ridge implies 
that the Nazca plate is still subducting north of the CTJ and thus, the slab window opening might last longer 
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because the Nazca plate prevents a fast sinking of the separated slab, as suggested by our 2D models. In addition, 
a stronger lower mantle at 670 km depth can support the sinking slab in free subduction models, which reduces 
the subduction velocity in the order of cm/yr (Burkett & Billen, 2009). In terms of asthenosphere dynamics, the 
interaction of the subducting slab with the lower mantle is able to explain the Andean orogeny by large-scale 
mantle circulation (Faccenna et al., 2017). In the case of the separated Nazca plate, longer sinking times might 
be expected, which can alter the temporal evolution of the flow patterns (Figure 3) and produce more vigorous 
mantle upwelling.

The flow pattern observed in most of our tested cases suggests the migration of partial melts from the 
mid-ocean ridge to the base of the continental lithosphere (Figure 6 and Figure S2 in Supporting Infor-
mation S1), which is clearly shown in the migration of hot asthenosphere particles (dT = 100°C) in case 9 
(Figures 5 and 6). Obtained differences in the volume of migrated partially molten rocks are related to the 
depth of the continental lithosphere (imposed with a thermal gradient until the asthenosphere), the rheology 
of the melt/asthenosphere and the motion of the overriding plate. As the pressure beneath the continen-
tal lithosphere controls the degree of melting (Katz et  al.,  2003), a warmer/thin continental lithosphere 
promotes a higher degree of melting due to lower pressures beneath the plate. Water content might also play 
a role due to the dehydration of the sinking slab (DeLong et al.  (1979); Iwamori, 2000) which enhances 
melting conditions.

Almost all model cases (except case 7) suggest that the asthenosphere beneath the mid-ocean ridge is able to 
flow beneath the continental lithosphere, which is further assisted by the opposite kinematics of the overriding 
plate shortly after the slab window opening. In addition, if we take into account the hypothesis of a plume-
fed asthenosphere (case 9), the asthenosphere beneath the ocean might achieve higher temperatures than in the 
continent, where the asthenosphere is consumed (Morgan, 1971; Phipps Morgan et al., 1995). Support for hot 
suboceanic asthenosphere comes from analysis of seismic observations explained by low amounts of partial melts 
(0.1%–0.7%) that have been imaged beneath oceans up to 200–250 km (Debayle et al., 2020). Simple models 
of the flow of the hot asthenosphere can explain the variations in the depth of plate spreading centers (Buck 
et al., 2009). For this setup (case 9), horizontal transport of a higher temperature asthenosphere during the slab 
window opening is more efficient than upwelling in producing higher temperatures and so larger volumes of 
partial melting beneath the continental lithosphere.

Models without melt buoyancy and with a peridotite rheology (cases 2 and 3, respectively) do not show the typi-
cal mid-ocean ridge corner flow with an upward flow below the ridge axis (e.g., Buck & Su, 1989; Spiegelman 
& McKenzie, 1987). Contrarily, the other cases exhibit smaller convection cells beneath the mid-ocean ridge axis 
(Figures 3 and 5). Consequently, the buoyancy and low viscosity assigned to the partially molten rocks capture 
the first-order process seen in more complex simulations of two-phase flow (e.g., Katz, 2008, 2010, 2022) and 
therefore represent more accurately magma dynamics.

