
1.  Introduction
Slab tearing commonly occurs as vertical rupture in subducting plates and drives major along-strike change in 
the active margin dynamics. The causes of slab tearing in convergent settings are diverse, including (a) subduc-
tion undergoing non-uniform trench retreat velocities (Rosenbaum et al., 2008), (b) subduction accommodat-
ing trenchward slab motion with the formation of Subduction-Transform Edge Propagator faults at the surface 
(Govers & Wortel, 2005), (c) subduction undergoing opposing (G. Gianni et al., 2019) or differential slab rota-
tions (Rosenbaum et al., 2019), (d) plate margin interaction with buoyant aseismic ridges (Hu & Liu, 2016), or 
(e) unzipping of oceanic fracture zones during subduction (Georgieva et al., 2019). Slab-tearing triggers a series 
of cascading effects, initially leading to the development of a vertical slab gap and toroidal flow around the slab 
edge with an upward component (Schellart, 2010), mantle decompression and arc-to-back arc magmatism with 
arc-like or asthenospheric signatures (Cocchi et al., 2017; Faccenna et al., 2007; Rosenbaum et al., 2008, 2019), 
an accentuated acceleration of trench retreat (Guillaume et al., 2010) and upper plate segmentation and extension/
transtension (Jolivet et al., 2015; Rosenbaum et al., 2008). Hence, detecting this process in modern and ancient 
settings is of paramount importance to better understand recent or past changes in subduction dynamics.

While joint geophysical and geological evidence (geochemical, isotopic, structural, etc.) has proved effective 
for unraveling slab tears in modern settings (e.g., Faccenna et al., 2007; Rosenbaum et al., 2008, 2019), gather-
ing similar evidence for this process in ancient and often tectonically/magmatically overprinted active margins 
has proved challenging. Detection of past slab-tearing events is particularly difficult for pre-Cenozoic active 
margins where torn slabs are now deeply subducted in the lower mantle. Recently, Gianni et al. (2019) suggested 
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an approach to assess this issue by combining the inspection of deep mantle domains, where a tomograph-
ically imaged slab gap in Mesozoic lower mantle slabs (van der Meer et  al.,  2018) was effectively linked to 
the tectonomagmatic record in the southwestern Pangea active margin through plate-kinematic reconstructions 
(i.e., tomotectonic analysis; e.g., van der Voo et al., 1999). This allowed the first recognition of an early Meso-
zoic slab tearing process with robust geophysical and geological records indicating a segmentation in the Early 
Triassic-earliest Jurassic subduction system (Charrier et  al.,  2007; Espinoza et  al.,  2019; Oliveros, Creixell, 
et al., 2020; Rossel et al., 2020; Vásquez et al., 2011).

Here, we study the Late Triassic-Early Jurassic magmatic record present in the Chilean Coastal Cordillera 
between 34° and 37°S, which allows us to better understand the dimensions and effects of the early Mesozoic 
slab-tearing process in southwestern Pangea. There, a series of isolated epizonal high-silica plutons intruded 
metamorphic rocks from the Paleozoic crystalline basement during the Late Triassic-Early Jurassic (Charrier 
et al., 2007; Vásquez et al., 2011). According to Vásquez et al. (2011), these rocks were emplaced in the upper 
crust during two pulses that occurred at ∼225–200 Ma, and ∼210–197 Ma in a retreating subduction setting 
during upper plate extension. The interpretation of a subduction-related process in this area is based on the docu-
mentation of a magmatic arc-like geochemical signature in the igneous rocks and the claim of coeval accretionary 
prism activity in the Triassic (Vásquez et al., 2011). Nevertheless, we note a strikingly high proportion of high 
silicic magmas (>70 wt% SiO2) in these magmatic events, which is unexpected for subduction-related settings 
associated with thin upper plate crusts as those suggested in southwestern Pangea at this time (∼38 km at 210 Ma, 
Alasino et al., 2022). Also, some of the published geochronological controls for these rocks constraining the 
younger pulse of Late Triassic-Early Jurassic activity (∼210–197 Ma) are based on radiometric data that is either 
imprecise (Dávila et al., 1979; K-Ar data) or derived from the analysis of only few zircon grains with disparate 
dates (Vásquez et al., 2011), obscuring the timing of the tectonomagmatic process related to the genesis of this 
dominantly silicic magmatism. Therefore, additional geochemical, isotopic, and geochronological data are still 
needed to constrain the geodynamic setting of the Late Triassic-Early Jurassic igneous record in the Chilean 
Coastal Cordillera between 34° and 37°S.

In this study, we present a new set of SHRIMP U-Pb zircon age data, coupled with Lu-Hf and O isotope data for 
the same zircon grains and whole rock Sr-Nd-Pb isotopic and geochemical data for four Late Triassic granites 
between 34° and 37°S (Figure 1). This information, along with an additional tomotectonic analysis indicating a 
larger Late Triassic slab gap than previously acknowledged in the study area, provide key constraints to shed light 
on the timing, potential magmatic sources, and the geodynamic setting of the igneous activity in this key area of 
the southwestern margin of Pangea.

2.  Tectonic Framework of the Southwestern Pangea Margin Between 34° and 37°S
In Southern Central Chile, the Carboniferous—Early Permian Gondwanide Orogeny was associated with an accre-
tionary active margin, evidenced by remnants of an extensive subduction complex to the west, and a calc-alkaline 
magmatic arc to the east in the Coastal Cordillera (Hervé et al., 1988; Willner et al., 2005) (Figures 1a and 1b). 
The aforementioned subduction complex is composed of two voluminous parallel metamorphic units that can 
be traced almost uninterruptedly from 34° to 40°S (Hervé et  al.,  2013; Sernageomin,  2003). North of 38°S, 
geochronological studies carried out in these metamorphic rocks suggest some differences in the timing of depo-
sition and provenance of the sediments, but even when the two units do not record exactly the same source 
patterns, it is clear that both units record a predominance of Ordovician and Mesoproterozoic sources (Hervé 
et al., 2013; Willner et al., 2005). The onset of subduction-related late Paleozoic magmatism in southern-central 
Chile has been constrained, as slightly older than ∼320 Ma (Deckart et al., 2014). This magmatic event is repre-
sented by a series of calc-alkaline tonalite, diorite, and granite plutons, with crystallization ages clustering tightly 
at around 295–320 Ma (Deckart et al., 2014; Hervé et al., 1988; Lucassen et al., 2004). The magmatism is char-
acterized by a dominance of crustal recycling, likely associated with melting of the meta-sedimentary host rocks 
of the accretionary complex, with minor juvenile magmatic input (Deckart et al., 2014; Lucassen et al., 2004).

The transition from Gondwanide to Andean orogeny was characterized by significant changes in the tectonic 
configuration of the continental margin. The complete amalgamation of the Pangea supercontinent during 
Permian times and the related decrease in continental drift provided the kinematic and tectonic conditions for 
the subsequent gravitational collapse of the late Paleozoic Gondwanide Orogen (Franzese & Spalletti,  2001; 
Howell et al., 2005). During the Late Permian and Early Triassic, extensional reactivation of inherited Paleozoic 
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structures driving major crustal thinning took place in concert with extensive mesosilicic and silicic magmatic 
activity (e.g., del Rey et al., 2019; Franzese & Spalletti, 2001; Kay et al., 1989; Mpodozis & Kay, 1992). This 
tectonomagmatic stage has been recently related to the onset of a retreating subduction (del Rey et al., 2016, 2019; 
Oliveros, Creixell, et  al.,  2020) or as produced by a ∼2,800  km-wide slab break-off event that triggered the 
extrusion of slab failure magmatism of the Choiyoi silicic large igneous province and a regional dynamic uplift 
along the margin of at least 1 km (G. M. Gianni & Navarrete, 2022). Voluminous magmatic activity at this time 
was accentuated by high upper mantle temperatures associated with Pangea supercontinent thermal insulation 
(Kay, 1993; Kay et al., 1989).

