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DETERMINACIÓN DE CONDICIONES DE ANATEXIA CORTICAL SEGÚN 

MODELACIÒN TERMODINÁMICA Y CONDICIONES DE CRISTALIZACIÓN DE 

CIRCÓN: EL CASO DE LOS GRANITOS A Y S DEL TRIÁSICO TARDÍO, ALTOS 

ANDES, CHILE CENTRAL (~30ºS) 

Esta tesis se focaliza en las condiciones termodinámicas que favorecen la generación de fundidos 

anatécticos en distintos escenarios y en el origen de plutones corticales del Triásico Tardío en los 

Altos Andes de Chile Central, como estudio de caso. El ambiente magmático en el que los circones 

cristalizan y se preservan, heredados desde sus fuentes, sitúan el contexto petrogenético de estos 

últimos. 

En ambientes de subducción, el escenario termal que explicaría la fusión de la corteza podría 

corresponder a efectos combinados de un incremento en la producción de calor radiactivo y advección 

de calor por surgencia e intrusión de magmas mantélicos, entre otros. Para fundir parcialmente la 

corteza, dentro de la ventana de eficiencia de extracción de líquidos residuales (cristalinidades de 50 

a 70 vol.%), se requeriría una adición energética de 0.2 kJ/g. Los magmas generados en la corteza 

inferior alcanzarían la cristalinidad antedicha en un rango de temperatura amplio, en contraste con 

aquellos generados en la corteza media y superior donde una cristalinidad de >50 vol.% se obtiene a 

no más de ca. 50º de sus respectivos solidus. Líquidos de composición peraluminosa, se reproducen 

en todo el intervalo de temperaturas modelado, para la corteza inferior, mientras que para la corteza 

media y superior solo se reproducen líquidos de composiciones peralcalinas a temperaturas >700ºC.  

El caso de estudio corresponde a rocas de la actividad ígnea del Triásico Superior de Chile Central, 

que constituye una fase de magmatismo de arco caracterizada por poseer algunos plutones con una 

singular signatura geoquímica de granitoides post-orogénicos de tipo A y S. Los cuerpos ígneos 

formados en este período penetran la raíz del arco del Paleozoico Superior, y alcanzan un nivel de 

emplazamiento epizonal. Los granitoides de tipo A poseen asociaciones minerales agpaíticas e 

hypersolvus, en contraste, los de tipo S presentan abundantes nódulos cordieríticos; ambos evidencian 

texturas de enfriamiento rápido de fases peritécticas metaestables. Este trabajo revela edades de U-

Pb en circón en los intervalos 214±2 a 241±2(1σ) Ma y 209±3 a 236±2 (1σ) Ma, para dos muestras 

correspondientes al granito cordierítico peraluminoso del plutón Los Tilos, y el leucogranito 

anorogénico de hedenbergita y Fe-edenita del plutón Monte Grande, respectivamente. El amplio 

rango de edades de cada una de las muestras sugiere la presencia de una importante fracción de 

circones foráneos o heredados. En efecto, los modelos termodinámicos y cinéticos desarrollados para 

la preservación de circones, transportados en fundidos anatécticos, muestran que podrían 

corresponder a cristales heredados en condiciones de extracción, ascenso, y cristalización, 

excepcionalmente rápidas (llegando al solidus en menos de 12 kyr). Se infiere que estos circones 

fueron cristalizados en sus fuentes por enriquecimiento sustantivo de zirconio en los fundidos 

anatécticos primarios, no por variaciones en la temperatura; esto refleja consistencia con el cálculo 

de modelos de estrés cristalino de circones y con los bajos valores de Ti (ppm) reportados. En este 

caso, el ascenso adiabático de fundidos subsaturados en H2O habría ocurrido aprovechando 

discontinuidades estructurales heredadas de ciclos tectónicos previos, remanentes de la etapa de 

amalgamación final de Gondwana. Estos fundidos habrían ascendido rápidamente hacia niveles de 

emplazamiento epizonal lo que habría evitado su cristalización súbita y mantenido la herencia 

cristalina desde sus fuentes corticales.  
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This thesis is focalized in the thermodynamic conditions that favor the generation of anatectic melts 

in different scenarios, and also as a study case, about the origin of crust-related plutons of the Late 

Triassic, in the High Andes of Central Chile. The magmatic environment in which zircon is 

crystallized and preserved, inherited from source, is also disentangled in light of the anatectic 

conditions achieved. 

In a subduction setting, the thermal scenario that explains crust anatexis could correspond to 

combined effects due to an increased production of radioactive heat, and/or heat advection by 

upwelling of mantle magmas, among many others. To partially melt the crust, within the melt 

extraction efficiency window (crystallinities between 50 to 70 vol.%), an addition of 0.2 kJ/g would 

be required. Magmas generated in the Lower Crust reach these crystallinities in a wide temperature 

interval, in contrast with those generated in the Middle and Upper Crust, in which crystallinities <50 

vol.% are set to be held at temperatures no higher than 50° from their respective solidii. Peraluminous 

melts are reproduced in the whole modeled range, for the Lower Crust, whereas anatectic melts of 

peralkaline composition are mostly common in the Middle and Upper crust, at temperatures above 

700°C. 

This study case corresponds to rocks generated in the igneous activity of the Late Triassic, in Central 

Chile. This activity is characterized by a phase of arc magmatism, in which some singular plutons 

share geochemical signatures related to post-orogenic A- and S-type granites. The igneous bodies 

formed in this period pierce the root of the Upper Paleozoic arc, reaching an epizonal level of 

emplacement. The A-type granites show agpaitic and hypersolvus mineral associations, whereas S-

type granites highlight abundant cordieritic nodules. Both of them show clear evidence of rapid 

cooling of metastable peritectic minerals (cordierite, β-quartz paramorphs, and hedenbergite). This 

work reveals U-Pb in zircon ages within the 214±2 to 241±2(1σ) Ma and 209±3 to 236±2 (1σ) Ma, 

for samples corresponding to the peraluminous cordierite-bearing granite of the Los Tilos pluton, and 

for the peralkaline hedenbergite and Fe-edenite-bearing leucogranite of the Monte Grande pluton, 

respectively. The ample age range, in each of the selected samples, suggests the presence of an 

important fraction of foraneous zircons as xenocrysts and/or crystals inherited from the source. The 

thermodynamic and kinetic models developed in this study, reveal that zircons dragged in anatectic 

melts could correspond to inherited crystals formed at depth, and carried in rapidly ascending melts 

(reaching the granite solidus in less than 12 kyr after extraction). It is inferred that zircon grains were 

crystallized in the feeding magma’s source, by zirconium enrichment of the primary anatectic melts, 

not by temperature variations; this is consistent with lattice stress models calculations, and with the 

remarkably low Ti-in-zircon concentration reported here. In this case, the adiabatic ascent of water-

undersaturated melts might have been facilitated by structural discontinuities inherited from previous 

tectonic cycles, remnants of the final amalgamation of Gondwana. These melts reached an epizonal 

level of emplacement, rapidly enough to prevent melt stagnation en route to the surface, by which 

efficient crystal inheritance from their crustal source was achieved. 
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CHAPTER 1. MOTIVATION  

The motivation of this study comes from the observation that high-temperature zircons are inherited 

in many peralkaline intrusive bodies related to attenuated lithosphere settings (e.g. Williams, 1992) 

(see the discussion on the geochemistry of zircon forming magmas in Chapter 2). The contrast in 

zircon saturation temperatures in different tectonomagmatic settings (bearing somewhat similar G 

values) reveals that zirconium enrichment explains the early crystallization of zircons in magmas 

formed in rift and anorogenic settings, compared to the lower zircon saturation temperatures 

displayed by calc-alkaline magmas (Fig. 1.1), in which zircon is commonly a late-stage accessory 

phase. In the former tectonomagmatic contexts, preservation and inheritance of metastable zircons 

(e.g. Kemp et a., 2005) could be explained by rapid magma ascent through the lithosphere (e.g. Bea 

et al., 2007) and armoring by high-temperature silicates (Watson, 1996; Paterson et al., 2016). This 

study explores the different petrogenetic variables that may influence the magma’s zircon inheritance 

and how they relate to a thinned lithosphere geotectonic context. Additionally, insights into the 

meaning of zircon age spectra in other geological settings will be provided. 

The chosen study cases correspond to Late Triassic A- and S-type granite bodies registered in the 

High Andes of Central Chile (Parada, 1988), that culminates a long period of post-collisional arc 

magmatism (Spalletti and Limarino, 2017), followed by orogenic collapse, crustal thinning, and 

subsequent migration of arc loci to the west (ca. 100 km). This event is characterized by a bimodal 

expression of crustal and mantle magmas (e.g. Morata et al., 2000). Particularly, high-silica rhyolites 

(González et al., 2017), mafic dike swarms (Creixell et al., 2007), and the post-orogenic intrusions of 

the Coastal Range and High Andes of Central Chile (Gana, 1991; Vásquez et al., 2008; Casquet et 

al., 2014; Oliveros et al., 2018), emplaced at around 217.4±0.5 Ma (40Ar/39Ar in biotite; Murillo et 

al., 2017), have been recognized. The geochemical and source diversity of such coeval magmatism, 

and apparent zircon inheritance (Fig. 1.2), depict a unique case to address the weight of the different 

petrogenetic factors that could influence the magma potential to crystallize and preserve zircons at 

magmatic temperatures. 
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Figure 1.1: Zircon saturation temperatures (°C) were calculated after the formulation of Gervasoni et al. (2016) 

for the whole geochemistry of anorogenic magmas (Cenozoic circum-Mediterranean anorogenic igneous 

province; Lustrino and Wilson, 2007), continental arc magmas (Meso-Cenozoic magmatic rocks of the Central 

Andes; Mamani et al., 2010), and continental rift magmas (East African Rift System; GEOROC database, Max 

Planck Institute for Chemistry, georoc.mpch-mainz.gwdg.de/georoc). Displayed values on the ordinate axis 

differ, showing greater values for thinned lithosphere contexts (anorogenic and continental rift settings), 

compared with those of ‘normal’ lithosphere (continental arc magmas). This is a consequence of different 

zirconium contents of sources. See text for discussion. Wet granite solidus temperature range (>1 kbar pressure) 

after Holtz and Johannes (1994).
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Figure 1.2: Zircon ages distribution (U-Pb dating by SHRIMP and LA-ICP-MS methods) of the igneous units referred to in this thesis, depicting the geochronological 

onlap recognized in the upper Paleozoic to early Mesozoic magmatism, and could be ascribed to zircon inheritance to some extent. Dated grains ages are reported 

within a 2σ confidence interval. Volcanic coverage rocks (Salazar et al., 2013; Hervé et al., 2014; Ortiz and Merino, 2015; Murillo et al., 2017); Crystalline basement 

rocks (Salazar et al., 2013; Hervé et al., 2014; Ortiz and Merino, 2015; Murillo et al., 2017); Monte Grande pluton (MGp) (Hervé et al., 2014 and this work); Los Tilos 

pluton (LTp) (Hervé et al., 2014 and this work). The emplacement date of the post-orogenic plutons (MGp and LTp) is around 217.4±0.5 Ma (40Ar/39Ar in host-rock 

biotite; Murillo et al., 2017). 
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CHAPTER 2. INTRODUCTION 

Zircon geochronology has been a widely used tool to estimate the duration of granite formation and 

emplacement processes (e.g. Paterson et al., 2016; Ratschbacher et al., 2018; Ardill et al., 2018), and 

also to constrain the timing of regional deformation (e.g. Paterson and Tobisch, 1988). This mineral 

has become a clue petrogenetic phase of upmost importance in geochronology and petrogenesis 

(Siégel et al., 2017). Its resilient nature is reflected by its capability to survive dissolution by 

magmatic reworking (Watson, 1996; Miller et al., 2003; Bea et al., 2007; Gómez-Tuena et al., 2018). 

This fact, along with sluggish cation diffusion rates (Cherniak et al., 1997) and vastly studied U-Pb 

isotope systematics (Cherniak and Watson, 2001), have been used to unravel the complex 

petrogenetic history of collisional, post-collisional anatectic terranes, and subduction-related plutons 

(Noble and Searle, 1995; Bacon et al., 2005; Miller et al., 2007; Claiborne et al., 2010; Broderick et 

al., 2015; Marsh et al., 2015; Rocha et al., 2016). 

To address the meaning of pluton zircon ages, several works have tackled this issue through thermal 

modeling (e.g. Glazner et al., 2004). These studies have shown that there is a direct correlation 

between the volume of emplaced magma, the time span of reservoir survival over solidus 

temperatures, and rates of magma supply (de Saint Blanquat et al., 2011; Ratschbacher et al., 2018) 

(Fig. 2.1). This is a consequence of the development of crystalline mush rejuvenation processes, 

driven by incremental growth of igneous bodies (Annen, 2009; Menand et al., 2015), wholesale 

magma chamber convection (e.g. Gutiérrez and Parada, 2010), advection of felsic segregates 

(Aravena et al., 2017), and late-stage latent heat buffering (Huber et al., 2009; Namur et al., 2014). 