5.2. Temperature Constraints: Heat Flow, Metamorphism, and Magmatic Record

We compared the heat flow calculated from the modeled temperature distribution with heat flow data 
obtained from measurements, proxies and independent theoretical models. In the area where the Chile Ridge 
has not collided with the trench (t < 0 in the models), the calculated heat flow at surface was compared 
with two theoretical cooling models of the oceanic lithosphere: the Composite Young Hydrothermal model 
(CYH1) of Stein et al. (1995) and the cooling models for young oceanic lithosphere of Qiuming (2016). In 
these theoretical models, we used the half-spreading rate of the Chile Ridge (3 cm/yr; Klitgord et al., 1973; 
Tebbens et al., 1997). The comparison for t = −1.95 Ma and the mentioned ridge cooling models is shown 
in Figure 7a. The good match left of the ridge axis is expected because the initial temperature field on the 
oceanic lithosphere in our models is calculated using the Stein and Stein (1992) approach, which is the basis 
of the two theoretical cooling models plotted in Figure 7a. This match shows that the modeled temporal 
evolution of the heat flow and temperature field of the mid-ocean ridge before the collision is consistent 
with analytical models.
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Figure 7. Comparison between the calculated heat flow (reference case) and (a) theoretical models of mid-ocean ridge cooling for young oceanic lithospheres, (b) heat 
flow data measured north of 46.8°S, and (c) heat flow data measured south of 46.8°S. The heat flow data legend is according to Figure 1b. (d) Temperature profiles 
(reference case) at the trench in a time window −1.95 < t < 4.3 Ma. Purple dotted lines represent two sediment solidus curves. Transparent polygons are metamorphic 
conditions along the forearc in Japan (1), the northern Cordillera of Alaska (2) and British Columbia (3) and the north China Craton (4) (see text for details).
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The CTJ has migrated northwards by ∼700 km since it started subducting at 15 Ma (S. C. Cande & Leslie, 1986; 
Gorring et  al.,  1997). Thus, the temporal evolution of our 2D models during and after the mid-ocean ridge 
subduction can be compared with the thermal structure at latitudes south of the CTJ where the Chile Ridge 
system already subducted in a nearly parallel direction with respect to the trench. This correlation between times 
after the subducted mid-ocean ridge in the models (t > 0) and latitudes south of the CTJ is based on the recon-
structions of the CTJ in the last 15 Ma (Figure S3 in Supporting Information S1). The present mid-ocean ridge 
segment subducting the margin is between 46°S and 46.8°S where its south end started subducting 0.8  Ma. 
South of 46.8°S, the last subducted ridge segment occurred 3.3 Ma (S. C. Cande & Leslie, 1986; Maksymowicz 
et al., 2012). Therefore, the heat flow calculated from our models in the time frame of 0 < t < 0.8 Ma (i.e., the 
interval where the mid-ocean ridge is at the trench and starts subducting) was compared with heat flow data 
observed at 46°S–46.8°S (Figure 7b). Following the same rationale, we compared the calculated and observed 
heat flow south of the 46.8°S with associated times in our models t > 3.3 Ma (i.e., when the Antarctic plate is 
already subducting) according to the last subducted ridge segment south of this latitude (Figure 7c).

Figure 7b shows a good match between the heat flow calculated from our models (lines) and the observed heat 
flow data (symbols; direct and indirect). Most of the observed heat flow data are concentrated in the offshore part, 
where the heat flow exhibits a sharp decrease from values of ∼400 mW/m 2 (near the trench) down to ∼50 mW/m 2 
(ca. 50 km landwards from the trench). This sharp decrease has been attributed to the progressive thickening of 
the continental lithosphere in the landward direction (S. C. Cande et al., 1987), which is a much colder block 
(<100 mW/m 2) than the mid-ocean ridge (300 mW/m 2). In the Pacific, some heat flow observations are poorly 
fitted by the model between −200 and 0 km from the trench (Figure 7b). This apparent mismatch is because 
those heat flow data are located either far from the ridge segment currently at the trench at 46°S–46.8°S (e.g., 
points labeled A in Figure 7b) or close to segments of the mid-ocean ridge which are located offshore north of 
46°S (e.g., points labeled B in Figure 7b). In the continent, near the General Carrera Lake (approximately 400 km 
from the trench in Figure 7b), there is a slight difference between the calculated and observed heat flow (∼80 and 
∼100 mW/m 2, respectively). This difference can be related to the circulation of hydrothermal fluids in the upper 
crust, which enhances the local heat flow. The presence of hot springs in the vicinity of the General Carrera Lake 
(Negri et al., 2018) and possible heat sources in the upper crust support the hypothesis of hydrothermal circula-
tion in this part of the continent (Lagarrigue et al., 2021). It is worth to remind that hydrothermal circulation was 
not included in our models.