The Andean subduction stage is defined by a non-accretionary margin that began in Mesozoic times, with 
episodes of subduction erosion, particularly in the northern part of the margin segment (e.g., Rutland, 1971). The 
Andean subduction-related magmatism occurred in various magmatic pulses clearly distinguishable from each 
other, that have chemical and isotopic compositions consistent with a marked imprint of juvenile components 
and only a minor crustal contribution (Alasino et al., 2022; Lucassen et al., 2004; Oliveros, Creixell, et al., 2020; 
Oliveros, Moreno-Yaeger, & Flores, 2020; Rossel et al., 2020). The transition between Gondwanic and Andean 
stages is manifested in the studied area (34°–40°S) by the presence of a series of outcrops related to the so 
called Pre-Andean cycle (sensu Charrier et al., 2007), represented by small discontinuous marine to continental 
extensional/transtensional sedimentary basins (Hervé et al., 1976), and few isolated epizonal granitic bodies that 

Figure 1.  Outcrops of Triassic and Jurassic intrusive and sedimentary rocks in the Coastal Cordillera between 34° and 37°S. (a) Distribution of Triassic igneous and 
volcano-sedimentary rocks in southern South America in present day coordinates modified after Oliveros, Creixell, et al. (2020). (b) Geological sketch map of late 
Paleozoic to Mesozoic geological units outlined after Vásquez et al. (2011) and references therein. Plotted radiometric data from early Mesozoic Igneous rocks is from: 
(1) Dávila et al. (1979), (2) Hervé et al. (1984), (3) Gana and Hervé (1983), (4) Willner et al. (2005) (5), Hervé and Munizaga (1978), (6) Vásquez et al. (2005), (7) 
Hervé et al. (1988), (8) Lucassen et al. (2004), (9) Vásquez et al. (2011), and (10) this work. Abbreviations: Amph: amphibole; Bt: biotite; WR: whole rock; Zrn: zircon. 
Triassic-Jurassic basin distribution and outcrops of the Southern Coastal Batholith after Sernageomin (2003).
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crop out a few kilometers immediately to the northwest of these basins (Figure 1b; Sernageomin, 2003; Vásquez 
et al., 2011). Concerning the plutonic activity at these latitudes, Vásquez et al. (2011) suggest that these bodies 
were emplaced during two pulses of activity, the first between ∼225 and ∼220 Ma that is associated with S 
and I type granites, whereas the second pulse took place between ∼210 and ∼197 Ma, and is linked to bimodal 
magmatism with some granitoids presenting anorogenic signatures. This compositional change is interpreted 
as resulting from a progressive shift in tectonomagmatic conditions during the transition from Gondwanide- to 
Andean-subduction stages. This process was characterized by a diminishing crustal influence in magma compo-
sitions as a result of the increase in fluid-induced mantle melting linked to the reactivation of the subduction and 
extensional conditions prevailing during this period (Charrier et al., 2007; Vásquez et al., 2011). These igneous 
rocks have subtle geochemical signatures consistent with subduction-related magmas from magmatic arcs (i.e., 
recording a Nb-Ta trough and having a positive Pb anomaly). From north to south, the granitic bodies are referred 
to as the La Estrella Granite, Pichilemu Granite, Constitución Granite, Cobquecura Granite, and Hualpén Stock 
(Figure 1).

3.  Samples and Methods
In order to characterize the Late Triassic-Early Jurassic units in detail, 20 samples were collected for petrographic 
analysis; 10 from the La Estrella Granite, six from the Constitución granite, and four from the Hualpén Stock. 
Additionally, previous information regarding main characteristics of studied units is compiled and presented 
for comparison in Table S1 in Supporting Information S1. The foliated gabbro from southern Cobquecura was 
sampled and analyzed in order to complement previous isotopic data from Vásquez et al. (2011), but these gabbro 
samples have not been studied petrographically. For more detailed analyses of these samples, we refer the reader 
to Vásquez and Franz (2008) and Vásquez et al. (2009). The Pichilemu granite was not included in our study [see 
data from Vásquez et al. (2011)].

Thin sections were prepared by Geochronos Ltda. and studied in the optical microscopy laboratories of the 
Universidad Andres Bello. Sixteen samples were selected to determine whole rock major and trace compositions. 
Nine of these whole rock samples were selected for Sr, Nd, and Pb analysis. Four samples were selected for 
SHRIMP U-Pb zircon geochronology and then O and Lu-Hf isotope determinations. Exact location of analyzed 
samples is included in Table S2 in Supporting Information S1. Major and trace element concentrations were 
determined using standard XRF and ICP-MS techniques at Activation Labs in Ontario, Canada (detailed results 
in Table S3 in Supporting Information S1), whereas Sr-Nd and Pb isotopic work was performed in the Radiogenic 
Isotope Facility at the University of Arizona. For Zircon O-Hf isotopic measurements and SHRIMP Geochronol-
ogy, zircon grains were separated and analyzed at the Research School of Earth Sciences (RSES/ANU), Austral-
ian National University using standard crushing, desliming, heavy liquid, and paramagnetic procedures. For more 
information regarding the analytical procedures see Table S4 in Supporting Information S1.

4.  Results
4.1.  Whole Rock Geochemistry

Main features of the analyzed samples are summarized in this section. For more detailed information see Table 
S3 in Supporting Information  S1. Overall, the SiO2 contents vary between 69.6% and 77.3%. Higher mean 
silica contents are observed in Hualpén Stock samples (74.7%), followed by La Estrella Granite (73.9%) and 
Constitución Granite (71.8%). Total alkalis for the studied units ranges between 9.0% and 6.7%, following the 
same trend as silica content with higher values in the Hualpén, followed by the La Estrella, and Constitución. 
Al2O3 contents vary between 12.3% and 14.8% with higher contents in the Constitución Granite, followed by the 
Hualpén Stock and La Estrella Granite. A clear negative correlation is observed between SiO2 versus Al2O3, FeOt, 
MgO, TiO2, CaO, and P2O5 for all units. All studied rocks are subalkaline and mostly peraluminous, with the 
exception of the samples of the La Estrella Granite that show a metaluminous character, with low Al2O3 (<12.5%) 
and K2O (<3.1%) in evolved and primitive samples, respectively. In terms of FeOt and MgO contents, all samples 
record FeOt/FeOt + MgO ratios between 0.97 and 0.78. A clear negative correlation is observed between SiO2 
and P2O5. LOI values for all the samples are below 1.1% showing a slightly inverse correlation with silica content.

Concerning minor and trace element concentrations, all measured samples show an enrichment of LILE over 
HFSE, Nb-Ta, Ti, Sr, and Eu, negative and positive Pb anomalies. Pronounced negative Ba and positive Cs 
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anomalies are observed in the Hualpén and Constitución granites, whereas for the La Estrella granite these are 
incipient. A systematic decoupling between Nb and Ta is observed, probably reflecting phyllosilicate fractiona-
tion (Lynen & Cuney, 2005; Stepanov et al., 2016). REE patterns show negative slopes with flat slopes in middle 
and heavy REE. Higher ∑REE is observed in the La Estrella granite samples, with Yb(n) values between 11 
and 60 times chondrite. Lower values are recognized in the Hualpén Stock, with Yb(n) values between 10 and 
15 times the chondrite. The Eu anomalies are much more pronounced in the Hualpén Stock, whereas similar in 
the La Estrella and Constitución granites, but less marked in the latter unit (for more information see Supporting 
Information S1).

4.2.  Sr-Nd and Pb Isotopes Ratios

The Sr–Nd–Pb isotope ratios of the studied samples are presented in Table 1 and are shown in Figure 2. Data were 
recalculated to an initial ratio at 215 Ma. The  87Sr/ 86Sr(i) ranges between 0.7055 and 0.7092, except for sample 
EST-05 which has an anomalously low value of 0.7012, which is not considered in the interpretation, since it is 
meaningless and probably reflects analytical errors (Table 1). The Constitución and Hualpén granites  samples 
record similar values between 0.7077 and 0.7092, whereas the La Estrella Granite has lower values of 0.7055 
and 0.7075, with EST-05 even lower at 0.7012. The εNd(i) values range between 2.5 and −5.1. As with the 
strontium initial ratios, the Constitución and Hualpén granites record similar values of −2.0 to −5.5 and −2.4 to 
−2.2, respectively, although the range is very restricted (−2.0 to −2.8) if one excludes the more evolved value for 
sample CON-04 (at −5.5). In contrast, the La Estrella Granite samples are far less evolved, with εNd(i) values of 
−1.2, 0.5 and 2.5. The latter elevated value corresponds to the sample with the anomalous  87Sr/ 86Sr(i) (EST-05). 
The Nd modal ages range between 0.72 and 3.90 Ga. with younger ages between 0.72 and 0.97 Ga for the La 
Estrella Granite and older values between 1.02 and 3.90 Ga for the Hualpén and Constitución granites.