Discrepancies between the displayed time span of dated zircons and calculated time-dependent 

thermal models may be ascribed to overlooked reheating mechanisms (e.g. Glazner et al., 2004; 

Molina et al., 2015; Schmidt et al., 2016). Furthermore, it is widely accepted that, in some cases, a 

fraction of the zircon grain budget might be inherited from the source or due to previous stagnation 

events (Hansmann and Oberli, 1991; Miller et al., 2007; Scott et al., 2011). These facts difficult the 

interpretation of thermal models and entail a need for a better understanding of the systematics of 

zircon inheritance and crystallization in disparate magmatic systems. 
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Figure 2.1: Plots showing the relationship between obtained timespan over solidus temperatures (from U-Pb 

zircon geochronology), the estimated volume of reservoirs, and calculated Magma Addition Rates (MAR) 

(km3/yr). A. Observed melt-poor reservoirs plot at the low MAR field, whereas melt-rich reservoirs plot at the 

high MAR field. Refer to its source for a detailed explanation and symbology (Ratschbacher et al., 2018). B. A 

comparison between pluton construction rates, volume, and timespan, for magmas emplaced in different 

tectonic settings (showing no correlation with the latter qualitative variable). See De Saint Blanquat et al. (2011) 

for a detailed explanation. 
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2.1. The duration of magma pulses in light of the water budget of reservoirs 

Since several decades, a wide diversity of experimental studies have been conducted to understand 

the behavior of the haplogranite system over crustal P-T conditions (Chappell and White, 2001; Gao 

et al., 2016). The role of water in granite petrogenesis is undisputed. Many authors recognize its 

importance in the stability field of rock-forming silicates (Puziewicz and Johannes, 1990; Castro, 

2013; Scaillet et al., 2016), crystallinity-temperature profiles (e.g. Whitney, 1988), and heat 

distribution processes within the crust (e.g. Cao et al., 2019), thus controlling the level of 

emplacement (e.g. Waters and Lange, 2017) and the rate at which magmatic differentiation proceeds 

(Richet et al., 2006).  

Moreover, the duration and rates at which feeding magmas constitute igneous bodies depend on the 

water content of magmatic systems, which constrains the rates at which magma extraction and 

evolution proceeds (Schmidt et al., 2016; Petrelli et al., 2018), near the source (e.g. Hermann and 

Rubatto, 2003; Diener et al., 2014) up to the final emplacement site (e.g. Schoene et al., 2012). In 

addition, the current school of thought understands the lithological and geochemical diversification 

of magmas as a result of mechanical-driven processes governed by the physics of fluid dynamics 

(Sparks et al., 1984; Dufek and Bachmann, 2010; among many others). Because the aforementioned 

processes operate at disparate rates (Petford et al., 2000) either as cyclic (e.g. Kemp and 

Hawkesworth, 2005; De Saint Blanquat et al., 2011), continuous (Rocha-Campos et al., 2011), or 

discrete events in geologic time (Martin et al., 2012), an uneven spatial and diachronous distribution 

of pulses in shallow intrusions, is expected (e.g. Matzel et al., 2006; Memeti et al., 2010; Scott et al., 

2011; Ardill et al., 2018) (Fig. 2.2). Consequently, the interpretation of the geochronology of 

magmatic products is being re-assessed (e.g. Caricchi et al., 2016), and puts new challenges on the 

meaning of average pluton ages (Rodríguez et al., 2019). 
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Figure 2.2.: Heterochronous distribution of U-Pb zircon ages in lithological zones of different plutons without inherited 

zircons from source (yet, authors discuss the probability of antecrystic entrainment from previous reservoir mushy portions). 

As a consequence, displayed zircon ages represent the duration of emplacement-site processes. A. Map of the Mount Stuart 

batholith, showing the different lithological zones (legend at the upper left inset) and their average zircon sample average 

age. Note that average ages of the different lithological zones have few age onlaps (within displayed errors), and represent 

the moment at which the different amalgamated increments took place (modified from Matzel et al., 2006) B. Cross section 

and U-Pb zircon ages of samples extracted from the different lithological zones of the Dariv Igneous Complex, western 

Mongolia. Here magmatic differentiation rates are estimated from geochronology (extracted from Schmidt et al., 2016). C. 

U-Pb zircon age spectra of the four different lithological zones of the composite Caleu pluton. Here, zircons date the 

protracted late-magmatic stage of the pluton construction, in which mush rejuvenation through syn-magmatic diking is 

invoked to explain such a long-lived stage (modified from Molina et al., 2015). 
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2.2. Geochemical insights into the interpretation of the occurrence of zircon in crustal A- and 

S-type magmas 

Several experiments have been developed to provide geochemical conditions for the expected 

temperature at which zircon saturates in magmatic systems (Boehnke et al., 2013; Gervasoni et al., 

2016; among others). The main results are: (1) magmas in excess of alumina (peraluminous S-type) 

stabilize zircons at higher temperatures in contrast with those in a deficit of alumina (particularly 

peralkaline A-type); and (2) increasing the zirconium content of hosting magmas may, as well, 

anticipate zircon saturation in cooling melts. 

Despite the fact that A-type granites appear as ephemeral magma pulses (Martin et al., 2012) in 

Phanerozoic orogenic belts (cf. Windley, 1993), many of them display a wide spectrum of zircon 

ages, mainly product of sheer amounts of inherited zircons (Williams, 1992; Scott et al., 2011; 

Morales Cámera et al., 2018; Gao et al., 2019). A solid agreement holds that this type of magmatism 

is in close relation with mantle precursors (Kemp and Hawkesworth, 2005; Frost and Frost, 2011), 

concomitant with periods of tectonic relaxation and lithospheric thinning (Turner et al., 1992; Wu et 

al., 2002). They can result from extreme fractional crystallization of juvenile mantle magmas (Bonin, 

2007), anatexis of lower crust material (Whalen et al., 1987; Eby, 1992; Landenberger and Collins, 

1996), or as hybrid melts between these two end-members (e.g. Dahlquist et al., 2010). Either way, 

magmas formed in such conditions screen high HFSE, halogen, and low water contents at the source 

(Eby, 1990; Skjerlie and Johnston, 1993; Bonin, 2007), and are generated by high-temperature 

dehydration melting reactions (Patiño Douce, 1997; Gao et al., 2016). In terms of bulk-rock 

chemistry, the majority of A-type granites are peralkaline in composition (Whalen, 1987), but also 

they can be found as metaluminous, or even peraluminous granites (Bonin, 2007; Gao et al., 2016; 

Zhao et al., 2013). 

Due to its peraluminousity and metasedimentary nature, magmatic reworking of xeno- and antecrystic 

zircon is commonly exhibited in S-type granites (e.g. Collins, 1998; Bea et al., 2006; Villaseca et al., 

2007). In these granites, zircon is often found as restitic inclusions after dehydration melting of pelites 

and greywackes (Barbero and Villaseca, 1992; Rossi et al., 2001; Sandeman and Clark, 2002; René 

et al., 2008). Additionally, it may occur in minerals resulting from decompression breakdown of 

residual phases (Brown, 2013), and is interpreted as an early crystallizing accessory phase, sourced 

at residing melts saturated in zirconium (e.g. Ayers et al., 1997). 
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2.3. Study workflow 

This study explores the meaning of the dates of zircons hosted in selected small-volume plutons of a 

crustal origin, with a large geochronological span at the sample scale. The unfolding thought-flow is, 

therefore: 

The crystallization age span of dated zircons is directly proportional to the volume of magma 

reservoirs and rates of magma supply. Hence, small-volume igneous bodies with a large zircon age 

span are most probably explained by zircon inheritance from the source. Because, inheritance 

conditions of zircons are highly dependent on the geochemical characteristics of magmas, which 

correlate with the petrogenetic environment and anatectic conditions, the geochronological span of 

igneous bodies must be evaluated in terms of the different variables that depict each particular study 

case, such as partial melting P-T conditions, source geochemistry, rates of magma supply, mode of 

emplacement, and mush rejuvenation processes. 
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2.4. Geological context of the studied plutons 

In the south-Central Andes, some Late Triassic plutonic bodies are related to anatexis, formed in 

extensional conditions (Mpodozis and Kay, 1992; Charrier et al., 2015). Bimodal magmatism is 

characteristic of this period (Gana, 1991; Parada, 1981; Parada, 1988; Morata et al., 2000), and forms 

part of a tectono-magmatic transition, from the end of Paleozoic terrane accretion to the western 

Gondwana margin to the initiation of the Andean orogeny in the Mesozoic (Fig. 2.3), namely pre-

Andean and Andean cycles, respectively (Vásquez et al., 2011). Oxygen and hafnium isotope 

systematics in zircon show a progression from upper Paleozoic crustal-related magma sources to more 

mantle-like in the Triassic (Hervé et al., 2014; del Rey et al., 2016). Current models for the prevailing 

tectonic setting advocate to attenuated subduction in a thinned lithosphere (after the Permian 

compressional San Rafael orogenic phase) (Coloma et al., 2017; González et al., 2017); 

asthenospheric upwelling of mantle magmas could have induced crustal anatexis in some portions of 

the Triassic arc. Upper Triassic bimodal magmatism is recognized in the Coastal Range of Chile (ca. 

31ºS) (Gana, 1991), depicted in an association of leucogranites, quartz-diorites, and gabbros, as well 

as aciditic and basic intercalations of volcanic products and related subvolcanic dikes (sourced at 

different lithospheric depths). They exhibit a wide range of initial strontium ratios (87Sr/86Sr0 values 

between 0.70397 and 0.71161) (Morata et al., 2000) and are emplaced in the Carboniferous to 

Permian accretionary prism. Farther south, also in the Coastal Range, Upper Triassic fayalite-bearing 

granite rocks have been identified and interpreted as anorogenic (Vásquez and Frantz, 2008). About 

29-30ºS, in the Frontal Range, the same picture emerges: hosted within the Permian belt of the upper 

Paleozoic to Triassic Elqui-Limarí Batholith, scarce upper Triassic epizonal S-type peraluminous 

two-mica leucogranite plutons, A-type metaluminous Hedenbergite-bearing leucogranites, and an 

associated coeval mafic dike swarm (Parada et al, 1988) are recognized. 
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Figure 2.3: Late Paleozoic to Triassic evolution of the southwestern margin of Gondwana. Here the docking 

of a terrane in the Late Paleozoic is involved in crustal thickening, and a subsequent generation of collisional 

to post-collisional anorogenic granites, followed by orogenic collapse in the Late Triassic, characterized by 

bimodal magmatism. resembling an island arc setting. Extracted from del Rey et al. (2016). 

 

2.4.1. The Elqui-Limarí batholith 

According to Mpodozis and Kay (1990), the Elqui-Limarí batholith (part of the Chollay and Montosa-

El Potro batholiths belt) found in the High Andes of North-Central Chile (28-31ºS) consists of two 

major intrusive suits (Fig. 2.4), the Carboniferous-Lower Permian “Elqui Superunit” (SUE) and the 

Permian-Triassic “Ingaguás Superunit” (SUI). The SUE comprises upper Carboniferous calc-alkaline 

tonalites and granodiorites, with a subduction-related geochemical signature (Guanta and Montosa 

Units), and Early Permian two-mica peraluminous granites of the Cochiguás and El Volcán Units, 

derived from partially melted metasedimentary rocks. The SUI is located roughly to the east of SUE 

outcrops. It consists of an association of late Permian to Triassic peraluminous shallow-level plutons, 

showing miarolitic cavities and graphic textures. They were assumed to be derived from a garnet-

bearing thickened crust. Leucocratic granites, Bt(±Amp)-bearing granodiorites and pink 

hololeucocratic monzogranites constitute most of SUI volume (>80%), represented by the Los 

Carricitos, Chollay, and El León Units; the youngest products of this superunit are fine-grained Bt-

granites and rhyolitic porphyries of the El Colorado Unit. 

 



12 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Distribution of pre-Andean, Transitional and Andean intrusives, along the Central Chile Andes. 

SUE and SUI stand for “Elqui Superunit” and “Ingaguás Superunit”, respectively. Modified from Mapa 

Geológico de Chile escala 1:1.000.000 (http://portalgeomin.sernageomin.cl:6080/arcgis/rest/services). 
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2.4.2. Late Triassic post-orogenic plutons: the Los Tilos and Monte Grande plutons 

The Los Tilos pluton is hosted within the SUE (Fig. 2.4). Mafic and felsic syn-plutonic dike swarms 

(a bimodal association), up to meter-scale dike widths, are recognized hosted in these units (Parada, 

1990). A two-peak U-Pb zircon mean ages of 215 and 235 Ma is reported by Molina et al. (2020), 

whereas a 215.9 Ma age is reported by Hervé et al. (2014), making the Los Tilos pluton be considered 

as the Late Triassic “Transitional plutonism” of Central Chile (sensu Parada, 1990). This pluton is 

composed of medium K-Feldspar, plagioclase, and anhedral quartz. Titanite, apatite, and zircon are 

accessory phases. Large euhedral hexagonal-bipyramidal quartz (high-temperature β-quartz 

paramorphs; Parada, 1988; Ferreira et al., 2019) is part of centimetric cordierite-quartz-plagioclase 

nodules, surrounded by thin leucocratic rims (cockades); this might be associated with low-pressure 

biotite breakdown reactions (Barbey et al., 1999). Parada (1988) considered the composition of Los 

Tilos’s muscovites containing Xce=0.15, obtaining a minimum crystallization pressure of 3 kb and a 

temperature of 670ºC for the coexisting feldspars in relatively oxidizing conditions (near the QFM+1 

buffer). A local crustal influence in the generation of these magmas is suggested by zircon ɛHf 

isotopic values ranging from 0 to +3 and average δ18O values of 6.4 ‰ (Hervé et al., 2014; Fig. 2.3). 