Figure 7c shows the comparison between the heat flow calculated from the model and heat flow observations 
located at latitudes where the last ridge segment subducted prior to 3.3 Ma. At this time window (t > 3.3 Ma) the heat 
flow signature from the mid-ocean ridge is greatly diminished. In fact, the calculated heat flow is <100 mW/m 2, 
values which are typical from forearc regions in cold subduction zones (e.g., Currie & Hyndman,  2006). In 
Figure 7c, modeled heat flow values consistently underestimate the observed data. Comparatively higher values 
in observed heat flow can be also attributed to the advection of heat by the circulation of hydrothermal fluids, 
hypothesis which is consistent with the presence of hydrothermal activity suggested by previous studies (S. C. 
Cande et al., 1987; Villar-Muñoz et al., 2021).

We also evaluated the reliability of the modeled temperature distribution by analyzing thermal proxies derived 
from records of metamorphism and magmatism in the forearc. Figure 7d shows the temporal evolution of the 
temperature profile at the trench before (−1.95 Ma), during (0 and 0.83 Ma) and after (1.3, 2.3, and 4.3 Ma) the 
mid-ocean ridge subduction. In addition, Figure 7d shows metamorphic conditions recorded in areas of other 
margins where a subducted mid-ocean ridge has been inferred: the Izanagi triple junction in Japan (polygon 1; 
M. Brown, 1998; Hiroi et al., 1998), and segments of the northern Cordillera of Alaska (polygon 2; Sisson & 
Pavlis, 1993; Sisson et al., 1989) and British Columbia (polygon 3; Groome et al., 2003) and the north China 
Craton (polygon 4; Zhao, 2014). Finally, Figure 7d also shows the sediment solidus characteristic based on wet 
metasediments (Auzanneau et al., 2006; Nichols et al., 1994).

Before and after the mid-ocean ridge subduction, the ongoing subduction of oceanic slabs in the model repro-
duces the subduction of the Nazca and Antarctic plates with the corresponding convergence rates of 5–7 and 
2 cm/yr respectively. At these stages, the temperature profiles are controlled by the subducting slab which advects 
cold isotherms, generating a low thermal gradient in the forearc (R. J. Stern, 2002). This is correctly reproduced 
by our models at t = −1.95 Ma and t = 4.3 Ma, where a thermal gradient of <15°C/km is obtained in the upper 
crust (Figure 7d). As a consequence of the proximity of the mid-ocean ridge to the trench, Figure 7d at 0 and 

 15252027, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010977 by C

ochrane Peru, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

SANHUEZA ET AL.

10.1029/2023GC010977

16 of 25

0.81 Ma shows thermal gradients >40°C/km during the mid-ocean ridge subduction, values which are signif-
icantly higher than the stages before (−1.95 Ma) and after (4.3 Ma) subduction. The increase in the thermal 
gradient in the forearc generates temperatures of 500–700°C at depths of 15–20 km (0.5 GPa; 5 kbar). These 
conditions are consistent with the high temperature metamorphic conditions recorded in modern forearcs of 
the northern Cordillera and ancient forearcs in Japan and north China (polygons in Figure 7d). In addition, the 
emplacement of the Taitao Ophiolite complex ca. 5 Ma is coeval with the emplacement of the Taitao granites 
(Anma & Orihashi, 2013; Anma et al., 2009; Veloso et al., 2005). Anma et al. (2009) suggested that the source 
of these magmas might be related to sediment or upper crust melting during the past subducted ridge segments, 
which potentially elevated the temperatures in the forearc. Our results are highly consistent with this hypothe-
sis because the sediment solidus is achieved at shallow depths (∼15 km; Figure 7d). The melting of sediments 
might also affect the sediment thickness at the trench, generating erosional phases near the CTJ as suggested by 
Bangs and Cande (1997). South of the CTJ, sediments accumulate at the trench (S. C. Cande et al., 1987; Olsen 
et al., 2020) which is reproduced with an increase in the sediment thickness at the trench in Figure 3 (dark-green 
domain in panels i and k).

Summarizing, the temporal evolution of the thermal structure of our models is consistent with the surface heat 
flow in space and time. Our model results suggest that the subduction of an active ridge is able to generate high 
temperature metamorphism and even magmatism in the forearc region. Such magmatism can be derived from the 
melting of subducted sediments and/or of the upper plate crust. Although the heat flow calculated from our model 
shows an overall good fit of observations, there are some segments where the quality of the fit is poorer, likely due 
to second-order heat transport processes which are not accounted by our modeling approach (e.g., hydrothermal 
circulation, ophiolite emplacement and metamorphic endothermic/exothermic reactions) or the role of 3D effects 
in the flow field that might affect the temperature field in the upper crust in a much larger area as suggested by 
Christiansen et al. (2022) extending north of the CTJ from the arc to backarc regions.