The lead isotope ratios range from 18.77 to 19.26 for  206Pb/ 204Pb, 15.65 to 15.68 for  207Pb/ 204Pb and 38.76 to 
38.98 for  208Pb/ 204Pb. Higher  206Pb/ 204Pb and  207Pb/ 204Pb values are recorded by the Hualpén Stock samples, 
whereas the Constitución and La Estrella granites record similar lower values relative to the Hualpén Stock. The 
Constitución granite has marginally lower  206Pb/ 204Pb ratios compared to La Estrella granites.

4.3.  SHRIMP U-Pb Geochronology

Results for the four U-Pb dated granites are given in Table 2 and summarized in Figure 3. For more detailed 
information see Table S4 in Supporting Information S1.

4.3.1.  La Estrella Granite (EST-1)

The zircons from this sample are notably equant euhedral crystals that are mainly around 100 μm in length. 
Many grains are cracked or are fragments of euhedral zircon. Some have central cavities consistent with rapid 

Table 1 
Sr, Nd and Pb Isotopic Composition of Triassic Igneous Rocks in the Studied Units

Sample  87Sr/ 86Sr(0)  87Sr/ 86Sr(i) 2σ error  143Nd/ 144Nd(0)  143Nd/ 144Nd(i) eNd(0) eNd(i) 2σ error TDM  206Pb/ 204Pb  207Pb/ 204Pb  208Pb/ 204Pb

EST-05 0.7832 0.7012 0.0020 0.51268 0.51249 0.8 2.5 0.0007 0.72 18.81 15.65 38.82

EST-01 0.7515 0.7075 0.0044 0.51256 0.51239 −1.5 0.5 0.0007 0.84 18.86 15.66 38.91

RAP-03 0.7341 0.7055 0.0009 0.51247 0.5123 −3.2 −1.2 0.0012 0.97 18.9 15.66 38.98

CON-06B 0.7243 0.7081 0.0017 0.5124 0.51221 −4.7 −2.8 0.0008 1.17 18.77 15.66 38.78

CON-21 0.7283 0.7082 0.0008 0.51241 0.51223 −4.4 −2.6 0.0008 1.17 18.8 15.66 38.81

CON-04 0.7267 0.709 0.0015 0.51236 0.5121 −5.5 −5.1 0.0006 3.9 18.78 15.66 38.76

CON-06A 0.7265 0.7077 0.0013 0.51243 0.51226 −4.1 −2 0.0011 1.02 18.81 15.66 38.81

HUALP-08 0.8204 0.708 0.0028 0.51249 0.51224 −3 −2.4 0.0018 2.34 19.26 15.69 38.82

HUALP 03 0.8047 0.7092 0.0014 0.51246 0.51225 −3.5 −2.2 0.0009 1.42 19.13 15.68 38.76

Note. εNd values are calculated as deviations from a chondritic uniform reservoir in part per 104, using present-day values of 143Nd/144Nd  =  0.512638 and 
147Sm/144Nd = 0.1967 (Faure, 1986; Wasserburg et al., 1981). 2s error for  206Pb/ 204Pb: 0.003,  207Pb/ 204Pb: 0.0034, and  208Pb/ 204Pb: 0.0086. Ages of rocks are from 
dated samples.
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Figure 2.
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crystallization at a high crustal level. The CL images show simple zoned igneous internal structures, with little 
evidence for older inherited components within any single grain (Figure  3). Twenty-five grains have been 
analyzed (Table 2, Figure 3) and three analyses are significantly enriched in common Pb (grains 6, 17, and 21), 
they plot well above the Tera-Wasserburg concordia and so these are not considered meaningful analyses. Three 
grains record Permian  206Pb/ 238U ages between ∼275 and ∼300 Ma (grains 1, 2, and 11), with another recording 
a middle Triassic date of ∼235 Ma (grain 23). The remaining analyses form a simple bell-shaped age distri-
bution on a probability density plot of radiogenic  206Pb/ 238U ages, giving a weighted mean of 215.1 ± 1.4 Ma 
(MSWD = 1.13 for 17 analyses). Monzogranitic sample EST-1 from La Estrella Granite yielded a mean crystalli-
zation age of 215 ± 1.2 Ma on the base of 17 concordant zircons. This is interpreted as the time of zoned igneous 
zircon crystallization.

4.3.2.  Constitución Granite (CON-23)

The zircons from this sample are elongate euhedral crystals, some are prismatic, and others have a pyramidal 
termination. The grains are around 100–250 μm in length and some have worm-like central cavities commonly 
seen in high level to subvolcanic igneous rocks. Inclusions of apatite are also notable. The CL images show mainly 
length parallel zoning, with some oscillatory zoned grains (Figure 3). Twenty-five areas have been analyzed on 
22 zircon grains (Table 2, Figure 3). The two analyzes of grain 13 record anomalous older Ordovician  206Pb/ 238U 
ages of ∼455–470 Ma and this grain is either a contaminant or an extraneous inherited older component; it does 
not have a younger Triassic rim and so there is no clear evidence for it being an inherited zircon grain. Analysis 
of grain 5, and the central area to grain 18, record middle Triassic  206Pb/ 238U ages of ∼235 and 225 Ma, respec-
tively. Importantly, analysis of the zoned outer area to grain 18 records a  206Pb/ 238U age that is within uncertainty 
of the majority of the other zoned igneous areas analyzed, around 215 Ma. This provides clear evidence for 
slightly older inherited zircon components within the population. An enlarged probability density plot of radio-
genic  206Pb/ 238U ages shows a dominant age peak (Figure 3), with a slight skew to the younger age side. There is 
clear evidence for radiogenic Pb loss with the younger date recorded by grain 16. A weighted mean  206Pb/ 238U 
age for the dominant age grouping is 213.2 ± 1.3 Ma (MSWD = 1.06 for 19 analyses) and this constrains the time 
of igneous zircon crystallization.

4.3.3.  Cobquecura Granite (COB-GB)

The zircons from this gabbroic sample are elongate euhedral crystals, some with bipyramidal terminations, 
others prismatic or fractured parts of such grains. The grains range to at least 350  μm in length with many 
≥150 μm. Whilst some grains are clear under transmitted light, a few have elongate central cavities consistent 
with rapid crystallization. Twenty-two zircons have been analyzed (Table 2, Figure 3). All 22 areas analyzed 
yield concordant data as can be seen on the Tera-Wasserburg plot and form a simple bell shaped distribution of 
radiogenic  206Pb/ 238U ages (Figure 3). A weighted mean for all 22 analyses has no excess scatter (MSWD = 0.66) 
giving a  206Pb/ 238U age of 210.9 ± 1.3 Ma constraining the time of igneous zircon crystallization.