The Monte Grande pluton is also hosted within the Guanta Unit (Fig. 2.4). In contrast to the Los Tilos 

pluton, very few mafic dikes intrude this igneous body. Oxygen isotopes in zircon display mantle-

like values (in between 5 to 6 ‰ δ18O) (Hervé et al., 2014). This granite is composed of anhedral 

quartz, mesoperthitic hypersolvus K-feldspar, chloritized biotite, edenite, Fe-Hedenbergite, and 

accessory zircon, Fe-Ti oxides, allanite, and titanite (Parada, 1988). A fairly anhydrous origin and an 

epizonal level of emplacement for this pluton are suggested by the occurrence of nearly coeval and 

spatially-related rhyolitic porphyries with also hypersolvus K-feldspar and particular plagioclase 

zoning (Parada, 1981; 1983; 1984; 1988; 1990). 
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2.5. Objectives and methodologies 

2.5.1. General objective 

Constrain the crustal anatexis conditions and establish a conceptual model to explain the role of 

magma chemistry in the crystallization and preservation of zircons above the solidus of the late 

Triassic A- and S-type granites in the High Andes of Central Chile. 

2.5.2. Specific objectives and methodologies 

I. Recognize the geochemical characteristics and energetic requirement of anatectic products formed 

at different temperatures and water contents, for the Lower, Middle, and Upper Crust. 

 Methodologies: (1) Thermodynamic modeling of isochemical pseudosections (Perple_X 

software; Connolly, 2005) of average crust compositions (obtained from Rudnick and Gao, 

2003); (2) Compositional characterization of anatectic melts and restitic material, through 

mass balance (MATLAB R2017a); (3) Elaboration of relative enthalpy diagrams in the P-

T space. 

II. Determine whole-rock composition, and U-Pb zircon ages and geochemistry of the selected small 

granite bodies and identify probable mixed-population of zircons brought from their source (or 

elsewhere) up to the final emplacement site.  

Methodologies: (1) Field campaigns for lithological characterization and sampling; (2) 

Whole-rock geochemical data characterization (ICP-OES and ICP-MS); (3) U-Pb zircon 

spot ages and geochemistry (LA-ICP-MS). 

III. Establish source materials, petrotectonic background, and emplacement conditions for the selected 

granite bodies. 

Methodologies: (1) Lithological characterization under the petrographic microscope; (2) 

Whole-rock geochemistry (IPC-OES and ICP-MS); (3) Mineral chemistry (EPMA); (4) 

Petrogenetic characterization in comparison with experimental petrology framework; (5) 

Numerical modeling (MATLAB r2017a) coupled with thermodynamic modeling (Perple_X 

software; Connolly, 2005) and compositional isopleths elaboration to establish formation 

and emplacement P-T conditions. 

IV. Determine the duration of this magma pulse, identifying zircons of xenocrystic, antecrystic, and 

autocrystic origin (after Miller’s et al. 2007 criteria). 



15 
 

Methodologies: (1) LA-ICP-MS U-Pb zircon geochronology of selected simples; (2) LA-

ICP-MS geochemical characterization of dated zircons; (3) Cathodoluminescence imaging 

to identify out-of-context grains. 

V. Model the timespan inherited zircons could survive, and how intensive variables (P-T-X) could 

influence the systematics of zircon formation. 

Methodologies: (1) Implement equations of zircon crystallization kinetics (Watson, 1996) 

in a numerical simulation software (MATLAB R2017a); (2) Fix and couple thermodynamic 

models with estimated source and emplacement P-T conditions; (3) Establish the maximum 

timespan of zircon survival in the modeled P-T interval. 

2.5.3. Analytical conditions and operating conditions 

Rock samples (a total of 33) were ground and pulverized to at least 95% minus 200 mesh at the 

Laboratorio de Preparación de Muestras, Departamento de Geología, Universidad de Chile. Major 

and trace element analyses were obtained using ICP-emission spectrometry and ICP-MS, 

respectively, at the Activation Laboratories Lds., Ancaster, Ontario, Canada. The samples were mixed 

with lithium metaborate/tetraborate combined in an induction furnace, then poured into a solution of 

5% nitric acid containing an internal standard and mixed continuously until completely dissolved. 

FeO values were determined through titration (using potassium dichromate) via cold acid digestion 

of ammonium metavanadate and hydrofluoric acid. 

Two samples were collected for LA-ICP-MS U-Pb zircon geochronology and geochemistry (a total 

of 45 zircon grains). Zircon separation consisted of sample crushing and grinding followed by zircon 

concentration via Wilfley table, Frantz isodynamic magnetic separator, heavy liquid separation, and 

handpicking at Laboratorio de Preparación de Muestras, Departamento de Geología, Universidad de 

Chile. Cathodoluminescence images were acquired using a high-resolution Quanta 400 FEG 

environmental SEM connected to an Oxford INCA350 EDS and a Gatan Mono CL3+ system with 

10 kV imaging conditions and 6.7 nm spot size. U-Pb isotopes and trace elements were analyzed 

simultaneously at the State Key Laboratory of Geological Processes and Mineral Resources, China 

University of Geosciences, Wuhan, using an Agilent 7500a ICP-MS apparatus coupled with a GeoLas 

2005 laser ablation system with a DUV 193 nm ArF-excimer laser (MicroLas, Germany). Detailed 

analytical procedures and data reduction are available in Liu et al. (2010). A spot size of 32 μm was 

used. Argon was used as the make-up gas and mixed with the carrier gas (helium) via a T-connector 

before entering the ICP. Nitrogen was added to the central gas flow (Ar + He) of the Ar plasma to 

lower the detection limit and improve precision (Hu et al., 2008). Each analysis incorporated a 

background acquisition of 20–30 s (gas blank) followed by 50 s data acquisition. Zircon 91,500 was 
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used as a standard for mass discrimination and U-Pb isotope fractionation. The time-dependent drifts 

of U–Th–Pb isotopic ratios were corrected using linear interpolation (with time) for every five 

analyses according to the variations of standard 91,500. The preferred U–Th–Pb isotopic ratios used 

for 91,500 are from Wiedenbeck et al. (1995). The reproducibility of the U-Pb was evaluated by 

comparison with the secondary zircon standard GJ-1 (Jackson et al., 2004). Off-line integration of 

background and analyzed signals, time-drift correction, and quantitative calibration for trace element 

analyses and U-Pb dating, were performed using ICPMSDataCal (Liu et al., 2010). The uncertainties 

of preferred values for the external standard 91,500 were properly propagated. Concordia diagrams 

and weighted mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003). Associated errors 

are quoted at the 1σ confidence level. 

Electron microprobe analyses of major and trace elements of micas, cordierite, amphibole, pyroxene, 

and zircon were conducted using a JEOL JXA-8230 machine (LAMARX laboratory, FCEFyN at 

UNC, Argentina). A total of 181 spot analyses were performed, using a 15 kV accelerating voltage, 

a 10 nA current, and a 10 μm diameter beam. Reference standard materials were measured before 

each session for peak overlap, background, and offline corrections. Different crystals were used to 

perform the respective analyses, for the different elements. Micas: TAP (F, Na, Mg, Al), PETJ (K, 

Cl, Ca), LIF (Ti), and PETH (Si); Cordierite: TAP (Na, Mg, Al, Si), PETJ (K, Cl, Ca), LIFH (Cr, Mn, 

Fe, Zn); Amphibole: TAP (F, Na, Mg, Al, Si), LIF (Ti, Cr, Mn, Fe), PETH (Ca, K, Cl, Zr, Sr); 

Pyroxene: TAP (Na, Mg, Al, Si), PETJ (K, Ca, Ti), LIF (Zn), LIFH (Cr, Mn, Fe), PETH (Zr); Zircon: 

PETJ (P, Y), TAP (Al, Hf), PETH (U, Zr, Si). Results were corrected for instrumental beam-matrix 

effects and instrumental drift by the phi-rho-Z method (CITZAF; Armstrong et al., 2013). 
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2.6. Presentation and organization of this thesis 

Through the development of this thesis, two scientific contributions were prepared and successfully 

published as Research Articles in WoS/ISI indexed journals. Another article is being prepared with 

the unpublished chapters of this manuscript, hence the preferred language used in this thesis is 

English. The introduction, geological context, and state of the art of zircon crystallization systematics 

and crustal granite petrogenesis are presented in the first three chapters. The fourth chapter contains 

results of isochemical projections of thermodynamic models for crust melting, some comments about 

the energetic requirements of anatexis, the geochemical signature of leucosomes, and implications on 

the inheritance of magmatic zircon in anatectic melts. The article of Molina et al. (2020) is presented 

in the fifth chapter and corresponds to the core of this thesis. The article of Ferreira et al. (2019) is 

included in Annexes and corresponds to a collaborative work to understand cordierite granites with 

different tectonics setting in Brazil, Argentina, and Chile. In this case, I was the leader of the Chilean 

counterpart, particularly of the Andean Late Triassic post-orogenic plutons, as well as responsible for 

the thermodynamic modelling. The sixth chapter of this thesis delivers general reflections concerning 

the conditions of crust anatexis and implications for the inheritance of magmatic zircon from magma 

sources. The seventh chapter provides a brief conclusion regarding the origin of crustal magmas in 

light of zircon crystallization systematics. The eighth chapter contains the Annexes, in which also 

raw results of numerical and thermodynamic models are presented graphically, and a complete list of 

the geochemical and geochronological data resulting from the different analyses performed here. A 

list of contributions related to this thesis is presented as follows: 

WoS/ISI articles: 

During the development of this doctoral thesis, the following articles were published. 

Molina P.G., Parada M.A., Changqian Ma. 2020. Zircon inheritance from long-lived sources of Late 

Triassic post-orogenic plutons, High Andes, Central Chile (~30°S): Magmatic feedbacks and 

petrogenetic implications. Lithos. V. 370-371. 

Ferreira V.P., Sial A.N., Toselli A.J., de Toselli J.R., Molina P.G., Parada M.A., Celino J.J., Saavedra 

J. 2019. Cordierite-bearing granitic Rocks in South America: contrasting sources and conditions 

of formation. Journal of South American Earth Sciences. V. 92, pp. 417-434. 

 

Articles in congresses: 

Martinez A.M., Paterson S.R., Memeti V., Parada M.A., Molina P.G. 2018. Mantle driven 

Cretaceous flare-ups in Cordilleran Arcs. Boston, Massachusetts, USA 
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Ferreira V.P., Sial A.N., Toselli A.J., de Toselli J.R., Molina P.G., Parada M.A., Celino J.J., Saavedra 

J. 2017. Cordierite-Bearing Granitic Rocks in South America: Contrasting Sources and 

Conditions of Formation. Goldschmidt Conference, Paris. 

Molina P.G., Gutiérrez F.J., Payacán I.J., Parada M.A., 2016.The extent of crustal assimilation in 

meridional Andean silicic magmatism since Late Cretaceous: geochemical and rheological 

perspectives. AGU Fall Meeting 2016, San Francisco, Californa, USA. 

Molina P.G., Parada M.A., Gutiérrez F.J., Chang-qian M., Yian W.L. and Yuanyuan L., 2015. Zircon 

chronology and geochemistry evidence of different granitoid sources and tectonic regimes in the 

Upper Paleozoic – Mesozoic evolution of the Central Chile Andes. 8th Hutton Symposium 

on Granites and Related Rocks, Florianapolis, Brazil.  
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CHAPTER 3. CRUSTAL MAGMAS AND ZIRCON AS A PETROGENETIC 

MARKER: STATE OF THE ART 

Crustal melting or anatexis, and melt extraction, are thought to be responsible for generating a 

stratified-heterogeneous continental crust (Rudnick and Gao, 2003). Partial melting of the crust occurs, 

generally, in post-collisional tectonic settings (followed by rapid exhumation paths), and subsequent 

mantle upwelling (Karakas and Dufek, 2015) or adjacent to large magma reservoirs (Clark et al., 2011). 

3.1. Crustal melting mechanisms 

3.1.1. Heat sources 

Anatexis (well above dry-granite solidus) occurs at temperatures higher than 900ºC in volatile-free 

melting conditions, and temperatures as low as 700ºC through volatile-saturated melting (Harley, 

1998). In both cases, this implies a geothermal gradient higher than ~20º/Km (Brown, 2006), mostly 

at granulite facies. Partial melting is an energy-consuming process such as chemical and phase-change 

reactions (Nicholls and Stout, 1982; Glazner, 2007). In consequence, high temperatures (above the 

solidus) are achieved in very particular geological scenarios (Clark et al., 2011). 

The following heat flow equation of Clark et al. (2011) provides a simple way to model time-dependent 

temperature evolution in a heterogeneous thickened crust; the authors emphasize that the temperature 

estimations are an overestimate, as they do not assume lateral heat flow in the crust: 

𝜕𝑇

𝜕𝑡
=

𝑑

𝑑𝑧
[𝑘(𝑇)

𝑑𝑇

𝑑𝑧
] + 𝑢

𝑑𝑇

𝑑𝑧
+

1

𝜌𝐶𝑝
(𝐴𝑟𝑎𝑑 + 𝐴𝑚𝑒𝑐ℎ + 𝐴𝑐ℎ𝑒𝑚) 

Where T is temperature, t is time, z is thickness, k is temperature-dependent thermal diffusivity 

(Whittington et al., 2009), Cp is the specific heat capacity, 𝑢 is vertical transport velocity relative to 

Earth’s surface (rate of burial, or exhumation if negative). 𝐴𝑟𝑎𝑑, 𝐴𝑚𝑒𝑐ℎ and 𝐴𝑐ℎ𝑒𝑚 are the rates of heat 

production per unit volume by radioactive decay, mechanical deformation, and chemical reactions 

(negative value if partial melting energy consumption operates), respectively. 