5.3. Slab Window Upper Mantle: Reconciling Geophysical Observations and Geochemistry

Seismic and geodetic evidence suggest that the upper mantle exhibits distinctive temperature and rheological 
conditions in the area interpreted for the slab window (according to the kinematic model of Breitsprecher & 
Thorkelson, 2009). Seismic studies have imaged within the slab window region anomalously low P-wave and 
S-wave seismic velocity at depths ≥100 km (Mark et al., 2022; Russo et al., 2010). Geodetic studies have recorded 
high uplift rates in the continent (Richter et al., 2016; Russo et al., 2022), which have been attributed to the degla-
ciation of the Patagonian Ice Fields and the presence of low viscosities (10 18–10 19 Pa·s) within the upper mantle 
(Russo et al., 2022). Russo et al. (2022) propose an along-margin rheological segmentation of the slab window, 
where the northern and younger segment (near the CTJ) is characterized by lower viscosities (∼10 18 Pa·s), while 
the southern and older segment is slightly stronger (∼10 19 Pa·s).

The distinctive physical conditions of the upper mantle within the slab window have been attributed to the 
upwelling of the higher temperature asthenosphere during the slab window opening (Gorring et al., 1997), and 
to the erosion of the lithospheric mantle (Mark et al., 2022). In our models, the development of upward veloc-
ities in the asthenosphere is a short-lasting process <2 Ma associated with the slab separation (Figure 3, black 
lines in panels C and E). After the mid-ocean ridge subduction (Figure 3, panels g–l), we do not observe notable 
temperature changes within the asthenosphere due to upwelling, suggesting that a short-duration upwelling is not 
capable of bringing deeper parts of the mantle to shallower depths (<100 km). In contrast, a strong flow pattern 
from the oceanic to the continental mantle is observed (Figure 3, panels e and g). Such horizontal movements 
of the low-viscosity asthenosphere appear to be more efficient at changing the temperatures under the continent.

Figure 8a shows the shear wave velocity (Vs) distribution in a cross-section at 48°S, taken from the seismic model of 
Mark et al. (2022). Figure 8b shows sections at the same equivalent position of Figure 8a, but Vs is calculated using 
information from the snapshot at t = 1–2 Ma of three model cases: the reference case and two cases, which predict the 
larger volumes of partially molten rocks migrated from the mid-ocean ridge (cases 4 and 9 in Figure 6). The calculated 
Vs sections were computed according to the stable mineral assemblage at a given pressure-temperature condition based 
on the anhydrous mantle minerals database (Stixrude & Lithgow-Bertelloni, 2011) and a 5% reduction in the velocity 
where partially molten rocks are present in our models (e.g., Lyakhovsky et al., 2021). Figure 8c shows the effective 
viscosity of the asthenosphere taken from the same model section, cases, and simulation time shown in Figure 8b. Both 
the observed and calculated distribution of Vs show that the center and eastern segment of the section are dominated 
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by comparatively lower values (Vs < 4.2 km/s, reddish zones in Figures 8a and 8b). As the areas of low calculated Vs 
are located in regions where the modeled cases suggest the presence of partial melts (see Figure 6, reference case and 
cases 4 and 9), we suggest that observed low Vs values imaged by Mark et al. (2022) can be related to the presence of 
partial melts. These low values of Vs, therefore, suggest that partially molten rocks might be present beneath the South 
American lithosphere. This process is compatible with the possibility of eroding the lithospheric mantle as suggested 
by Mark et al. (2022).

Partially molten rocks that migrated from the Chile Ridge, are more likely to be preserved over several million 
years under a thin continental lithosphere setup (case 4) and/or if the asthenosphere under the Pacific has a 
positive temperature anomaly (case 9). The presence of partially molten rocks also controls the viscosity of the 
upper mantle (Figure 8c) that might provide suitable conditions to develop efficient visco-elastic rebounds that 
can explain the anomalously high uplift rates on the surface of the slab window. Viscosities are even further 
lowered for case 9, where the oceanic asthenosphere down to 300 km is assumed to be hotter than the deeper 
mantle (case 9), generating effective viscosities in the range of 10 18–10 19 Pa·s, consistent with the findings of 
Russo et al. (2022).