4.3.4.  Hualpén Stock (HUALP-04)

The zircons from this sample are elongate euhedral crystals, mainly prismatic in shape, but a few have a pyrami-
dal termination. The grains range to at least 300 μm in length; many are ≥100 μm. Under transmitted light, central 
cavities are prominent indicating rapid crystallization at a high crustal level. The CL images show predominantly 
length parallel zoning, with some oscillatory zoned areas (Figure 3). Twenty-six areas have been analyzed on 
25 zircon grains have been analyzed; although the analysis of grain 17 was not completed (Table 2, Figure 3). 
The area analyzed on grain 16 is significantly enriched in common Pb and has likely lost significant amounts of 
radiogenic Pb; it is not considered further. The majorities of the other areas analyzed are dominated by radiogenic 
Pb and form a prominent cluster, close to, or within uncertainty of the Tera-Wasserburg concordia (Figure 3). 
The analysis of grain 9 has younger  206Pb/ 238U age and it is likely that the area analyzed has also lost some radio-
genic Pb. Analyses of grains 13 and the central area to grain 21 record slightly older  206Pb/ 238U ages of ∼230 and 
∼235 Ma, respectively. Analysis of the zoned tip to grain 21 records a  206Pb/ 238U age that is within uncertainty of 

Figure 2.  Above is a diagram of  87Sr/ 86Sr versus ɛNd initial values from Upper Triassic Granites cropping out in Coastal Cordillera between 34° and 37°S. BSE: Bulk 
Silicate Earth. Ages corrected for in situ decay at 220 Ma. MORB is actually MORB corrected for in-situ decay considering 220 Ma. Below is a diagram of  207Pb/ 204Pb 
versus  206Pb/ 204Pb initial isotopic ratios for Upper Triassic Granites cropping out in Coastal Cordillera between 34° and 37°S. Regional Sub Continental Mantle, North 
Patagonian Batholith, Southern Coastal Batholith and Metamorphic basement fields after Lucassen et al. (2004). Active Southern Volcanic Zone Arc and Back Arc after 
Jacques et al. (2013).

 19449194, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022TC

007354 by U
niversity O

f A
rizona Library, W

iley O
nline Library on [09/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Tectonics

ROSSEL ET AL.

10.1029/2022TC007354

8 of 22

Table 2 
Summary of Oxygen and Lu-Hf Isotope Data for Zircon Spot Analyses

Analysis 
spot ID

Spot age 
(Ma) ±  18O/ 16O ±(10 −7) d 18O ‰ ±2σ  176Yb/ 177Hf  176Lu/ 177Hf  176Hf/ 177Hf ±(10 −6) e Hf (0) eHf (i) ±2σ

tDM2 
(Ga)

EST-1

  1.1 279.1 3.6 0.0020456 2 5.165 0.36 0.05590 0.001788 0.282657 41 −4.53 1.35 1.45 1.13

  2.1 299.4 3.7 0.0020462 2 5.459 0.36 0.03300 0.001134 0.282538 43 −8.73 −2.30 1.52 1.38

  3.1 216.1 2.5 0.0020446 2 4.646 0.37 0.05310 0.001685 0.282729 42 −1.98 2.58 1.49 1.00

  4.1 218.8 2.9 0.0020443 2 4.508 0.35 0.03181 0.001014 0.282725 29 −2.12 2.60 1.03 1.00

  5.1 210.4 2.3 0.0020429 2 3.838 0.33 0.08250 0.002465 0.282694 79 −3.22 1.12 2.79 1.09

  6.1 197.2 2.4 0.0020442 2 4.446 0.37 0.06870 0.002170 0.282731 59 −1.91 2.19 2.09 1.01

  7.1 212.9 2.4 0.0020435 2 4.122 0.34 0.07030 0.002336 0.282706 51 −2.79 1.61 1.80 1.06

  8.1 213.6 3.1 0.0020439 2 4.322 0.36 0.04650 0.001503 0.282730 38 −1.94 2.59 1.34 1.00

  9.1 222.3 2.6 0.0020432 3 3.988 0.39 0.06800 0.002172 0.282742 39 −1.52 3.10 1.38 0.97

  10.1 208.4 2.3 0.0020441 2 4.404 0.34 0.07850 0.002580 0.282761 47 −0.85 3.43 1.66 0.94

  11.1 273.4 4.0 0.0020475 2 6.075 0.36 0.05200 0.001827 0.282589 37 −6.93 −1.18 1.31 1.28

  12.1 212.1 2.5 0.0020452 2 4.980 0.37 0.09150 0.002960 0.282744 52 −1.45 2.85 1.84 0.98

  13.1 214.9 2.9 0.0020443 3 4.508 0.39 0.05190 0.001840 0.282725 85 −2.12 2.40 3.01 1.01

  14.1 212.8 2.4 0.0020431 3 3.913 0.44 0.06580 0.002080 0.282707 68 −2.76 1.68 2.41 1.06

  15.1 208.5 2.4 0.0020421 2 3.442 0.37 0.06420 0.002050 0.282690 74 −3.36 0.99 2.62 1.10

  16.1 214.6 2.3 0.0020440 2 4.378 0.38 0.11900 0.003460 0.282763 100 −0.78 3.50 3.54 0.94

  17.1 217.2 3.4 0.0020446 2 4.671 0.37 0.04150 0.001340 0.282741 35 −1.56 3.08 1.24 0.97

  18.1 214.1 2.8 0.0020437 3 4.236 0.40 0.03502 0.001146 0.282661 68 −4.38 0.21 2.41 1.15

CON-23

  1.1 211.6 2.5 0.0020515 2 8.059 0.36 0.05600 0.001940 0.282716 51 −2.44 1.99 1.80 1.03

  2.1 213.7 2.5 0.0020520 2 8.265 0.37 0.03390 0.001095 0.282766 44 −0.67 3.92 1.56 0.91

  3.1 215.6 2.3 0.0020520 2 8.258 0.38 0.11240 0.003540 0.282720 64 −2.30 1.99 2.26 1.04

  4.1 216.3 2.5 0.0020513 2 7.952 0.38 0.08780 0.002760 0.282763 46 −0.78 3.64 1.63 0.93

  5.1 235.3 2.9 0.0020506 3 7.600 0.42 0.05940 0.001950 0.282748 64 −1.31 3.62 2.26 0.95

  6.1 207.4 2.7 0.0020530 3 8.753 0.39 0.03120 0.001120 0.282684 50 −3.57 0.89 1.77 1.10

  7.1 213.3 3.5 0.0020508 2 7.685 0.35 0.01921 0.000676 0.282718 61 −2.37 2.28 2.16 1.02

  8.1 208.7 2.3 0.0020522 2 8.368 0.38 0.05780 0.001846 0.282735 37 −1.77 2.62 1.31 0.99

  9.1 205.5 2.4 0.0020518 2 8.164 0.37 0.06490 0.002000 0.282770 45 −0.53 3.77 1.59 0.92

  10.1 215.7 2.9 0.0020511 2 7.863 0.38 0.03550 0.001143 0.282708 54 −2.72 1.91 1.91 1.04

  11.1 209.8 2.2 0.0020524 3 8.485 0.39

  12.1 214.5 2.4 0.0020517 2 8.111 0.38

  13.1 468.2 5.1 0.0020512 2 7.904 0.37 0.05270 0.001870 0.282341 47 −15.70 −5.86 1.66 1.73

  14.1 212.2 2.4 0.0020527 3 8.613 0.40 0.04960 0.001470 0.282742 89 −1.52 2.99 3.15 0.97

  15.1 212.3 3.3 0.0020532 2 8.846 0.37 0.04070 0.001320 0.282606 93 −6.33 −1.80 3.29 1.28

  16.1 199.5 2.3 0.0020507 2 7.666 0.38 0.05440 0.001817 0.282707 46 −2.76 1.44 1.63 1.06

  17.1 214.4 2.6 0.0020511 2 7.863 0.37 0.05250 0.001776 0.282746 55 −1.38 3.14 1.95 0.96

  18.1 223.3 2.5 0.0020527 2 8.617 0.37

COB-GB

  1.1 209.7 2.2 0.0020424 4 6.278 0.51 0.24820 0.006219 0.282974 65 6.68 10.49 2.30 0.49

  2.1 210.8 2.2 0.0020424 2 6.304 0.37 0.22970 0.005653 0.282912 57 4.49 8.39 2.02 0.63

  3.1 212.9 2.2 0.0020425 3 6.330 0.39 0.22390 0.005821 0.282931 49 5.16 9.08 1.73 0.58
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the main grouping and this provides clear evidence for the presence of slightly older middle Triassic inheritance. 
A weighted mean for the remaining 21 analyses has no excess scatter (MSWD = 0.80) giving a  206Pb/ 238U age of 
218.8 ± 1.2 Ma and thereby constraining the time of igneous zircon crystallization.