An increase in mid-crustal temperatures, leading to anatexis, could be product of augmented 

radioactive-decay heat production (Chamberlain and Sonder, 1990) of highly incompatible element 

concentrations in the crust, by igneous differentiation such as U, Th, and K. These elements mainly 

provide radioactive decay heat production, with values of 0.1-3.0 µW/m3 (Vilà et al., 2010). A 

heterogeneous distribution of heat-producing elements (assumed to be concentrated preferably in the 

Upper Crust, due to its felsic composition) after crustal thickening (crust stacking or homogeneous 

deformation) is expected (Bea, 2012).  
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Mechanical heating in shear zones can also contribute to raising crustal temperatures (Currie and 

Hyndman, 2006) reaching up to ultra-high-temperature conditions. An increasing discussion regarding 

the contribution of these mechanisms, which is out of the scope of Clark et al (2011) approach, to the 

extent of high-temperature metamorphism (e.g. Nabelek et al., 2010) is still debatable. 

 

3.2. Water-fluxed and dehydration melting 

3.2.1. Volatile-phase present melting (low-temperature anatexis) 

Several authors invoke water (along with CO2, S, F, etc.) as the main component changing the 

temperature of the beginning of melting (Ebadi and Johannes, 1991). The composition of the melts 

generated by anatexis depends on the availability of this main volatile component: water-fluxed 

anatexis produces tonalitic to trondhjemitic melts, whereas dehydration melting generates leucosomes 

of granitic composition (Patiño Douce and Beard, 1995; Patiño Douce, 1996). 

Moreover, magmas generated by fluid-present melting will experience an increase in their density and 

volume decrease (hindered diapiric transport of neosome at low melt fractions until coalescence), 

whereas fluid-absent melting (dominated by dehydration reactions) will produce a positive density 

change, a decrease in system density and brittle fracture of the host (Fig. 3.1; Clemens and Droop, 

1998). 

 

 

 

 

 

 

 

Considering that the crystallization order of liquidus phase assemblages can change considerably with 

water activity (Scaillet and Pichavant, 2003), as it is a dominant component in hydrous minerals 

(namely amphibole, biotite, and muscovite), anatectic magmas generated under water-rich (or water-

poor) conditions reflect this, accordingly. This is in strong agreement with natural observations in calc-

Figure 3.1: Schematic representation of the 

physical behaviour of a partially melted rock, 

under fluid-present and fluid-absent fusion. 

In the former condition bulk density 

increase, whereas in the latter the contrary 

occurs. Extracted from Clemens and Droop 

(1998). 
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alkaline batholiths of the Andes, where at shallow-level emplacement conditions, water activity seems 

to be below saturation (meaning low initial water contents; e.g. Clemens and Vielzeuf, 1987), 

consistent with the textural development of eu- to subhedral early anhydrous phases before 

crystallizing late sub- to anhedral hydrous phases (biotite and/or amphibole), in comparison with the 

generation of water-saturated granotonalites in the Adamello massif in the Italian Alps (Castro, 2013; 

Fig. 3.2). 

 

 

Figure 3.2: Two contrasting tonalitic rocks, one from the Cordilleran North Patagonian batholith (Argentina), 

and the other from the Adamello batholith (Northern Italy). In the latter, hornblende crystals are at the liquidus, 

whereas plagioclase stands as a late-stage phase. In contrast, the former case shows early crystallization of 

plagioclase, followed by amphibole, resulting in an agpaitic texture (see text for explanation). 

 

3.2.2. Volatile-free melting (high-temperature anatexis) 

As stated above, the water-undersaturated nature of some magmas generated in the southern Andes, 

suggests that there must be a more relevant mechanism rather than water-fluxed melting in the 

generation of anatectic granites. Patiño Douce and Johnston (1991) (among many others) recognize 

the role of hydrous minerals breakdown in the generation of melt (incongruent melting of biotite, 

amphibole, and muscovite; Fig. 3.3). Table 3.1 details the generation of melt by hydrous-phase 

dehydration reactions along with the crystallization of peritectic phase assemblages, depending on the 

protolith (generally pyroxene, cordierite, garnet, aluminosilicate, and K-feldspar; Weinberg and 

Hasalová, 2015 and references therein). 
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Further, the source of infiltrated water (additional to released water by hydrous-phase breakdown 

reactions) in anatectic regions could come from subsolidus dehydration metamorphic reactions, 

magma differentiation (Holtz and Johaness, 1994), or advected meteoric water (Brown, 1994 and 

references therein). 

 

 

 

 

 

 

Figure 3.3: Diagram showing different temperatures of dehydration melting by muscovite, biotite, and 

amphibole breakdown. The different discontinuous lines represent water activities changing the solidus 

temperature and melting curve slopes, in the P-T space. Wet granite solidus in dark-gray area. Extracted from 

Weinberg and Hasalová (2015). 

 

 

 

Table 3.1: Summary of the three main dehydration-melting reactions and their peritectic mineral assemblages 

(note that the peritectic minerals are, exclusively, anhydrous minerals). MP, MT, and HP stand for medium 

pressure, medium-temperature, and high pressure, respectively. Extracted from Weinberg and Hasalová (2015). 
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3.3. Geodynamic significance of the melting P-T paths 

Depending on the tectonic setting, different pressure-temperature paths can alter the order of the 

different phase-breakdown melting reactions (Clemens and Droop, 1998). They may be 

petrographically recognized as prograde mineral decomposition, dehydration, incongruent melting 

textures, coronitic armoring of metamorphic prograde assemblages, and retrograde rehydration-

crystallization (Brown, 1994) reactions (if water was not completely evacuated from the source in 

prograde metamorphism). 

Two main types of orogenic processes, leading to decompression dehydration-melting, are recognized 

(Fig. 3.4; Thompson, 1990): 

• Clockwise pressure-temperature paths: Generated by basin inversion/crustal thickening 

followed by erosional or extensional thinning, and/or lithospheric delamination with 

consequent orogenic collapse. 

• Counterclockwise pressure-temperature paths: Generated by heating previous (or 

concomitant) to crustal thickening. This can be a product of upwelling of mantle-derived 

magmas (under- or intraplating) and mantle lithosphere thinning. 

 



24 
 

 

Figure 3.4: Pressure-temperature diagram showing different clockwise melting paths (CW) and 

counterclockwise paths (CCW). Continuous lines stand for the different reactions represented by the different 

mineral assemblages in each field. IAT=Island Arc Tholeiite, BA=Alkali Basalt, BWS=Basalt Wet Solidus, 

GWS=Granite Wet Solidus. Extracted from Brown (1994). 

 

3.4. Melt segregation, extraction, and migration 

3.4.1. Allochtonous granites 

Most crustally-derived granites display petrological evidence of separation from their restitic phases 

at different depths (Brown, 2013). Repeated magmatic recycling of the crust leads to geochemical 

depletion and the formation of ‘sterile’ orogens; in contrast, young margins are characterized by the 

abundance of sediment-rich sources which are prone to generate large granitic massifs (‘fertile’ 

orogens) (Vielzeuf et al., 1990). Melt extraction and diapiric ascent to higher structural levels occur 

more efficiently in fluid-absent anatexis, in comparison with water-induced melting (Clemens and 

Droop, 1986). The coalescence of partial melts and ascent by diking operates at somewhat constrained 

rates (Petford et al., 2000). This is governed by the physics of fluid dynamics, in which the melt fraction 

of magmas is placed within maximum and minimum possible values to achieve efficient segregation 

(Bachmann et al., 2007); at this point, the rock behaves as an interconnected network of melt that can 
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segregate interstitial liquid (>5 vol.%; Sawyer, 1994) by pervasive grain-scale flow by compaction, 

porous flow, and channel flow through conduits (Fig. 3.5; Brown, 2010). Additionally, liquid 

interconnectivity in partially melted rocks can be reached at melt fractions as low as 2 vol.% (Wolf 

and Wyllie, 1991), suggesting that even at very low melt volumes magmatic liquids can be transported 

and extracted to the Middle and Upper Crust. 

 

Figure 3.5: Diatexite from the St. Malo migmatite belt, northwest France. Here schlieren textures are developed 

surrounding stromatic fine-layered migmatite relicts (to the right of the coin). This textural difference is 

interpreted as different melt fraction volumes at the mesoscale, disrupting the structure of the protolith. 

Extracted from Brown (1994). 

 

In subduction settings, the partially melted overriding crust may be prone to high tectonic stresses, 

promoting pervasive pumping of granitic melts in migmatites (Simakin and Talbot, 2001); highly 

intense deformation and compaction, at melt fractions as low as 5-15 vol.% (Rushmer, 1992), can 

facilitate this process. 

The composition of the leucosome of the partially melted crust is generally less dense and less viscous 

than the paleosome and melanosome (Clemens and Droop, 1998). This implies that a higher buoyancy 

force will drive the separation of the anatectic melt with its solid residue (Sawyer et al., 2011), along 
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with melt migration through dilatant structures in ductile and brittle-elastic fractures at different 

depths in the crust (Leitch and Weinberg, 2002; Weinberg and Regenauer-Lieb, 2010). 

3.4.2. Parautochthonous and autochthonous granites  

Considering the generation of migmatites with melt fractions below the critical lock-up point, its 

migration through the crust would be majorly restricted; in-situ partial melting of host rocks (no need 

for neosome transport or paleosome dragging) could result in parautochthonous (Fig. 3.6) or 

autochthonous (Fig. 3.7) highly peraluminous granites. They can be recognized (Barbero and 

Villaseca, 1992), as follows: (a) an absence of contact aureole with adjacent metamorphic rocks; (b) 

a thermodynamic equilibrium of leucosome mineral assemblages and those of country-rock granulites; 

and (c) similar crystallization ages between anatectic granite and host metamorphic assemblages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Thermodynamic modeling and phase equilibria: Energy constraints on anatexis 

Anatexis and assimilation are widely recognized as mechanisms responsible for magma generation in 

several geodynamic contexts, at different crustal levels (Brown, 2010). This supposition is backed by 

field observations of significant fagocitation of stopped blocks in diverse contexts (e.g. Wolak et al., 

Figure 3.6: Three-stage cross section 

of the emplacement model for de 

Layos Granite, Spain, consisting in 

three stages, from left to right: 

Migmatitic event with segregation of 

big pools of leucogranite; Extensive 

convective homogenization, with a 

broad zone of melt fraction above the 

lock-up point; Melt segregation with 

limited ascent and near-emplacement 

structures. Extracted from Barbero 

and Villaseca (1992). 

Figure 3.7: Suggested emplacement 

mechanism of the Cooma 

Granodiorite, Australia. Here a high-

temperature aureole may have formed 

by diapiric transport, after anatexis. 

Partial melting of host 

metasedimentary rocks and transport 

from source to the emplacement place 

was short, defining a 

parautochthonous intrusion. 

Extracted from Flood and Vernon 

(1978). 
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2005), and by the fact that peraluminousity of many differentiating magma bodies increases with 

radiogenic isotopic and geochemical signatures (Clarke et al., 1988; Cameron et al., 1980; Spell., 

1993; McCulloch et al., 1994; McBirney et al., 1987). 

On the other hand, aside from mechanical processes (Marsh, 1982), some authors have questioned 

crust melting as a main petrogenetic process in the light of the energetic limitations of its progress 

(eg. Glazner, 2007). The necessary energy to dissolve xenoliths equals a vast amount of heat 

transferred to partially melt the host rocks. Partial melting of disaggregated rocks could be a 

mechanism to support assimilation because the energy requirements are less compared to ubiquitous 

melting of the wall-rock (Clarke et al., 1988; Beard et al., 2005). 

The energy requirements to evaluate the intensity of crust melting can be evaluated by a) graphical 

analysis to visualize crystallinity and compositional changes, in terms of isenthalpic diagrams at a 

fixed pressure, derived from magma mixing and assimilation, b) energy-constrained numerical 

modeling of open-system processes such as magma replenishment, assimilation, and fractional 

crystallization and c) precise host-rock phase equilibria pseudosections, and rheological changes, 

given a proper adiabatic decompression path. 

(a) The following equations provided by Ussler and Glazner (1992), are based on the work 

of Nicholls and Stout (1982), who calculated the heat effects balance for rock assimilation, and 

crystallization of magmas, considering different initial compositions and the enthalpy difference 

between the initial and final states of a magmatic system, as follows: 

𝐻′(𝑇) = 𝐻(𝑇)𝑚𝑎𝑔𝑚𝑎 −𝐻(𝑇0)𝑠𝑜𝑙𝑖𝑑 

where 𝐻(𝑇)𝑚𝑎𝑔𝑚𝑎 is the enthalpy of the magma at the temperature of interest, and 𝐻(𝑇0)𝑠𝑜𝑙𝑖𝑑 the 

standard state enthalpy for a fully crystallized magma at 1.0 bar at a given temperature. Therefore 

𝐻′(𝑇) is the energy required for the magma to raise its temperature from 𝑇0 to 𝑇. 