Figure 8. (a) Shear wave seismic velocity (Vs) cross section at 48°S taken from the seismic model of Mark et al. (2022). (b) 
Vs distribution calculated using the petrological composition of three model cases at simulation time t = 1–2 Ma (see text for 
details). (c) Effective viscosity sections taken from the same models and simulation time shown in (b).
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Finally, the migration of partially molten rocks from the subducted mid-ocean ridge to the subcontinental 
mantle can be further supported by the geochemical signature of the Chile Ridge system, the Taitao Ophiolite 
complex and the backarc plateau lavas emplaced over the slab window during the Neogene (Figure 1a; Ramos & 
Kay, 1992; Gorring et al., 1997). Overall, the isotopic compositions of the Chile Ridge are similar along different 
spreading segments, where depleted MORB compositions are observed (Bach et al., 1996). The depletion of the 
mantle is included in the models by the successive melt extraction episodes (e.g., Nikolaeva et al., 2008) that 
continuously deplete the underlying asthenosphere at the mid-ocean ridge before the ridge collision. After the 
mid-ocean ridge subduction (Figure 3, panel e and g), the migration of a depleted mantle source (partially molten) 
from the mid-ocean ridge implies that the magmas beneath the South American plate might preserve a similar 
geochemical signature observed in other ridge segments of the Chile Ridge and in the backarc magmatism. This 
is consistent with the similar chemical composition of magmas of the Taitao Ridge, the Taitao Peninsula and 
the Chile Ridge, which suggest a common source (Guivel et al., 1999). Moreover, the noble gas composition of 
mantle xenoliths (spinel and/or garnet bearing) of alkaline basalts in the backarc show MORB-like signatures and 
in some cases, show also  3He/ 4He ratios which are similar to the North Chile Ridge MORB samples (Jalowitzki 
et al., 2016). In addition, the signature of Sr-Nd isotope compositions of backarc basaltic lavas erupted above the 
slab window region also suggest a depleted mantle source (D’Orazio et al., 2001). However, the depleted mantle 
source that migrates from the mid-ocean ridge is also controlled by the contamination of the trailing end of the 
Nazca slab, which releases fluids and incompatible elements, producing an OIB-like geochemical signature on 
the backarc lavas (Gorring et al., 1997; D’Orazio et al., 2001; Gorring & Kay, 2001).

5.4. Uplift, Tectonics, and Generation of Forearc Slivers

Aside from better understood consequences of the subduction of the Chile Ridge beneath South America (i.e., 
the lack of arc magmatism and slab seismicity), the anomalously high summit elevations and relief south of the 
CTJ have received much attention in the recent years. No consensus has emerged and different models have 
been proposed based on analog experiments (Guillaume et  al.,  2010), dynamic topography modeling (Braun 
et  al.,  2013; Guillaume et  al.,  2013; Hollyday et  al.,  2023), and thermochronology (Thomson et  al.,  2010) 
combined with structural data (Georgieva et al., 2016). Thomson et al. (2010) propose that the high topographic 
relief is mainly generated by latitudinal climate changes, which control the efficiency on glacial erosion north and 
south of the CTJ. Meanwhile, dynamic topography models suggest that the replacement of the cold subducting 
slab with asthenosphere is the main mechanism to generate large topographic uplift (Guillaume et al., 2013), 
which extends further inland in the backarc (Guillaume et al., 2009; Hollyday et al., 2023; Pedoja et al., 2011). 
Finally, Georgieva et al. (2016) suggest an important role for strike-slip tectonics near the CTJ with the generation 
of forearc slivers controlling the high summit at the Northern Patagonian Icefield.