4.4.  O and Lu-Hf Isotope Data

The O and Lu-Hf isotopic data is presented in Table 2 and summarized in Figure 4. Measured δ 18O values range 
from 3.2‰ to 9.2‰ with values at the lower end below those recorded by mantle zircons and those at the upper 

Table 2 
Continued

Analysis 
spot ID

Spot age 
(Ma) ±  18O/ 16O ±(10 −7) d 18O ‰ ±2σ  176Yb/ 177Hf  176Lu/ 177Hf  176Hf/ 177Hf ±(10 −6) e Hf (0) eHf (i) ±2σ

tDM2 
(Ga)

  6.1 210.9 3.2 0.0020418 5 6.022 0.57 0.23730 0.005970 0.282936 53 5.34 9.20 1.88 0.58

  7.1 213.9 2.2 0.0020421 2 6.159 0.35 0.26119 0.006708 0.283006 48 7.81 11.63 1.70 0.42

  8.1 209.4 2.1 0.0020426 3 6.376 0.41 0.23760 0.005867 0.282955 53 6.01 9.86 1.88 0.53

  10.1 209.3 2.2 0.0020422 3 6.188 0.41 0.19850 0.005086 0.282908 49 4.35 8.30 1.73 0.63

  11.1 211.9 2.2 0.0020425 5 6.340 0.57 0.29460 0.007500 0.282952 63 5.90 9.57 2.23 0.55

  12.1 211.0 2.2 0.0020423 3 6.265 0.38 0.18560 0.004703 0.282913 51 4.53 8.56 1.80 0.62

  13.1 209.5 2.2 0.0020426 3 6.379 0.40 0.24110 0.006225 0.282964 53 6.33 10.13 1.88 0.52

  15.1 210.7 2.2 0.0020421 2 6.146 0.37 0.22440 0.005602 0.282929 50 5.09 9.00 1.77 0.59

  16.1 209.8 2.2 0.0020425 3 6.336 0.44 0.20370 0.005240 0.282917 50 4.67 8.61 1.77 0.61

  17.1 211.2 2.2 0.0020421 2 6.156 0.37 0.24740 0.006237 0.282975 50 6.72 10.55 1.77 0.49

  19.1 210.8 2.2 0.0020435 3 6.849 0.43 0.20480 0.005249 0.282922 55 4.84 8.80 1.95 0.60

  20.1 213.7 2.2 0.0020425 3 6.348 0.40 0.17600 0.004508 0.282864 39 2.79 6.91 1.38 0.72

  22.1 210.6 2.2 0.0020435 4 6.857 0.52 0.28300 0.006978 0.282944 55 5.62 9.33 1.95 0.57

HUALP-04

  1.1 218.5 2.6 0.0020501 2 7.345 0.38 0.09830 0.003440 0.282689 45 −3.39 0.97 1.59 1.11

  2.1 218.3 2.4 0.0020511 3 7.825 0.39

  3.1 219.9 2.3 0.0020526 2 8.566 0.37 0.07140 0.002450 0.282712 53 −2.58 1.95 1.88 1.04

  4.1 219.7 2.5 0.0020500 2 7.279 0.35

  5.1 218.8 2.4 0.0020495 3 7.051 0.40

  6.1 220.6 2.3 0.0020516 2 8.074 0.36

  7.1 218.0 2.3 0.0020519 2 8.211 0.34

  8.1 216.5 2.3 0.0020521 2 8.351 0.38 0.12170 0.004035 0.282743 52 −1.49 2.75 1.84 0.99

  9.1 210.4 2.2 0.0020526 2 8.552 0.36

  10.1 219.0 2.4 0.0020505 2 7.546 0.35

  11.1 215.1 2.3 0.0020515 2 8.017 0.36

  12.1 215.6 2.3 0.0020526 2 8.598 0.38 0.09920 0.003200 0.282713 73 −2.55 1.79 2.58 1.05

  13.1 229.0 2.6 0.0020496 3 7.126 0.40

  14.1 220.3 2.3 0.0020524 2 8.494 0.37

  15.1 217.7 2.5 0.0020502 3 7.400 0.39 0.08240 0.002847 0.282729 72 −1.98 2.45 2.55 1.01

  16.1 172.2 2.3 0.0020514 2 7.992 0.36

  17.1 218.8 1.2 0.0020538 2 9.153 0.33

  18.1 220.7 2.4 0.0020517 3 8.124 0.45 0.03980 0.001346 0.282757 49 −0.99 3.72 1.73 0.93

Note. Oxygen isotope ratios normalized relative to FC1 = 5.61‰.  176Lu decay constant of 1.865 × 10 –11 (Soderlund et al., 2004).  176Hf/ 177Hf and  176Lu/ 177Hf of 
CHUR values of 0.282785 and 0.0336 (Bouvier et al., 2008). Present day depleted mantle values of  176Hf/ 177Hf and  176Lu/ 177Hf of 0.283225 and 0.0385 (Vervoort & 
Blichert-Toft, 1999) and the bulk earth  176Lu/ 177Hf value of 0.015 (Goodge & Vervoort, 2006). Italic values are the name of each analized sample.
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end with values indicative of magmatic zircon derived from sedimentary source(s) (Table 2). In detail, the La 
Estrella Granite values range from 3.4‰ to 6.1‰, with most values between ∼3.9‰ and ∼5.5‰; the median 
value is 4.4‰. The Constitución and Hualpén samples record higher δ 18O values between 7.1‰ and 9.2‰ with 
median values of 8.14‰ and 8.05‰, respectively. In contrast, the Cobquecura gabbro records a notably restricted 

Figure 3.  Obtained SHRIMP U\Pb geochronological data from studied Upper Triassic Granites in the Chilean Coastal cordillera between 34° and 37°S.
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range of intermediate δ 18O values, between 6.0‰ and 6.9‰, with a median 
value of 6.3‰. This is just above that recorded by mantle zircons.

Overall, the calculated initial εHf(i) values also show a broad range from 
−2.3 to +11.6 (Table 2, Figure 4). Unfortunately, not all the zircon grains 
analyzed for O isotopes were able to withstand the rigors of the laser Hf 
analyses. This is particularly the case for the Hualpén zircon grains with only 
6 completed analyses. Those record a relatively restricted range from around 
+1.0 to +3.7 (Table 2). The La Estrella and Constitución samples also record 
similar, relatively narrow ranges of initial Hf ratios between −2.3 and + 2.5, 
and −1.8 and + 3.9, respectively. Zircons from the Cobquecura gabbro have 
more radiogenic initial Hf ratios, ranging from +6.9 to +11.6, although most 
are between +8.3 and +10.6 (Table 2). Contemporary depleted mantle would 
be around +14.9.

5.  Discussion
5.1.  Geochronological Constraints on Late Triassic Magmatism in 
South-Central Chile

The new geochemical, isotopic, and geochronological data from Upper 
Triassic granitoids of the Coastal Cordillera of Central Chile (34°–37°S) 
allow further insights into their timing and origin. Concerning the previ-
ous geochronological constraints in these rocks, Vásquez et  al.  (2011), 
suggested two distinct pulses of igneous activity. The first, associated 
with the intrusion of S to S/I-type granites of the Pichilemu, Constitución, 
and Hualpén granitoids, between ∼225 and 220 Ma, whereas the second 
pulse was related to the intrusion of A-Type granites of the La Estrella 
and Cobquecura granitoids, between ∼210 and 197  Ma. According to 
Vásquez et al. (2011), the origin of the Late Triassic magmatism is related 
to a retreating subduction regime involving oblique subduction, with a 
∼210–197-Ma episode of slab steepening, in which successive changes in 
composition were related to the progressive thinning of the upper-plate. 
Nevertheless, as mentioned before, the geochronological data used to 
constrain the younger magmatic pulse is rather unreliable. The new ages 
presented here indicate that the Late Triassic magmatic activity occurred 
in a single, relatively short-lived event, ranging from approximately 220 to 
210 Ma, which is consistent with most of the geochronological data avail-
able in the area (Figure 5).