Assuming magma as a mixture of crystals+liquid (and correspondingly their enthalpy requirements 

to raise the temperature), the above equation can be rewritten as: 

𝐻′(𝑇) = 𝐻(𝑇)𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑠 +𝐻(𝑇)𝑙𝑖𝑞𝑢𝑖𝑑 −𝐻(𝑇0)𝑠𝑜𝑙𝑖𝑑 

By definition: 

𝐻(𝑇)𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑠 =∑𝑤𝑖∫ 𝐶𝑝,𝑖𝑑𝑇
𝑇

𝑇0𝑖
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Where 𝑤𝑖 is the weight fraction of the mineral i in the magma, 𝐶𝑝,𝑖 the specific heat capacity [J/g K] 

of mineral i at constant pressure, and 𝑇0 the reference temperature. Additionally: 

𝐻(𝑇)𝑙𝑖𝑞𝑢𝑖𝑑 =∑𝑤𝑗 {∫ 𝐶𝑝,𝑗𝑑𝑇
𝑇

𝑇0

+ ∆𝐻𝑗
𝑓
+∫ ∆𝐶𝑝,𝑗𝑑𝑇

𝑇

𝑇𝑓,𝑗

}

𝑗

 

Where 𝑤𝑗 is the calculated weight fraction of the normative mineral j in the magma, 𝐶𝑝,𝑗 the specific 

heat capacity of the mineral j [J/g K] at constant pressure, ∆𝐻𝑗
𝑓
 the enthalpy of fusion of mineral j at 

1 bar [J/g], and ∆𝐶𝑝,𝑗 the specific heat capacity difference between the calculated normative mineral 

j in its molten and solid-state [J/g K]. 

Later, Glazner (2007) analyzed the extent of xenolith incorporation in natural systems, through the 

graphical analysis of enthalpy-composition diagrams of magma mixing and assimilation processes, 

highlighting the role of increasing magma crystallinity along with heat-consumption processes 

(magma mixing and partial melting), as a major obstacle on the incorporation of wall-rock (Fig. 3.8). 

 

 

 

 

 

 

 

 

(b) Open-system magmatic processes have been numerically modeled. Spera and Bohrson 

(2001) integrated a mass-balanced isobaric crystallization and fusion heat of the different phases 

involved in magma recharge, down-with-temperature crystallization, and wall rock incorporation. 

Their results contribute to a better understanding of the geochemical and isotopic signature of the 

expected mixture, at a given temperature (Bohrson and Spera, 2003). The extraction of just a fraction 

of the generated anatectic melts was also considered in this calculation, by the introduction of an 

Figure 3.8: Enthalpy-

composition (H-X) diagram for 

the system Mg2SiO4-SiO2 (Fo-

En-Qtz). Cristobalite (Cr) 

represents the Qtz endmember. 

This example represents a 1:1 

mixture, of a mafic magma 

incorporating the same amount 

(wt.%) of silica. Isothermal 

mixture paths are no isenthalpic; 

this condition requires as much 

as 0.4 kJ/g enthalpy addition to 

maintain the temperature at a 

fixed value. Isenthalpic mixing 

results in a lower temperature, 

due to heat requirements to 

partially melt Cr. Extracted from 

Glazner (2007). 
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“extraction efficiency factor” as later proposed by Gelman et al. (2014) among others. Borhson and 

Spera (2007) provided a computational algorithm to model this phenomenon. Mass, thermal and 

compositional outcomes can be obtained for the magma reservoir, igneous cumulates, mafic enclaves, 

and the produced anatectic melt (which could be compared to, for example, coalescence of migmatitic 

leucosomes in anatectic terranes), forming parautochthonous igneous bodies, as hypothesized for the 

petrogenesis of the Layos Granite, Hercynian Complex of Toledo, Spain (Barbero and Villaseca 

1992). 

 (c) Multicomponent phase equilibria isochemical PT projections (pseudosections) can be 

attained using the Perple_X software programmed by Connolly (2005). This tool provides a complete 

thermodynamic data set, including the one from Holland and Powell (1998), in which solution models 

for a vast number of phases are calibrated and incorporated into calculations. Gibbs free energy 

minimization procedures are computed by compositional space discretization; the determination of 

the exact solid solution is bypassed to save computational resources, therefore each phase 

composition is expressed discretely, by a sum of “pseudocomponents”. Results can be visualized as 

a phase diagram in the PT space. System properties such as specific volume, density, entropy, 

enthalpy, specific heat, volumetric fraction of any phase, etc. can be retrieved at a given point, or 

even following an arbitrary path; for example, melting phase relations for an adiabatic decompression 

path were calculated by Connolly (2005), for a -dry- average mantle composition (Fig. 3.9). 
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Figure 3.9: Here the 2565 J/kg isentrope was chosen arbitrarily, to visualize volumetric phase relations at a 

given adiabatic decompression path in (b). Note that different mineral assemblages label each stability field in 

(a). Phase transformation and melting reactions in (a) are accompanied by energy requirement differences 

(inflection points in red curves representing isentropes). Extracted from Connolly (2005). 
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3.6. Zircon as a petrogenetic marker 

The latter sections display the different mechanisms by which crust can be melted, which are the 

possible chemical and mineralogical outcomes, and how does high (or low) temperature anatexis 

occur. The duration of source melting and magma emplacement timescales are usually inferred using 

U-Pb zircon dating (e.g. Bhattcharya et al., 2018). In some of these studies, zircon inheritance is 

revealed (e.g. Scott et al., 2011), but still lack a thorough assessment of the meaning obtained age, 

provided an estimation for the budget of inherited grains (Siégel et al., 2017). 

3.6.1. Crystallization ages 

A clue mineral phase in geochronology provided the U-Th-Pb isotopic system behavior, and the high 

uranium concentration in zircon (Hoskin and Schaltegger, 2003). Almost every rock in the Earth's 

evolutionary history can be dated with this method, as the 238U-235Pb half-life decay constant is 

sufficiently long to register zircon crystallization before 4 Ga (e.g. Xing et al., 2014). 

 

3.6.2. Crystallization temperatures 

The titanium content in zircons increases along with temperature estimates, leading to well-calibrated 

zircon thermometry equations (Watson et al., 2006), later revisited to account for variations in silica 

and titanium activities of magmas (Ferry and Watson, 2007), as follows: 

𝑙𝑜𝑔(𝑇𝑖𝑍𝑟𝑛) = (5.711 ± 0.072) −
(4800 ± 86)

𝑇(𝐾)
− log(𝑎𝑆𝑖𝑂2) + log(𝑎𝑇𝑖𝑂2) 

𝑇𝑖𝑍𝑟𝑛 corresponds to the titanium concentration (ppm) in zircon, and 𝑇(𝐾) the zircon crystallization 

temperature. 

Similarly, for a wider range of magma compositions, zircon saturation/dissolution temperatures have 

been obtained through experimental melt-phase equilibria, considering the melt composition and its 

zirconium content (Gervasoni et al., 2016): 

𝑙𝑛(𝐷𝑍𝑟) = 4.29 ± 0.34 − (1.35 ± 0.1) ln(G) − (0.0056 ± 0.0002) ∗ 𝑇(°𝐶) 

Where DZr=Zrsolid/Zrmelt (considering Zrsolid=496,000 ppm in zircon) and the G parameter of the melt 

G=(3Al2O3+SiO2)/(Na2O+K2O+CaO+MgO+FeO) in molar proportions, resulting in T(°C), the zircon 

saturation temperature. 

It is expected that strongly peraluminous magmas (high G values) form zircons early in their evolution 

(Miller et al., 2003), whereas older zircons could reflect the initial stages of magma generation 

through anatexis (Kelsey et al., 2008).  
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3.6.3. Zircon host-rock characterization 

Different types of zircon hosting rocks can be identified through their trace element budget 

(Belousova et al., 2002; Grimes et al., 2015; Kirkland et al., 2015; Chapman et al., 2016). 

Furthermore, O and Hf isotopes can be used coupled (Bolhar et al., 2008) or independently 

(Hawkesworth and Kemp, 2006), to reveal the origin of zircons and possible crustal recycling 

processes. 

 

3.6.4. Magma oxidation state 

Cerium (Ce) along with Europium (Eu) are divalent elements, +3/+4 and +2/+3 valences, 

respectively. The strong partitioning of tetravalent Ce compared to adjacent trivalent REE (La and 

Pr) results in positive geochemical anomalies in magmatic zircons, and is used to quantify the 

oxidation state of zircon-forming melts (Ballard et al., 2002; Trail et al., 2011; Burnham and Berry 

2012; Trail et al., 2012; Zou et al., 2019) (Fig. 3.10). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: REE partitioning in zircon (determined by LA-ICP-MS) and associated logfO2 values (numbers 

in anomaly apex). Inset shows the cerium anomaly magnitude and related magma oxidation state and mineral 

redox buffers. Modified from Burnham and Berry (2012). 
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3.6.5. Zircon as a petrogenetic tracer 

Chemical variations in zircon are used as differentiation indexes, to unravel different petrogenetic 

processes such as fractional crystallization, partial melting, and/or magma mixing (Fig. 3.11):  

• Increase of the Hf content, Yb/Gd, Sm/La, and Ce/Sm ratios with differentiation: 

Product of Apatite (Wark and Miller, 1993), titanite, and/or allanite (Castiñeiras et al., 2010; 

Reid et al., 2011) fractionation (e.g. Claiborne et al., 2010b). 

• Decrease of the Th/U and Zr/Hf ratios with differentiation: Due to zircon, titanite, 

amphibole, clinopyroxene, and/or garnet crystallization, previous or along-with zircon 

formation (Wang et al., 2010). 

 

 

Figure 3.11: Zircon LA-ICP-MS analyses obtained from co-genetic rocks from the Upper Cretaceous Caleu 

Pluton, Central Chile (GDZ, GZ, QMDZ, and MGZ stand for gabbro, granodiorite, quartz-monzodiorite and 

monzogranitic lithologies, respectively) (Molina et al., 2015 unpublished data). 
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CHAPTER 4. THERMODYNAMIC MODELING OF CRUST ANATEXIS: 

RESULTS AND DISCUSSIONS 

To properly characterize the geochemical signature of crustal magmas, and address the energetic 

requirements of anatexis at different depths, thermodynamic modeling (PerpleX software; Connelly, 

2005) of at different P-T-XH2O conditions was performed based on the CFMASHN (Lower Crust) and 

KCFMASH (Middle and Upper Crust) components systems, and represented as isochemical 

pseudosections (with variable initial water content). The visualization of isenthalpic curves on the P-

T space provides a powerful tool to evaluate the relative energy between two system states, and 

therefore the feasibility of the crust to partially melt or be assimilated (as suggested by Ussler and 

Glazner, 1992). Intensive variables, the system crystallinity (vol.%), residual melt, and solid residue 

compositions, were retrieved in the whole modeled range. 

Average Lower, Middle, and Upper Crust compositions were used in modeled pseudosections of 

isochemical systems, and correspond to those suggested by Rudnick and Gao (2003). The different 

magmatic phases were modeled considering solution models provided for orthopyroxene, biotite, 

garnet, clinopyroxene, chlorite, olivine, silicate melt, spinel, and chloritoid (Holland and Powell, 

1998); amphibole (Wei and Powell, 2003); mica (Auzanneau and Schmidt, 2010); plagioclase 

(Newton et al., 1980); clinohumite (Duffy and Greenwood, 1979); and ideal talc, cordierite, 

antigorite, and brucite. Magma residue composition was calculated by mass balance as follows: 

𝑅𝑒𝑠𝑖
𝑃𝑇(𝑤𝑡.%) =

𝑃𝑟𝑜𝑡𝑖 − (𝐿𝑖𝑞𝑖
𝑃𝑇 ∗ 𝐿𝑖𝑞𝑤𝑡

𝑃𝑇)/100

1 −
𝐿𝑖𝑞𝑤𝑎𝑡𝑒𝑟

𝑃𝑇

100 −
𝐿𝑖𝑞𝑤𝑡

𝑃𝑇

100

 

where 𝑅𝑒𝑠𝑖
𝑃𝑇 corresponds to the solid residue composition 𝑖 (component in weight percent), 𝑃𝑟𝑜𝑡𝑖 

the protolith composition, 𝐿𝑖𝑞𝑖
𝑃𝑇 the composition of the residual liquid at any given PT condition, 

𝐿𝑖𝑞𝑤𝑎𝑡𝑒𝑟
𝑃𝑇  the amount of exsolved water (wt.%), and 𝐿𝑖𝑞𝑤𝑡

𝑃𝑇 the amount of liquid (in wt.%). Residue 

composition, on the P-T space, was computed with MATLAB software (R2017a). 
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4.1. Crust anatexis conditions under variable water content 

According to the simulations provided here, melting of the crust at temperatures near and below 

600°C was not achieved (Annexes), whereas anatexis in the Middle-Upper crust interphase was 

obtained (up to ca. 30% melt volume) at temperatures near 700°C and water contents above 1 wt.% 

(Fig. 4.1). Dry (volatile phase-absent) melting at temperatures near 800°C does not occur in the lower 

crust, while eutectic conditions are achieved in the middle and upper crust in the same conditions 

(Fig. 4.2). A minimum of >2 wt.% H2O is necessary to partially melt the lower crust at 800°C. A 

thermal perturbation of 900°C surpasses the solidus of the crust in all cases, at any depth. It is 

important to note that, at a given initial H2O content, isothermal decompression paths are 

characterized by somewhat constant crystallinities (Fig 4.1 and Fig. 4.2), followed by water 

exsolution and subsequent eutectic crystallization. 