Our models are consistent with the increased elevation being caused by the slab break-off as seen by previous 
numerical and analog models (e.g., Buiter et al., 2002; Duretz et al., 2011, 2012; Guillaume et al., 2010, 2013). 
In our case, the increase in elevation is caused by the separation and descent of the subducting slab, where 
the inflow of asthenosphere material fills the gap left by the now sunken slab. In addition, there is a clear 
switch in the tectonic regime, where compressional tectonics are present before and after the mid-ocean ridge 
subduction (Figure 4b and Figure S4b in Supporting Information S1), consistent with subduction zone envi-
ronments (e.g., R. J. Stern, 2002) related to the Nazca-South America and Antarctica-South America margins. 
However, during mid-ocean ridge subduction, extensional tectonics are observed that coincides with the increase 
in elevation (Figure 4b and Figure S4b in Supporting Information S1). These results are consistent with the stress 
regime north of the CTJ, which is mainly compressional and transpressional along the Liquiñe-Ofqui Fault Zone 
(Cembrano et al., 1996; Cembrano & Lara, 2009). This change in the stress regime suggests a significant stress 
rotation triggered by the topographic uplift. The rotation of the principal stress in the upper crust is also observed 
in numerical models of the slab break-off process that do not involve mid-ocean ridge subduction (Duretz 
et al., 2011, 2012). In the vicinity of the CTJ, Forsythe and Nelson (1985) identified normal faulting in Golfo de 
Penas basin, where multiple ridge segments collided at 0.3, 3, and 6 Ma. These normal faults are also linked to a 
forearc sliver (Chiloé block) that generates the partitioning of the deformation caused by the oblique subduction 
of the Nazca plate (Cembrano et al., 2002; Nelson et al., 1994). The Chiloé block moves northwards, generating 
extension in the southern end located at Golfo de Penas area, and contraction to the north in the Arauco region 
(Melnick et al., 2009). Recently, Georgieva et al. (2016), proposed that the generation of these forearc slivers 
are triggered by the successive mid-ocean ridge collisions. This idea is supported by our model results, where 
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the mechanism to generate a forearc sliver is the topographic response and the rotation of the maximum stress 
direction after the slab separation. This is consistent with extensional faulting in Golfo de Penas area (south of 
the CTJ; Forsythe & Nelson, 1985) and the northward migration of the CTJ (S. C. Cande & Leslie, 1986), which 
might have triggered the generation of the Chiloé block in the past. The extensional stress regime developed in 
the forearc due to mid-ocean ridge subduction might explain the generation of forearc slivers in southern South 
America and south of the CTJ (e,g., Georgieva et al., 2016).

5.5. Preferred Model for the Chile Triple Junction

Table  2 summarizes the comparison between all the modeled cases and the observations used as constrain. 
The observations were categorized in terms of how they constraint the spatiotemporal distribution of tempera-
ture (heat flow measurements and metamorphic record), upper mantle physical properties (seismic anomaly and 
viscosity structure) and deformation/stress in the continent (topography uplift and fault kinematics). For every 
category, we defined three indicators based on consistency (matching tendency and magnitude), correlation (only 
tendency) and no correlation with data.

In terms of temperature, cases 1, 2, 5, and 8 have similar heat flow curves at t = 0 Ma (Figure 5) but the heat flow curve 
rapidly decays at later times (Figure 6). Conversely, the reference case and cases 3, 4, 9 are consistent with the heat 
flow data in term of magnitude and time (Figures 5 and 7b). Cases 6 and 7 are two end-members either with anoma-
lous high heat flow (case 6) or low heat flow (case 7) (Figure 5). Also, case 7 shows no slab window opening, which 
contradicts the basic principles of slab window formation (e.g., Dickinson & Snyder, 1979; Thorkelson, 1996). Regard-
ing constraints for the physical properties of the upper mantle, cases 4 and 9 better explain the low seismic anomalies 
and low viscosity (Figure 8). This better correlation is due to larger volumes of partial melts beneath the subcontinental 
mantle obtained in these cases, which is a consequence of a more vigorous mantle flow from the spreading center 
beneath the subcontinental mantle (Figure 6). Cases 2, 8 and the reference also obtain migration of partial melts into 

Constraints for:

Model Feature Temperature
Upper Mantle physical 

properties
Deformation/stress 

in the continent

Reference –

1 Stronger Asthenosphere

2 Melt without buoyancy

3 Melt with olivine rheology

4 Warm continental lithosphere

5 Cold continental lithosphere

6 Vcont = 0 cm/yr

7 Vcont = 6 cm/yr

8 Initial slab depth 200 km

9 Hot asthenosphere

Indicators:  Consistent with data  Correlated with data  No correlation

Table 2 
Comparison of Every Case With the Constraints Available in the Chile Triple Junction
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the subcontinental mantle, but resulting in smaller volumes (Figure 6). Topography uplift (considered as a proxy for 
deformation) is observed in all cases aside of case 7 because continental uplift is a consequence of slab separation and 
slab window opening. After slab separation, extensional tectonics are developed in all cases (except case 7) where the 
reference case (Figure 4b) and cases 4 and 9 (Figure S4 in Supporting Information S1) show the clearest rotation of the 
maximum stress direction. Case 6 is discarded because it evolves to a passive margin after the slab separation due to the 
lack of driving forces on both plates. Summarizing, the models with a warm/thin continental lithosphere (case 4) and 
the hot asthenosphere (case 9) reproduce geodynamics evolution scenarios that are more consistent with the geological, 
geophysical and geochemical proxies available for the CTJ.

6. Conclusions
The petrological-thermomechanical numerical models obtained in this study correctly account for first order 
geological and geophysical observations in the CTJ region. In addition, our results provide quantitative expla-
nations to understand the interplay between the subduction of the Chile Ridge, the development of the slab 
window, and the distinctive tectonic, magmatic and metamorphic processes inferred in this segment of the 
South American margin. This knowledge might be applicable to other modern/ancient slab windows and 
mid-ocean ridge subduction environments. The preferred model that explains most of the geological, geophys-
ical and geochemical proxies are a warm/thin continental lithosphere (case 4) and a hot asthenosphere (case 
9). The proposed temporal evolution of the CTJ and the consequences are summarized in Figure 9, which has 
the following implications:

Figure 9. Cartoon showing the temporal evolution of the Chile Triple Junction (CTJ) and the consequences due to the ridge subduction and slab window opening 
processes beneath South America at the latitude of the Taitao Peninsula (45°S–50°S). (a) Tectonic setting and processes of the Nazca-South America subduction zone 
before the subduction of a segment of the Chile Ridge. (b) and (c) show the processes and consequences of the ridge subduction process at the latitude of the present 
position of the CTJ (during ridge subduction) and south of the CTJ (after ridge subduction) on the Antarctica-South America subduction zone, respectively. NZ, 
Nazca plate; ANT, Antarctica plate; SA, South American plate; LOFZ, Liquiñe-Ofqui Fault Zone. Tectonic setup and assumptions based on a warm/thin continental 
lithosphere and the presence of a hot asthenosphere.
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The heat flow in the vicinity of the CTJ, where a mid-ocean ridge segment is currently subducting, is character-
ized by a sharp decrease from 400 mW/m 2 down to 40 mW/m 2 in the forearc. South of the CTJ, the low heat flow 
is consistent with the ongoing subduction and roll-back of the Antarctic plate. The ridge subduction process is a 
viable mechanism to generate high-temperature/low-pressure metamorphism and magmatism associated with the 
melting of sediments or continental crust within the forearc during the subduction of the ridge. The presence of 
partially molten rocks that migrated from the ridge to beneath the overriding plate might be able to explain the 
low seismic velocity anomalies beneath South America. Moreover, these melt-bearing rocks decrease the upper 
mantle viscosity, which provides suitable conditions to develop high uplift rates recorded on the surface. After 
slab separation, an uplift of the forearc is predicted by the models, process which explains the higher topography 
south of the CTJ. Coeval with the forearc uplift, the development of extensional tectonics provides a mechanism 
to explain the decoupling and generation of forearc slivers.

Data Availability Statement
The I2ELVIS code is available at Gerya and Yuen (2007) and Gerya (2019). Geological maps from Argentina are 
available at https://sigam.segemar.gov.ar/geonetwork39. Heatflow data were collected from public repositories 
for R/V Conrad expeditions: RC2901 (S. Cande, 2012) and RC2304 (S. Cande, 2010), International Heat Flow 
Commission: https://ihfc-iugg.org/products/global-heat-flow-database/data and the corresponding references in 
the main text. The shear wave seismic tomography from Mark et al. (2022) is available at Mark et al. (2021). Plate 
rotations and kinematics based on Gao et al. (2023) model. Colormaps of Crameri et al. (2020) are available at 
Crameri (2023).
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