Sixteen of the 19 available ages overlap within the analytical uncertainty 
of this age range. These updated geochronological constraints require a 
reconsideration of the current tectonomagmatic model since a wide spec-
trum of compositions should be generated in a rather short areal and 
temporal window. Although most of the measured grains reflect a consist-
ent and concordant crystallization age for all the studied units, there is a 
small but consistent presence of slightly older zircons with ages ranging 
between 220 and 235 Ma in high-silica samples. This is consistent with 
main crystallization ages recognized in some granitic bodies of north-
ern Chile (Coloma et al., 2017; Hervé et al., 2014; Maksaev et al., 2014; 
Mpodozis & Kay, 1992), and could reflect that early stages of rifting and 
magmatism observed in northern Chile (Ramos & Kay, 1991) also took 
place at these latitudes, and that related early igneous rocks were partially 
assimilated by the younger pulse at 210–220 Ma.

Figure 4.  Age (Ma) verssus (a) δ 18O and (b) εHf(i) diagram. (c) Initial εHf 
versus δ 18O diagram. Fields after (a) Famatinan Magmatism of Sierras 
Pampeanas (Rapela et al., 2018). (b) Coastal Batholith (Deckart et al., 2014). 
(c) Permian Frontal Andes Batholith (Hervé et al., 2014). (d) Frontal 
Cordillera and Precordillera in Argentina (Poole et al., 2020). (e) Frontal 
Andes Batholith (Del Rey et al., 2016). (f and g) Triassic Frontal Andes 
Batholith (Hervé et al., 2014).
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5.2.  Petrogenesis of the Late Triassic Granitoids on South-Central Chile

Vásquez et al. (2011) interpreted a subduction-related origin for the Late Triassic granitoids based on two argu-
able lines of evidence. First, they recognized a subduction-related signature in these rocks as documented by a 
Nb-Ta trough and a positive Pb anomaly. Second, these authors favored an ongoing subduction process in the Late 
Triassic by claiming the existence of an active accretionary prism at this time. Nevertheless, subduction-related 
geochemical signatures could also be entirely inherited (e.g., Richards, 2009), especially considering the high 
amount of highly evolved rocks in the area. This could be expected for rocks produced by melting metasoma-
tized sublithospheric mantle or continental crust (e.g., van Hinsbergen et al., 2020 and references therein). Most 
importantly, at present, there is no evidence of an Upper Triassic accretionary complex in this sector of the plate 
margin as suggested by Vásquez et al. (2011) to support ongoing subduction beneath the study area coeval to 
the magmatic activity. Indeed, as the Late Triassic magmatism intruded the late Paleozoic accretionary prism, it 
was considered by Willner et al. (2005) as the geological manifestation of the ending of the accretionary process 
at these latitudes. Therefore, an origin related to a typical subduction system for the Late Triassic-Early Jurassic 
granitoids in the study area is at least questionable.

One of the most striking features of the Late Triassic magmatism of Southern Central Chile is the marked domi-
nance of highly evolved rocks generated under extensional conditions (e.g., Charrier, 1979; Vásquez et al., 2011), 
which is not only observed for the granitic units studied here, but also for volcanic counterparts recognized in 
spatially related sedimentary basins (Figure 1b; Hervé et al., 1976). This high proportion of rhyolitic/granitic 
compositions contrasts the results presented by Oliveros, Creixell, et al. (2020) in northern Chile, where a signif-
icant volume of intermediate to mafic rocks has been documented, consistent with a typical subduction-related 
environment.

The contrasting nature of contemporaneous igneous units along the Western Margin of Pangea is still not 
completely understood. As argued in the following subsections, we suggest that the change in magma compo-
sition likely indicates the existence of a north-south segmentation in the early Mesozoic process of magma-
genesis. Moreover, the dominance of εNd values in the proximities of contemporaneous CHUR compositions, 
lead isotopic values systematically more enriched than subcontinental mantle values in almost all studied units 
(Figure 2), and consistent Mesoproterozoic Nd and Hf modal ages suggest a significant participation of an anatec-
tic process (Guo et al., 2021; Zhao et al., 2021) in the formation of the Upper Triassic units cropping out between 
34° and 37°S. However, given the dominance of positive εHf(i) values and the non-highly radiogenic Sr and Nd 

Figure 5.  Compiled Geochronology for Upper Triassic granites in the studied area. Gray area between 220 and 210 Ma 
shows that most of the data overlaps in this time span. References in the main text.
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isotopic compositions of the majority of the studied samples (Figure 2) it is clear also that mantle melting was an 
important counterpart in the genesis of the granites as crustal melts tend to show more enriched isotopic signa-
tures (Antunes et al., 2008; Appleby et al., 2010; Siebel & Chen, 2009).

5.2.1.  Peraluminous Granites of Constitución and Hualpén

These units are characterized by high elemental Cs (10–24 ppm) and Pb (25–37 ppm) concentrations and highly 
enriched Sr, Nd, and Pb isotopic ratios, especially in samples from the Hualpén granite. The close to CHUR εHf(i) 
values and O isotopic ratios systematically over seven in measured zircons of these units suggest a major involve-
ment of continental crust in the genesis of the magmas (Figure 4). These are common features for S-type granites 
that usually result from melting metapelitic sediments at middle/lower crustal levels (Chappell & White, 1974; 
Zhu et al., 2020). Also, this is consistent with the geological relation of the peraluminous granites, intruding 
the metapelitic rocks of the Paired Metamorphic Belt of Southern Central Chile (Hervé et  al.,  1988,  2013), 
and with the presence of few pelitic xenoliths recognized in rocks of Hualpen Stock (Figure S1f in Supporting 
Information S1).

Discrimination diagrams show that the Hualpén and Constitución granites plot in the S- and S/I- Type granites 
field, respectively, and define a trend in the syn-collisional granites field, which is more evident in the Hualpén 
igneous rocks (Figures 6a–6c). The Pb versus Ba diagram of Finger and Schiller (2012) indicates affinities with 
hot granites for these rocks, implying partial melting of a pelitic assemblage composed by Bt + Sil + Qz + Pg or 
Bt + Qz + Pl (Le Breton & Thompson, 1988; Vielzeuf & Holloway, 1988; Vielzeuf & Montel, 1994) (Figure 6d). 
Considering the observed mineralogical features of the metamorphic basement in the study area (Willner 
et al., 2005), the former is the most likely source. Cold granites usually do not segregate from the source area 
given the small amount of partial melting induced at low temperatures; if they do so, tectonic squeezing is needed 
to facilitate their ascent to higher crustal levels (Finger & Schiller,  2012). The latter is not compatible with 
geological observations in the study area, considering the dominantly extensional conditions prevailing in the 
crust during the Late Triassic in southwestern Pangea.

Considering the above, the total area of exposure of Constitucion granite, the presence of local mingling 
with less evolved magmas, it is possible to infer that peraluminous granites of Constitucion are the result of 
20%–40% of partial melting of a metapelitic biotite bearing middle/lower crust (Clemens & Vielzeuf,  1987; 
Stevens et al., 1997). This anatectic process could be induced, and compositionally influenced, by mafic magmas 
underplated at the base of the crust (Zhou et al., 2021) as a result of adiabatic melting of the asthenospheric 
mantle in response to generalized extensional conditions that rule the margin during the Late Triassic (Charrier 
et al., 2007). This scenario explains the “hot nature” of Constitución granite, the Sr and Nd isotopic signature of 
some samples in an intermediate position between the Paleozoic Basement and the sub-lithospheric mantle and 
the systematically positive εHf(i) values of the samples of these units (Figure 2). In this context, the leucocratic 
granites of Hualpén would represent a less mantle-influenced portion of the anatectic melts since they show 
higher isotopic lead enrichment (Figure 2). These magmas probably reached higher crustal levels, as suggested 
by zircon morphologies (Figure 3) and field observations that indicate a higher proportion of miarolitic cavities 
in the Hualpén stock (Figure S1 in Supporting Information S1).