Residual liquids within the efficient melt extraction window defined by Dufek and Bachmann (2010) 

(magmas with a 30 to 50 vol. % of melt phase) are found in the middle crust at 700°C, just above 3 

wt.% H2O contents (Fig. 4.1). Contrastingly, at 800°C, similar water contents are needed to 

equilibrate magmas within these crystallinities, but at the base of the crust. Melt extraction could only 

occur in the Middle and Upper Crust in water-undersaturated conditions at 800ºC (Fig. 4.2). 
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Figure 4.1: Simplification of modeled isochemicals pseudosectons for the upper and middle crust (at 700ºC). Lower crust 

pseudosection was omitted because of the absence of melt phase at this temperature The thick red line is the solidus whereas 

thin discontinuous red lines correspond to melt fractions (in vol.%). Water exsolution is represented by the thick blue line 

(exsolution of a volatile phase is expected at lower pressures than the dividing line). It is interesting to note that the slopes 

melt fraction curves change when water saturation is reached, following eutectic crystallization of modeled magmas.  
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Figure 4.2: Simplification of modeled isochemical pseudosections for the entire crust (at 800ºC). Here, only 

the lower crust could exist at temperatures below the solidus in dry conditions (below 1 wt.% H2O). Water 

exsolution was not achieved in the Middle Crust. Same legend as in Figure 4.1.  
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4.2. Energy requirement for crustal anatexis under variable water content 

The simulations provided in the former section were used as a framework to display the relative 

energetic states of magmas at different P-T-XH2O conditions. As purpose to understand the heat 

requirements to achieve crust anatexis and possible adiabatic ascent paths, the models of isochemical 

projections above 700ºC were considered. As a rule, greater energetic requirements are needed to 

sustain magmatic systems with high melt fractions and water contents at constant temperatures. This 

is a consequence of the different enthalpy values necessary for the dissolution and melting of 

participant minerals (Ussler and Glazner, 1992). In the modeled haplogranitic system, the obtained 

enthalpy differences between almost completely crystallized magmas and partially molten rocks (30 

vol.% melt) of 0.2 kJ/g are in concordance with those obtained by Glazner (2007) for mixtures in the 

system Mg2SiO4-SiO 2. Also, the adiabatic ascent of magmas is feasible and could induce melting by 

decompression in water-undersaturated conditions but, accordingly, with a mild increase in dissolved 

water (Fig. 4.3). This is a consequence of the slope of the isenthalpic envelopes, which get farther 

from solidus as melts approach the surface, following the adiabat curves (Clemens, 2003). 

The energetic barriers that might preclude anatexis take place as temperature increases, as a 

consequence of the energy consumption of the metamorphic reactions (Thompson and Connolly, 

1995. The conditions for ultra-high temperature metamorphism are greatly impeded to a larger extent 

when metapelites are affected in comparison with refractory granitic crust (Schron et al., 2018), and 

are achieved generally in highly mature ‘sterile’ orogens (Vielzeuf et al., 1990). Under this analysis, 

a foreign heat supply is -again invoked- to surpass the energetic requirements to achieve anatexis of 

common crustal rocks. This is elucidated by the emplacement of the ubiquitous Late Triassic to Early 

Jurassic mafic dikes in the Elqui-Limarí Batholith (Elqui Dike Swarm), which is recognized by 

Parada (1988) as a possible precursor and/or trigger to partially melt the crust in a thinned lithosphere 

context (e.g. Karakas and Dufek,2015). Nevertheless, crustal thickening by vertical stacking of 

granitic blocks is recognized as a major energy contributor (by radiogenic heat production coming 

from the decay of 40K, 230Th, 235U, and 238U) to achieve anatexis in collisional to post-collisional 

settings (Bea, 2012).  
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Figure 4.3: Simplified isochemical pseudosections for the Lower, Middle, and Upper Crust (at different water 

contents in weight percent) at temperatures of 700°C (left) and 800°C (right). Magma crystallinity (numbered 

thin black lines represent vol. % melt phase) and solidus (shown as thick red line) is projected in each diagram. 

Relative enthalpy states are indicated in scaled bars with colors. 

  



40 
 

4.3. Crust melting under water-saturated conditions and implications on the stability of 

entrained zircon grains 

For simplicity, the composition of the leucosome portion of partially melted crust rocks was 

calculated under water-saturated conditions. The initial whole-rock compositions suggested by 

Rudnick and Gao (2003), for the Lower (10 to 6.7 kbar), Middle (6.7 to 3.5 kbar), and Upper (3.5 to 

0.3 kbar) Crust sections, and following the above thermodynamic solution models within the 

KCFMASH components system, are considered in this thermodynamic simulation. The water-

saturated solidii temperatures obtained here, reach values as low as ca. 600°C, whereas a maximum 

solidus temperature of 750°C is reached near the surface (Fig. 4.5). Melts formed within the 

extraction efficiency window (in the range of 30 to 50 melt vol.%) suggested by Dufek and Bachmann 

(2010), are only found just slightly above solidus temperatures (<650°C) at Middle crustal levels. 

However, the generation of melt with the same crystallinities can be obtained at temperatures as high 

as 750° C and 850° C in the Upper and Lower Crust, respectively (Fig. 4.4). 

 

Figure 4.4: Variations of melt fraction (vol.%) versus temperature, obtained from the thermodynamic models 

of water-saturated melting presented here. The variability of melt fractions of anatectic magmas formed in the 

Upper Crust is explained by the negative slope of the solidus curve in the P-T space (compared with that of the 

Middle and Lower Crust), as magmas approach the surface (full range of melt fraction profiles in Annexes). 

Optimal melt extraction window after Dufek and Bachmann (2010).  
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The composition of the near-eutectic anatectic melts shows high values of SiO2, Na2O, and K2O 

(wt.%), and low CaO (wt.%), compared with those obtained at higher temperatures. The Al2O3 

content of modeled melt compositions shows minimum values (between 10 to 11 wt.%) at around 

700°C, irrespective of the resulting crystallinity and depth of the crustal melting (Annexes). The Fe-

index shows a consistent decrease with increasing temperature; values above 0.8 are bracketed within 

650°-750°C, 650°- 800°C, and 650°-850°C, for the Upper, Middle, and Lower Crust, respectively. 

These values can be ascribed to magmas formed in a thinned lithosphere setting, as suggested by 

Frost and Frost (2011). 

Anatexis of the Middle and Upper Crust cannot be achieved solely by a conductive geotherm of 

15°/km, yet higher geotherm values (25° to 45°/km) can be responsible for melting of the Middle 

Crust (Fig. 4.5). In this geodynamic context, a perturbed geotherm as high as 35°/km can be achieved 

by the intrusion of mafic dike swarms within the lower crust (Dufek and Bergantz, 2005), or by 

augmented heat flow conduction in back-arc settings (Curie and Hyndman, 2006). 

Results indicate that peraluminous melts (ASI index values above 1.0) are generated -preferably- at 

depths within the Lower Crust (at equivalent pressures within 6.7 to10 kbar) (Fig. 4.5), and -

generally- at higher temperatures than metaluminous and peralkaline melts (Fig. 4.6). Contrastingly, 

the thermodynamic models of melting presented here, show that the amount of excess in alumina and 

alkalis indicate no correlation with pressure (Annexes). This finding is backed by observations made 

by Whalen et al. (1987) who proposed that crustal-related A-type granites are not only associated 

with anatexis of charnokitic lower crust (cf. Landenberger and Collins, 1996). A-type granitic 

magmas can also be formed by low pressure (P<4 kbar) dehydration melting of calc-alkaline granites 

at temperatures above 900°C, if any mechanism of thermal perturbation exists (ie. advection of hot 

mafic magmas into high crustal levels; Patiño Douce, 1997).  
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Figure 4.5: Thermodynamic models of crust anatexis for the Lower Crust (KCFMASH components system), 

under water-saturated conditions. ASI vs AI values after the formulation of Frost and Frost (2011). Anatectic 

melts show a strong peraluminous character in comparison with a few fractions of metaluminous and peralkaline 

melts generated near the eutectic temperatures (see Fig. 4.4). 
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Figure 4.6: Thermodynamic models of crust anatexis (KCFMASH components system), under water-saturated 

conditions. Values for the composition of the Lower, Middle, and Upper Crust are those suggested by Rudnick 

and Gao (2003). Solid black lines represent different geotherms and correspond to those suggested by 

Thompson (1999) for a steady-state Standard Continent geotherm(15°/km), and perturbed geotherms due to the 

underplating of mafic magmas at the base of the crust in an extending lithosphere setting (Lachenbruch and 

Sass, 1978): that typical for the Basin and Range (25°/km) setting, and that expected for the Battle Mountain 

High (45°/km). Colorbar represents modeled ASI index as defined by Frost and Frost (2011).  
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The temperatures at which zircons saturate in the anatectic leucosome were obtained following the 

equation provided by Gervasoni et al. (2016), utilizing the composition of liquids obtained from the 

isochemical thermodynamic models, and the calculated Zr (ppm) concentrations in residual liquids. 

The latter was obtained assuming perfect incompatibility with bulk mineral assemblage, under 

equilibrium crystallization. The initial Zirconium concentration was considered equal to that 

proposed by Rudnick and Gao (2003), for whole-rock compositions of each crustal level, these values 

are 193, 149, and 68 (ppm) for the Upper, Middle, and Lower Crust, respectively. Magmas with 

temperatures below calculated Zircon Saturation Temperature, may form new cores and/or stabilize 

entrained zircon grains, independently of their multiple origins (cf. Miller et a., 2007). The model 

results indicate that zircons are only stable in melts formed in the Middle and Lower Crust at 

temperatures below 700°C, whereas zircon would crystallize (in a zirconium-saturated magmatic 

environment) from melts in the Upper Crust at temperatures as high as 800°C, near the surface (Fig. 

4.7).  

The above results provide new insights regarding the interpretation of the U-Pb zircon ages of crust-

related plutons. Plutons formed by dehydration melting of the Lower Crust might have a significant 

amount of inherited zircon cores (Miller et al., 2000) most probably favored by rapid magma ascent 

and crystallization at a higher structural level (Bhattacharya et al., 2018), therefore common in 

allochthonous granites (see Section 3.4). Crust-related autochtonous granites emplaced in the Middle 

and Upper crust might reflect in-situ crystallization of zircons, yet fluid-absent anatexis in the shallow 

crust (Brown, 2013), must be related to anomalously high geotherms, and with the recognition of 

peripheral migmatitic structures adjacent to plutons (e.g. Flood and Vernon, 1978). Interpretations of 

U-Pb zircon geochronological data of deep-formed crustal granites can be understood if the melts at 

the source are saturated in zirconium, and subject to rapid extraction that allows for preserving 

inherited restitic zircons (Ayres et al., 1997; Clemens, 2003; Bea 2006;). This inference is consistent 

with that proposed by Diener et al. (2014) who claim that high melt production rates during crustal 

anatexis, followed by fast magma ascent, would be responsible for the high abundance of inherited 

zircons, leading to complex patterns in the basement U-Pb zircon ages (e.g. Bea et al., 2007; Molina 

et al., 2020). 
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Figure 4.7: Thermodynamic models for crust anatexis (see main text for model details). The right-side color 

bar represents the calculated zircon saturation temperature (Tsat) (Gervasoni et al., 2016). A system temperature 

below Tsat holds a magmatic environment that would stabilize entrained zircon grains and/or generate new 

zircon cores, whereas higher-than-saturation magma temperatures characterize liquids that will eventually 

dissolve inherited zircon cores.  
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CHAPTER 5. ZIRCON INHERITANCE FROM THE SOURCES OF THE 

STUDIED LATE TRIASSIC PLUTONS (PUBLISHED IN LITHOS) 
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CHAPTER 6. COEXISTENCE OF A- AND S-TYPE PLUTONS DURING THE 

CONSTRUCTION OF THE LATE TRIASSIC CENTRAL CHILE ANDES 

BASEMENT: FINAL CONSIDERATIONS 

6.1. Source materials, petrogenetic conditions and tectonic implications  

This work depicts the formation of two coeval contrasting granites (S-type and A-type granite 

plutons), nearly emplaced at a similar depth, in a thinned lithosphere setting. The geochemical 

contrast is consistent with the explanation of a resulting difference in the typology of granites, as a 

consequence of source heterogeneities in the context of post-collisional magmatism (Clemens, 2003). 

The peraluminous S-type Los Tilos pluton would represent derivation from crustal sources but mixed 

with enriched-mantle materials, represented by the coeval mafic dyke swarm (Elqui Dike Swarm: 

EDS; Creixell et al., 2009), which would also act as crustal melting precursors. This observation 

agrees with petrogenetic models proposed by numerous authors (e.g. Villaseca et al., 1998; Clark et 

al., 2011; Frost and Frost, 2011), who recognize the participation of juvenile magmas in the formation 

of peraluminous melts. A mixture of peritectic minerals resulting from the fusion of metasedimentary 

sources, together with leucosome liquids, provides an explanation for the geochemical characteristics 

of peraluminous magmas (Patiño Douce, 1999). The particular case of the peraluminous Los Tilos 

pluton (LTp) would correspond to restitic material dragged from the source that rapidly cooled at the 

emplacement site (3.5 to 4.0 kbar) giving rise to cordierite and β-quartz paramorphs (see Annexes). 

Similarly, the hypersolvus leucogranite (MGp) displays integration of anatectic byproducts in 

ascending melts (hedenbergite), emplaced and cooled rapidly at shallow levels (1.5 to 2.5 kbar). On 

the other hand, the geochemical signature of MGp reveals anorogenic geochemical characteristics 

consistent with derivation from melting of the crust that probably undergone long periods of high 

heat flow, in a tectonic context of continent-continent collision or island-arc magmatism (Eby, 1992). 

The emplacement of juvenile mantle magmas (EDS) might be also responsible for the high 

temperatures achieved during the formation of MGp melts (by volatile-phase absent anatexis) but, in 

contrast to LTp, without chemical interaction with mafic precursors, therefore representing ‘pure’ 

anatectic melts (cf. Patiño Douce, 1999). 

The pre-Andean granitic basement, located in this segment of the Andes, which is mainly formed by 

Late Paleozoic granitoids, is believed to be exhumed since the Late Triassic - Jurassic (Hervé et al., 

2014; Jensen, 1984), because of extensional conditions analog to that of the Laramide Province of 

North America (Moscoso and Mpodozis, 1988). These extensional conditions might have facilitated 

the ascent of mantle magmas through the crust (Karakas and Dufek, 2015), giving rise to the 

emplacement of the Elqui Limarí Dike Swarm and the studied plutons. The high temperatures 

achieved to produce anatexis of the Paleozoic granitic basement can also be explained by the thinning 
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of the lithosphere (Currie and Hyndman, 2006); this is a geodynamic characteristic of the 

southwestern Gondwana margin during the Early Mesozoic (e.g. Espinoza et al., 2019) as an analog 

to an island-arc setting (Rossel et al., 2013). This setting is thought to be a consequence of post-

collisional orogenic collapse processes after the San Rafael orogeny (Kleinman and Japas, 2009). The 

thermal relaxation of the resulting thickened orogen, together with rapid exhumation of rocks of the 

newly-formed orogenic front (cf. Hervé et al., 2014), could have been accompanied by anatexis of 

the lower crust up to 25 vol. % melt fractions, provided an external supply of heat (Thompson, 1999; 

Fig. 4.3). This would happen after a period of incubation equivalent to the magmatic gap between the 

western (Elqui Complex) and eastern (Ingaguás Complex) parts of the Elqui Limarí Batholith. 

The intense and protracted Upper Paleozoic arc magmatism (Martin et al., 1999), was followed by a 

waning stage of igneous activity and arc loci shift to the west in the Late Triassic to Early Jurassic 

(Coloma et al., 2017). Similarly, Zentilli et al. (2018) discuss that the mineralization of the Eocene-

Oligocene belt of porphyry type Cu-Mo deposits located in northern Chile (20°-27°S), occurred also 

at the culminating stage of vigorous protracted igneous activity before quiescence. These igneous 

products were also emplaced in the same -narrow- strip of crust occupied by Late Triassic plutons, 

therefore suggesting that magma emplacement and ascent occurred by the utilization of the same 

crustal discontinuities, inherited from pre-Andean structures related to the opening of Upper 

Paleozoic to Triassic marginal basins in south western Gondwana (e.g. Franzese and Spalletti, 2001). 

The anorogenic affinity and high enrichment in HFSE of some of the Late Triassic plutons (Vásquez 

and Frantz, 2008; González et al., 2017; Molina et al., 2020) can be interpreted by two, non-excluding, 

petrogenetic scenarios (cf. Frost and Frost, 2011). Namely, the subduction-related component and the 

anatectic component of formed magmas, respectively: (1) Extraction of the last melt batches available 

asthenospheric source region after uninterrupted arc magmatism since the Carboniferous (del Rey et 

al., 2016). The A-type geochemical features are interpreted as a result of the extraction and ascent of 

highly silicic magmas (representative of the very last melt fractions) in thinned lithosphere contexts 

(Farner and Lee, 2017). (2) Anatexis of a more refractory crust as the orogen became increasingly 

hotter, by decomposition of hydrated phases (Vielzeuf et al., 1990; Schorn et al., 2016), could 

generate A-type granites resulting from low degrees of high-temperature partial melting (e.g. Kemp 

and Hawkesworth, 2005). These scenarios may also explain the isotopic signature variations of rocks 

of the Elqui-Limarí batholith, from more radiogenic Upper Paleozoic rocks with εNd between 0 and 

-5, and 87Sr/86Sr between 0.705 and 0.710, to less radiogenic Late Triassic rocks with εNd around 0, 

and 87Sr/86Sr between 0.704 and 0.707 (cf. González et al., 2017). 
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6.2. Understanding the preservation of inherited zircons in the studied magmatic systems 

U-Pb ages of zircon crystallization are generally used to determine dates of pluton emplacement (e.g. 

Ratschbacher et al., 2018); its validity and interpretation are discussed in light of the different 

petrogenetic processes that might provide mixed signals of zircon ages (Siégel et al., 2017). Their 

understanding is generally supported by complex thermal models (Chapter 2), which in turn depend 

on a large number of physical variables to achieve geologically-reasonable results. This work attains 

a thorough understanding of the factors that drive zircon crystallization and preservation, and up to 

which extent they share a reciprocal relationship with the tectonomagmatic context in which magmas 

are formed (see Figure 1.1, Section 4.3, and Chapter 5), therefore contributes to a better 

understanding of the timescales of pluton construction, rates of magma generation, and source P-T 

conditions and materials. 

The preservation of inherited zircon cores depends on the availability of H2O during crustal melting, 

and the degree of zirconium enrichment at a given temperature (Watson, 1996). Inherited zircon 

grains commonly come from inclusions of large silicate crystals of the source, thus armored from 

chemical dissolution (Chen and Williams, 1990). However, dehydration melting (water-absent 

melting) of the crust, which has a high liquidus temperature and a wide range of eutectic temperatures 

(Holtz et al., 2001), is commonly accompanied by the liberation of zircon inclusions after the 

breakdown of hosting hydrated mafic silicates. The new silicates formed from the melt could be, in 

turn, prone to enclose peritectic phases (eg. zircon) (Rossi et al., 2002). All these situations could 

generate zircons with complex zonation textures and variable compositions, which are far from easy 

interpretation. On the other hand, magmas formed by water-induced melting are not always suitable 

to preserve inherited zircons due to their low solidus temperatures and narrow eutectic temperature 

range.  

A relation between zircon inheritance and depth of magma emplacement appears to exist because of 

the magma cooling rate. The critical crystallinities (crystallinities above 70 vol.%) achieved by 

magmas en route to their emplacement level depend on the cooling rates, confining pressure (Waters 

and Lange, 2017), and cooling derived from volatile exsolution (Richet et al., 2006), among other 

factors. Deep magmas trapped by host-rock anisotropies and/or rheological barriers while ascending 

will slowly cool (Gelman et al., 2013), and could maintain conditions above zircon saturation 

temperatures for long periods, which are less adequate to preserve inherited zircon cores. 

Contrastingly, magmas emplaced at shallow crustal levels without apparent structural barriers (for 

example those emplaced in non-orogenic settings; Rogers and Greenberg, 1990), will most likely 

present inherited zircon grains. In this case, the zircon crystals carried by melts formed at the source 
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region could be affected by dissolution unless high ascent velocities of magmas took place as 

expected in a thinned, and tectonically-relaxed, lithosphere (Petford, 2000).  

The studied zircons show contrasting chemistry and are interpreted to be formed at the source (see 

Chapter 5), related to different hosting parental magmas (Chapman et al., 2016). These geochemical 

characteristics mimic the composition of the partially melted material, which happens to be 

heterogeneous (e.g. Hansmann and Oberli, 2004). As a conclusion, the geochemistry of inherited 

grains displays compelling evidence to identify primary magmas in equilibrium with early zircon 

(e.g. Gao et al., 2016). Consequently, crustal heterogeneities, such as those expected in margins 

composed of amalgamated terranes, could be screened by means of detailed studies of zircons formed 

in magmas resulting from crust anatexis.  
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CHAPTER 7. CONCLUSIONS 

The conditions by which anatexis occurs are thoroughly addressed in this work, using a novel 

approach in which the stability field of zircon is placed to constrain the thermodynamic and kinetic 

conditions for the generation of anatectic magmas, in a thinned lithosphere environment. 

Two contrasting and coeval plutons, emplaced in the High Andes of Central Chile (~30°S), which are 

indicative of crustal melting in the Late Triassic, were selected. This igneous activity is represented 

by the Monte Grande pluton (MGp) and Los Tilos pluton (LTp), which are A- and S-type granitoids, 

respectively. MGp has a marked anorogenic signature (Ga/Al values above 0.0025, Y+Nb>45, and a 

generalized enrichment in HFSE). In turn, LTp stands as a geochemically peraluminous cordierite-

bearing granodiorite, with clear evidence of rapid cooling of peritectic phases formed through 

anatexis. These plutons pierce the root of the upper Paleozoic arc and are emplaced at a shallow 

structural level (<3.5 kbar). As a consequence, the studied rocks develop agpaitic and hypersolvus 

assemblages, together with textures ascribed to subsolidus reactions of metastable minerals formed 

at depth. 

Zircon grains found in the studied plutons formed in the Lower Crust and were preserved in source 

melts during arc activity that lasted more than ca. 30 Ma. The geochemical signature of these zircons 

reveals a heterogeneous source, with mixed signals of continental and island arc affinities. The 

modeled composition of the peraluminous melt of migmatized crust, in water-saturated conditions, 

shows a strong dependence on the temperature of anatexis. In fact, peraluminous anatectic melts are 

common in the Lower Crust, whereas temperatures above ca. 700°C are needed to form melts of this 

composition, in the Middle and Upper Crust. Yet, zircon grains entrained in melts formed in the 

Lower and Middle Crust are prone to be dissolved unless the primary anatectic melts were highly 

enriched in zirconium or extracted rapidly. Magmas formed in convergent plate boundaries, in 

tectonic compression, represent igneous media with a high dissolution potential, therefore zircon 

crystallization will most probably occur after the acquisition of critical effective viscosities, at their 

final emplacement site. 

In this study case, the thermodynamic and kinetic models for the efficient preservation of inherited 

zircons carried in anatectic melts, formed as a consequence of high-temperature (~900°C) 

dehydration melting, indicate that rapid extraction from source and emplacement (reaching the 

solidus in less than 12 kyr) took place. The thermal conditions to accomplish anatexis could be 

achieved by the combined effects of augmented radioactive-decay heat production after crustal 

thickening (San Rafael orogenic phase), heat advection by the intrusion of a mafic dike swarm (Elqui 

Dike Swarm), the achievement of high temperatures by the maturation of a ‘sterile’ orogen by 
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protracted arc activity, or increased heat flow by tectonic relaxation in a back-arc setting. An energetic 

addition of 0.2 kJ/g is required to partially melt the crust, up to melt fractions within the efficient 

extraction crystallinity window (between crystallinities of 50 to 70 vol.%). The adiabatic ascent of 

water-undersaturated melts (<3 wt.% H2O) could have easily occurred by the utilization of melt 

pathways inherited from existing crustal discontinuities, resulting from previous tectonic stages. A 

fast ascent of formed magmas is needed to prevent eutectic freezing when water saturation by 

decompression occurs. These conditions ensure the preservation of entrained minerals such as those 

formed from crystallizing magmas and/or those peritectic phases resulting from crust anatexis. 
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ANNEXES 

A. Models of isochemical pseudosections in the KCFMASH system at a 600ºC temperature 

Lower Crust 
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Middle Crust 
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Upper Crust 
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B. Melt fraction of crustal magmas 
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C. Modeled composition of anatectic melts 

Upper Crust 
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Middle Crust 
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Lower Crust 
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D. Modeled ASI vs AI indexes 

Pressure-sensitive models: Upper Crust 
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Pressure-sensitive models: Middle Crust 
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Pressure-sensitive models: Lower Crust 
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Temperature-sensitive models: Upper Crust 

  



97 
 

Temperature-sensitive models: Middle Crust 
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Temperature-sensitive models: Lower Crust 
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E. Whole-rock geochemistry 

Samples UTM Coordinates (WGS84) 

Sample E N Altitude (masl.) Unit Lithology 

PTPM02 369161 6695060 1277 Los Tilos pluton Granite 

PTPM03 370285 6694417 1324 Elqui Dike Swarm Mafic dike 

PTPM04 370285 6694417 1324 Colorado Sienogranites Sienogranite dike 

PTPM05 370462 6694336 1318 Colorado Sienogranites Sienogranite dike 

PTPM06 370550 6694172 1313 Elqui Dike Swarm Mafic dike 

PTPM07A 361238 6666739 1356 Monte Grande pluton Leucogranite 

PTPM07B 361438 6666548 1365 Monte Grande pluton Leucogranite 

PTPM09 364984 6664500 1560 Elqui Dike Swarm Mafic dike 

PTPM2-01 355339 6676252 1411 Colorado Sienogranites Sienogranite dike 

PTPM2-02 355374 6676317 1427 Elqui Dike Swarm Mafic dike 

PTPM2-03 352816 6690866 961 Colorado Sienogranites Sienogranite dike 

PTPM2-04A 369406 6694731 1286 Los Tilos pluton Crd nodule 

PTPM2-04B 369406 6694731 1286 Los Tilos pluton Crd nodule 

PTPM2-04C 369406 6694731 1286 Los Tilos pluton Crd nodule 

PTPM2-04D 369406 6694731 1286 Los Tilos pluton Crd nodule 

PTPM2-04E 369406 6694731 1286 Los Tilos pluton Crd nodule 

PTPM2-05 370461 6694335 1308 Los Tilos pluton Granite 

PTPM2-06 390345 6684712 1998 Elqui Dike Swarm Mafic dike 

PTPM2-07 390323 6684732 2012 Colorado Sienogranites Sienogranite dike 

PTPM2-08 390323 6684732 2012 Elqui Dike Swarm Mafic dike 

PTPM2-09 390185 6684861 1967 Colorado Sienogranites Sienogranite dike 

PTPM2-10 389546 6684847 1973 Colorado Sienogranites Coarse sienogranite 

PTPM2-11 388100 6684928 1910 Piuquenes granite 

(ChPC) 