5.2.2.  The Cobquecura Gabbros

Bimodal magmatism of Cobquecura area was interpreted by Vásquez et al. (2009) as a mixture of MORB-like 
melted subcontinental mantle and Paleozoic middle continental crust on the basis of geochemical and Sr-Nd and 
Pb whole rock isotopic data. According to these authors, this hybrid magma resulted from the assimilation of a 
thinned continental crust by partial melts generated during slab retreat and subsequent asthenospheric upwelling. 
Concerning the genesis of Gabbroic rocks from the Cobquecura area, Vásquez et al. (2009) indicate arc affinities 
for the mafic magmas and isotopic similarities between subcontinental mantle and less evolved gabbronoritic 
samples and a crustal contribution was observed in the slightly evolved gabbroic rocks. The Sr, Nd, Pb, O, and 
Hf isotopic data presented here agrees with these findings and confirms the existence of a slight crustal influence 
for the gabbroic portion (Figures 2 and 4), suggesting that crustal signatures in this portion of the magmatic suite 
were possibly related to early assimilation events in the hot zone (sensu Annen et al., 2006).

5.2.3.  La Estrella Granite

High-alkali and silica contents, CHUR-like Sr and Nd isotope ratios, and especially, low δ 18O isotopic values 
(lower than the mantle zircon isotopic composition, Valley et al., 2005) suggest that these granitic magmas are 
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not typical anatectic products derived from melting of a granulitic continental lower crust (Collins et al., 1982). 
According to Vásquez et al. (2006, 2011), these rocks reflect reducing conditions related to an anorogenic envi-
ronment. However, they do not specify the associated petrogenetic process responsible for the genesis of these 
magmas. Reducing and dominantly anhydrous conditions in contrast to the other units studied in this work could 
reflect differences in the source of the magmas. This is consistent with the inland position of La Estrella granite 
and the emplacement in Paleozoic granitic rocks (Figure 1b). Contrary to peraluminous rocks of Constitución 
and Hualpen, these rocks probably do not result from melting of pelitic sources but from former granitic arc base-
ments, likely melted and mixed with underplated asthenospheric basaltic magmas resulting from rifting condi-
tions in the area. Troch et al. (2020) indicate that low δ 18O values in highly silicic rocks are commonly related to 
rifting events, where the upper to middle crust is hydrothermally altered at high temperatures (350°C–400°C) and 
subsequently melted by subsequent magmatic pulses (Guo et al., 2019; Troch et al., 2020). Thus, mineralogical, 
chemical, and isotopic characteristics of the La Estrella Granite, point to an anorogenic rift-related setting linked 
to the prolonged extensional conditions that prevailed in the southwestern Pangea margin since the mid-Permian 

Figure 6.  Discriminant diagrams for studied samples. (a) Al/CNK versus Al/NK (Shand, 1947). (b) Ga/Al versus Zr (Whalen et al., 1987). (c) Ta + Yb versus Rb 
(Pearce et al., 1984). (d) Pb versus Ba (Finger & Schiller, 2012).

 19449194, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022TC

007354 by U
niversity O

f A
rizona Library, W

iley O
nline Library on [09/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Tectonics

ROSSEL ET AL.

10.1029/2022TC007354

15 of 22

(Ramos & Kay, 1991). The presence of discrete populations of Permian and Late Triassic zircon grains in sample 
EST-1 (Figure  3) is consistent with this hypothesis, suggesting that older frozen pulses of magmatism were 
continuously influenced, hydrothermally altered, and partially recycled during this and previous rifting episodes 
that are best recognized in northern areas of the margin (Mpodozis & Kay, 1992).

5.3.  A New Tectonomagmatic Model and Tectonic Implications for the Late Triassic in South-Central 
Chile

As mentioned above, petrogenetic conditions associated with the Late Triassic Granites of Central Chile indicate 
a mixture of crustal and asthenospheric melts. Considering the high dominance of subduction-derived rocks in 
pre-Andean basement (e.g., Deckart et al., 2014), the possibility of geochemical inheritance of arc-like signatures 
in the Late Triassic granites should be seriously considered. Similarly feasible, is adiabatic melting of previously 
subduction-modified (metasomatized) mantle (e.g., Richards, 2009; van Hinsbergen et  al.,  2020) beneath the 
study area caused by asthenospheric upwelling and plate margin extension. Furthermore, the lack of a coeval 
accretionary prism hampers suggesting a straightforward link to a subduction setting at these latitudes as previ-
ously suggested. Also, the anomalous isotopic characteristics and the anorogenic nature of the La Estrella granite 
are not easily reconciled with a typical subduction environment. An alternative hypothesis attuned with these 
observations, and with the along-strike segmentation in magma composition observed from northern Chile to the 
study area, is the formation of a Late Triassic-Early Jurassic slab gap (G. Gianni et al., 2019; Rossel et al., 2020) 
(Figure 7). This explanation was suggested based on two different lines of evidence: (a) one on the surface, linked 
to the presence of anomalous magmatism and metamorphism in the intraplate Neuquén basin compatible with 
slab-tearing settings (Figure 1a), and the other (b) on the mantle, where seismic tomography data indicated the 
existence of a relict slab gap at mid-to-lower mantle depths (G. Gianni et al., 2019; Rossel et al., 2020; Suárez & 
González, 2018) (Figure 7). However, a tectonomagmatic plate margin record of this slab tearing event has not 
been documented so far. This record is important because documentation of near-margin magmatism provides 
the most reliable indicator of slab gap formation in active margins (De Long et  al.,  1979; G. M. Gianni & 
Luján, 2021; Groome & Thorkelson, 2009; Marshak & Karig, 1977; Sisson et al., 2003, for a recent synthesis).

A tomotectonic analysis linking the mantle structure corresponding to the Late Triassic subducted slab configura-
tions with the plate margin area analyzed in this study shed light into the possible origin of the ∼220–210 Ma gran-
ites. This tomotectonic analysis shows a high-velocity vote map stacking 24 global seismic tomography models 
at 2,100 and 1,700 km (Figure 7a), representing the distribution of subducted lithosphere at ∼210 and 170 Ma, 
respectively (high-vote count areas) considering an average lower mantle slab sinking rate of 1 cm/yr, which is 
identical to optimal values determined in previous studies (e.g., G. Gianni et al., 2019; Sigloch & Mihalynuk, 2013) 
(see Supporting Information S1 for further details on tomotectonic analysis methods and seismic tomography 
models used). Vote maps allow a straightforward comparison across analyzed global seismic tomography models 
and high-vote count areas allow the detection of reliable high-velocity zones commonly interpreted as subducted 
slabs (Shephard et al., 2017). To link the southwestern Pangea plate margin in the Late Triassic with the mantle 
slab records examined in vote maps, we overlapped the Paleozoic-Mesozoic plate-kinematic reconstruction of 
Mathews et al. (2016) (see Supporting Information S1 for further details). This analysis confirms a spatial coin-
cidence of the reconstructed southwestern margin of Pangea (Mathews et al., 2016) and a fringe of subducted 
slabs indicated by high-vote counts (Figure 7). Most importantly, this analysis highlights a major discontinuity 
in the high-vote count fringe coinciding with the reconstructed position of the study area, which was previously 
interpreted as a Late Triassic slab gap (G. Gianni et al., 2019) (Figure 7). Notably, our new analysis including a 
large number of seismic tomography models allow us to detect a slab gap covering a more extensive area than 
previously acknowledged (G. Gianni et al., 2019; Rossel et al., 2020). This subduction discontinuity was later 
recovered in the Jurassic as illustrated by our tomotectonic reconstruction at 170 Ma depicting high vote counts at 
1,700 km that indicate mid-Late Jurassic slab material beneath the study area (Figure 7). We propose that the hot 
asthenosphere welling up through the slab gap suggested in previous studies not only impacted the intraplate area 
in the Neuquén Basin (G. Gianni et al., 2019; Rossel et al., 2020), but also the plate margin area coinciding with 
the current Coastal Cordillera of Central Chile (Figure 7). The slab-tearing would have triggered asthenospheric 
upwelling (e.g., Rosenbaum et al., 2008; Schellart, 2010) that decompressed a formerly metasomatized mantle 
source producing basaltic underplating beneath the near-trench plate margin. The latter would have caused partial 
melting of the metasedimentary Paleozoic subduction complexes and mixed with it to produce high-silica S/I- 
and S-Type granites of the Constitución and Hualpén and anorogenic granitoids of the Cobquecura area. During 
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this process, melting of continental forearc crust that suffered previous hydrothermal alteration at high tempera-
tures along with metasomatized asthenospheric mantle could have jointly generated high-silica magmas with low 
δ 18O (Guo et al., 2019), high isotopic lead values and CHUR-like  87Sr/ 86Sr and  143Nd/ 144Nd ratios, that would 
have evolved into the La Estrella Granite (Figures 2 and 4). This process could explain subtle subduction-related 

Figure 7.
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geochemical signatures in the Late Triassic granitoids as resulting from geochemical inheritance caused by the 
melting of metasedimentary and/or crystalline basements with arc signatures in an anomalous subduction-related 
scenario. In this context, it is also possible to reinterpret, mantle-derived magmas from the Cobquecura area with 
subtle magmatic arc geochemical signatures as produced by decompression melting of a previously metasoma-
tized mantle wedge, as recently documented in the Papua New Guinea belt (van Hinsbergen et al., 2020), during 
slab tear-related mantle upwelling (Schellart, 2010).

We suggest that the Late Triassic magmatism of Southern Central Chile is the western plate-margin counter-
part of the slab tear-related magmatism in the intraplate Neuquén Basin previously documented by Gianni 
et al. (2019) and Rossel et al. (2020) (Figure 1a). Therefore, we propose an origin for the analyzed granitoids 
directly related to the Late Triassic slab tear and suggest that the observed compositional heterogeneities are 
the result of a series of tectonomagmatic processes triggered by this major geodynamic event. The rupture and 
subsequent slab retreat of the slab to the north, would have generated a NNE to SSW tensional regime for early 
depocenters of the Neuquén and Colorado basin (G. Gianni et al., 2019; Hernández et al., 2021). Plate margin 
extension in the study area is evidenced by the documentation of a series of extensional Upper Triassic NW-SE 
to NNW-SSE-oriented depocenters (Charrier et al., 2007; Hervé et al., 1976), which are spatially related to the 
anorogenic magmatism analyzed in this study (Hervé et al., 1976; Vásquez & Franz, 2008) (Figure 1b). The fact 
that Late Triassic intraplate extension and the associated magmatism in the Neuquén basin are closely related in 
time and space with the tectonomagmatic events in the study area in the westernmost plate margin area indicates 
a common origin directly linked to major changes in the subduction zone at this time. Hence, convergent margin 
processes may have not been a second-order process in the tectonic evolution of the southwestern Pangea margin 
as recently suggested by Fennell et al. (2020). By following Navarrete et al. (2019), Fennell et al. (2020) suggested 
that intraplate extension east of the study area in the Neuquén basin was related to the N-S absolute motion of 
Gondwana in the Early Jurassic. Nevertheless, this hypothesis does not explain the finding of slab-tear-related 
magmatism in the synrift basin infill (G. Gianni et al., 2019; Rossel et al., 2020). Instead, we suggest that the 
fortuitous co-occurrence of major changes in the convergent margin and the absolute upper-plate motion away 
from the trench, likely acting on a weak structural template inherited from the Gondwanic orogeny, would have 
jointly acted to drive intense magmatic activity and extensional deformation in this area of southwestern Pangea.

Slab-tearing processes are relatively easier to document in Cenozoic convergent margins, where the upper-plate 
record is largely preserved, and geophysical tools illuminate segmentations and related slab gaps while still 
subducting in the upper mantle (e.g., Govers & Wortel, 2005; Rosenbaum et al., 2008, 2019). However, gath-
ering such key information from ancient convergent margins, where the geological record is often incomplete 
and ancient slabs are now deeply subducted, is challenging. With the now complete upper plate record of the 
slab-tearing event, spanning the plate margin (this study) to the intraplate area (G. Gianni et al., 2019; Rossel 
et al., 2020), along with the confirmation of a lower mantle slab gap, the Late Triassic slab-tear event in the south-
western margin of Pangea is undoubtedly the most robustly constrained pre-Cenozoic slab tearing-process so far.

6.  Conclusion
The Late Triassic intrusive activity in the Coastal Cordillera of Southern Central Chile is characterized by a 
series of dominantly high-silica epizonal granitoids. The igneous bodies studied here show highly heteroge-
neous compositions characterized by the presence of the S-type Hualpén Stock, S/I type Constitución Granite, 
and A-type La Estrella and Cobquecura granites. Our results indicate that these igneous rocks were intruded 
in a short time span constrained between ∼220 and ∼210 Ma during a complex tectonomagmatic process. The 
updated geochronological, geochemical, and multi-isotopic data, indicative of a short-lived magmatic event with 
sources from the upper plate (mostly middle/lower crust) influenced by mantle derived melts, along with new 

Figure 7.  Above is a tomotectonic analysis showing two high-velocity vote map stacking 24 global seismic tomography models at 2,100 and 1,700 km representing 
the distribution of subducted lithosphere at ∼210 and 170 Ma, respectively (high-vote count areas) considering a lower mantle slab sinking rate of 1 cm/yr (G. Gianni 
et al., 2019; Sigloch & Mihalynuk, 2013). Overlapped is a plate reconstruction of Pangea from Mathews et al. (2016) showing a coincidence of the western margin 
of Pangea and a fringe of subducted slabs indicated by a high-vote count. In the dashed red line, we highlight an interruption in the fringe of high-vote count areas 
representative of a subduction discontinuity at 210 Ma beneath the reconstructed position of the study area that was recovered later as illustrated by the reconstruction 
at 170 Ma. Below is an interpretation of the tomotectonic analysis based on Gianni et al. (2019) and Rossel et al. (2020) where Late Triassic bimodal magmatism in the 
Coastal Cordillera is here interpreted as resulting from a slab tear that segmented the plate margin at this time. The slab gap separated a region with active subduction-
related magmatism south of the study area in Patagonia (Navarrete et al., 2019) and to the north in central to northern Chile (e.g., Oliveros, Creixell, et al., 2020, 
Oliveros, Moreno-Yaeger, & Flores, 2020).
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tomotectonic reconstructions showing a wide area without mantle subduction records, require a reconsideration 
of previous tectonomagmatic models. We propose that the new data and observations from the Upper Triassic 
granitoids of the Coastal Cordillera are compatible with a massive slab-tearing episode in the study area. Thus, 
these granitoids constitute the missing plate margin magmatic record commonly linked to slab tear or slab window 
processes and complement previous observations in the Patagonian continental interior. The slab-tearing and the 
resulting slab gap would have triggered a thermal anomaly that induced partial melting of a previously metasom-
atized asthenospheric mantle and part of the metasedimentary Paleozoic subduction complexes. This resulted in 
producing high-silica S/I- and S-Type granites of the Constitución and Hualpén granites, and anorogenic grani-
toids of Cobquecura area. Furthermore, low degrees of melting of continental crust that suffered previous hydro-
thermal alteration at high temperatures along with metasomatized asthenospheric mantle could have generated 
high-silica magmas with low δ 18O, high Pb isotope values and CHUR-like  87Sr/ 86Sr and  143Nd/ 144Nd ratios, that 
subsequently evolved into the La Estrella Granite. This process could explain the existence of magmatic arc-like 
signatures without a typical subduction system, challenging interpretations of previous studies. As there is no 
record of Triassic accretionary complexes in the study area (Willner et al., 2005), arguments favoring an active 
Late Triassic subduction process based on their claimed existence are not sustained. Finally, we suggest that the 
slab-tearing event in south Western Pangea constitutes the most robustly constrained case for a pre-Cenozoic slab 
tear with a complete plate margin-to-intraplate magmatic record in the upper plate and a slab gap in the deeply 
subducted lower plate.

Data Availability Statement
Whole rock geochemical and isotopical data used in this study is available at Rossel (2022a). SHRIMP U/Pb, 
Lu-Hf and Oxygen zircon data used in this study is available at Rossel (2022b).
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