Biotite granite 

PTPM2-12 388100 6684928 1910 Elqui Dike Swarm Mafic dike 

HA-10 365465 6697365 1314 Elqui Dike Swarm Mafic dike 

HA-01 356462 6673443 1047 Monte Grande pluton Leucogranite 

HA-15 369128 6695084 1248 Los Tilos Granite 

HA-04 360976 6666841 1108 Monte Grande pluton Leucogranite 

HA-02 356462 6673443 1047 Elqui Dike Swarm Mafic dike 

HA-06 363727 6665122 1487 Elqui Dike Swarm Mafic dike 

HA-11 365465 6697365 1314 Elqui Dike Swarm Mafic dike 

HA-14 368326 6696142 1246 Elqui Dike Swarm Mafic dike 
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Major elements 

Sample Unit Lithology 
 

SiO2 TiO2 Al2O3 Fe2O3 FeO FeOt 

(calc) 

MgO CaO MnO Na2O K2O P2O5 H2O+ H2O- LOI Total 

   
Units wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

   
Detection 

limit 

0.01 0.001 0.01 0.01 0.1 
 

0.01 0.01 0.001 0.01 0.01 0.01 0.1 0.1 
  

   
Analysis 

method 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

TITR 
 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

H2O+ GRAV FUS-

ICP 

 

PTPM02  Los Tilos 

pluton 

Granite 
 

74.25 0.149 12.86 1.06 0.9 1.85 0.34 1.15 0.035 3.91 3.26 0.05 0.4 0.2 0.71 98.674 

PTPM03  Elqui Dike 

Swarm 

Mafic dike 
 

53.37 0.846 17.1 2.54 4.2 6.49 4.58 4.9 0.116 4.26 2.21 0.2 
  

5.2 99.522 

PTPM04  Colorado 

Sienogranites 

Sienogranite 

dike 

 
67.55 0.418 14.62 1 2.4 3.30 1.62 3.45 0.227 5.14 1.32 0.1 

   
97.845 

PTPM05  Colorado 

Sienogranites 

Sienogranite 

dike 

 
72.34 0.224 13.53 0.9 1.3 2.11 0.56 1.42 0.056 3.89 3.24 0.05 

  
2.23 99.74 

PTPM06  Elqui Dike 

Swarm 

Mafic dike 
 

62.07 0.561 17.12 0.83 3.2 3.95 2.5 3.91 0.181 4.26 1.56 0.1 
  

3.45 99.742 

PTPM07A  Monte 

Grande 
pluton 

Leucogranite 
 

75.68 0.148 11.85 1.28 1.3 2.45 0.04 0.39 0.038 3.65 4.82 < 

0.01 

0.2 0.1 0.21 99.406 

PTPM07B  Monte 

Grande 

pluton 

Leucogranite 
 

75.88 0.12 11.56 1.01 1 1.91 0.03 0.35 0.029 3.52 4.73 < 

0.01 

0.1 0.1 0.25 98.479 

PTPM09  Elqui Dike 

Swarm 

Mafic dike 
 

49.8 1.621 16.78 2.7 5.8 8.23 6.62 9.03 0.139 3.11 0.98 0.28 
  

2.51 99.37 

PTPM2-01  Colorado 
Sienogranites 

Sienogranite 
dike 

 
71.08 0.385 13.16 0.69 1.2 1.82 0.13 2.41 0.028 3.83 3.58 0.09 0.8 0.2 2.82 99.403 

PTPM2-02  Elqui Dike 

Swarm 

Mafic dike 
 

45.9 2.064 15.52 3.66 6.9 10.19 6.45 7.41 0.251 3.08 1.36 0.25 
  

6.71 99.555 

PTPM2-03  Colorado 
Sienogranites 

Sienogranite 
dike 

 
70.41 0.078 11.7 0.06 2.5 2.55 0.85 3.83 0.063 3.86 2.85 < 

0.01 

  
3.26 99.461 

PTPM2-04A  Los Tilos 

pluton 

Crd nodule 
 

69.37 0.065 14.95 1.14 3.7 4.73 1.74 0.35 0.289 0.86 3.52 0.01 2.7 0.5 3.29 99.284 

PTPM2-04B  Los Tilos 
pluton 

Crd nodule 
 

70.57 0.093 14.77 1.12 3.6 4.61 1.49 0.47 0.272 1.26 3.12 0.02 2.4 0.4 2.88 99.665 

PTPM2-04C  Los Tilos 

pluton 

Crd nodule 
 

68.73 0.114 14.43 1.77 4 5.59 2.1 0.46 0.284 1.03 2.97 0.02 3 0.4 3.34 99.248 

PTPM2-04D  Los Tilos 
pluton 

Crd nodule 
 

70.04 0.108 14.67 1.33 3.8 4.00 1.71 0.44 0.307 1.28 2.94 0.01 2.4 0.4 3.12 99.755 

PTPM2-04E  Los Tilos 

pluton 

Crd nodule 
 

71.74 0.123 14.72 0.53 4.1 4.58 1.78 0.61 0.346 1.25 2.2 0.02 1.7 0.3 2.46 99.879 

PTPM2-05  Los Tilos 
pluton 

Granite 
 

76.21 0.073 12.6 0.89 0.3 1.1 0.13 0.56 0.02 3.75 4.49 0.03 0.1 <0,1 0.69 99.743 
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PTPM2-06  Elqui Dike 
Swarm 

Mafic dike 
 

51.37 1.714 15.65 5.72 3.3 8.45 4.11 6 0.156 4.33 1.76 0.56 
  

4.97 99.64 

PTPM2-07  Colorado 

Sienogranites 

Sienogranite 

dike 

 
73.54 0.355 13.07 0.92 0.9 1.73 0.14 0.96 0.037 4.49 3.16 0.06 0.7 0.1 1.51 99.142 

PTPM2-08  Elqui Dike 
Swarm 

Mafic dike 
 

46.72 1.622 16.7 4.14 6.2 9.93 8.71 6.65 0.202 2.38 0.89 0.18 4 0.3 5.23 99.624 

PTPM2-09  Colorado 

Sienogranites 

Sienogranite 

dike 

 
76.1 0.171 12.43 0.54 0.9 1.39 0.1 0.3 0.038 4.06 3.94 0.02 0.4 <0,1 0.71 99.309 

PTPM2-10  Colorado 
Sienogranites 

Coarse sienogranite 73.39 0.256 13.24 0.36 1.8 2.12 0.29 0.74 0.042 4.56 3.85 0.05 0.4 <0,1 1.05 99.628 

PTPM2-11  Piuquenes 

granite 
(ChPC) 

Biotite 

granite 

 
74.23 0.212 12.95 0.52 1.3 1.77 0.41 0.87 0.054 3.67 3.89 0.06 0.3 <0,1 0.97 99.136 

PTPM2-12  Elqui Dike 

Swarm 

Mafic dike 
 

52.7 1.134 15.32 2.63 4.5 6.87 6.08 5.34 0.142 4.16 1.67 0.18 
  

4.61 98.466 

HA-10 Elqui Dike 
Swarm 

Mafic dike 
 

56.30  0.76  17.30  2.77  3.32  5.81 2.73  4.72  0.08  4.01  2.87  0.56  
  

3.73 99.15 

HA-01 Monte 

Grande 
pluton 

Leucogranite 
 

76.50  0.11  11.90  0.48  0.88  1.31 0.14  0.73  0.03  4.00  4.32  0.01  
  

0.57 99.67 

HA-15 Los Tilos Granite 
 

75.90  0.14  12.80  0.81  0.40  1.13 0.35  1.06  0.03  3.86  3.47  0.03  
  

0.73 99.58 

HA-04 Monte 

Grande 

pluton 

Leucogranite 
 

77.30  0.15  11.50  0.74  1.04  1.71 0.07  0.41  0.03  3.43  4.52  0.01  
  

0.41 99.608 

HA-02 Elqui Dike 
Swarm 

Mafic dike 
 

51.50  1.50  15.20  3.43  6.84  9.93 5.77  8.13  0.14  3.13  0.38  0.21  
  

3.46 99.69 

HA-06 Elqui Dike 

Swarm 

Mafic dike 
 

52.30  1.80  17.10  0.20  5.52  5.67 6.62  7.20  0.18  3.57  1.44  0.40  
  

3.32 99.65 

HA-11 Elqui Dike 
Swarm 

Mafic dike 
 

50.80  1.70  17.10  2.80  6.44  8.96 5.29  7.71  0.20  3.74  1.85  0.30  
  

1.78 99.71 

HA-14 Elqui Dike 

Swarm 

Mafic dike 
 

46.83  1.37  16.00  3.03  6.28  9.01 9.38  8.96  0.18  2.40  1.04  0.27  
  

4.11 99.85 
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Trace elements 

Sample Unit Lithology 
 

Cs Rb Ba Th U Nb Ta Pb Sr Zr Y Hf Sc Ni Cr Zn Co 
   

Units ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
   

Detection 

limit 

0.5 2 2 0.1 0.1 1 0.1 5 2 2 1 0.2 1 20 20 30 1 

   
Analysis 

method 

FUS-

MS 

FUS-

MS 

FUS-

ICP 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

ICP 

FUS-

ICP 

FUS-

ICP 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

PTPM02  Los Tilos 

pluton 

Granite 
 

1.9 81 788 7.2 1.3 5 0.5 21 151 69 17 2.3 4 < 20 160 40 2 

PTPM03  Elqui Dike 
Swarm 

Mafic dike 
 

3 47 1610 3.5 1 3 0.2 22 953 94 14 2.5 16 50 20 100 25 

PTPM04  Colorado 

Sienogranites 

Sienogranite 

dike 

 
0.6 34 321 6.7 1.6 3 0.4 22 267 86 10 2.2 7 < 20 < 20 180 8 

PTPM05  Colorado 
Sienogranites 

Sienogranite 
dike 

 
1.1 95 741 11.5 2.4 6 0.7 22 279 116 18 3 4 < 20 100 40 3 

PTPM06  Elqui Dike 

Swarm 

Mafic dike 
 

4.2 63 291 1.9 0.4 3 0.2 70 473 96 9 2.4 10 < 20 50 130 12 

PTPM07A  Monte 
Grande 

pluton 

Leucogranite 
 

0.7 51 456 5.9 0.9 4 0.4 13 12 317 35 6.7 3 < 20 < 20 80 < 1 

PTPM07B  Monte 
Grande 

pluton 

Leucogranite 
 

0.5 51 365 5.7 0.9 4 0.4 13 11 298 27 6.4 2 < 20 120 60 < 1 

PTPM09  Elqui Dike 
Swarm 

Mafic dike 
 

< 0.5 40 199 1.1 0.3 5 0.3 8 364 170 24 3.8 27 100 150 100 34 

PTPM2-

01  

Colorado 

Sienogranites 

Sienogranite 

dike 

 
3 117 752 7.4 1.5 7 0.8 7 145 173 27 4.3 6 < 20 < 20 < 30 4 

PTPM2-

02  

Elqui Dike 
Swarm 

Mafic dike 
 

2.1 61 373 0.4 0.1 5 0.3 78 284 179 30 4.1 33 100 160 230 43 

PTPM2-

03  

Colorado 

Sienogranites 

Sienogranite 

dike 

 
1.3 73 170 11 2.1 15 1.2 6 68 118 95 5 6 < 20 80 70 3 

PTPM2-

04A  

Los Tilos 
pluton 

Crd nodule 
 

11.8 184 591 7.3 2.3 7 1.4 20 54 64 15 2.1 3 < 20 < 20 100 4 

PTPM2-

04B  

Los Tilos 

pluton 

Crd nodule 
 

10.6 152 418 6.4 3 12 2.4 25 63 58 14 2 7 < 20 180 110 4 

PTPM2-

04C  

Los Tilos 

pluton 

Crd nodule 
 

8.5 145 377 7.1 2.2 13 2.5 25 57 64 13 2.1 4 < 20 110 140 3 

PTPM2-

04D  

Los Tilos 

pluton 

Crd nodule 
 

10.9 144 375 6.9 1.9 13 2.3 20 61 64 14 2.1 5 < 20 < 20 120 3 

PTPM2-

04E  

Los Tilos 
pluton 

Crd nodule 
 

12.6 112 287 7.2 2.3 14 2.8 < 5 81 66 18 2 4 < 20 190 50 3 

PTPM2-

05  

Los Tilos 

pluton 

Granite 
 

1.6 113 283 5.4 1.8 4 0.6 20 40 57 18 2.2 3 30 130 < 30 < 1 
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PTPM2-

06  

Elqui Dike 
Swarm 

Mafic dike 
 

2.7 58 237 3.6 1 10 0.7 25 335 252 27 5.7 21 40 60 120 21 

PTPM2-

07  

Colorado 

Sienogranites 

Sienogranite 

dike 

 
4.9 110 631 9.7 2.4 11 1 15 81 317 36 7.6 6 < 20 90 < 30 1 

PTPM2-

08  

Elqui Dike 
Swarm 

Mafic dike 
 

6.4 67 178 1.5 0.2 2 0.1 10 351 134 25 3.3 35 160 200 160 46 

PTPM2-

09  

Colorado 

Sienogranites 

Sienogranite 

dike 

 
2.4 131 609 15.9 3.6 7 0.8 15 40 149 23 4.3 4 < 20 90 < 30 1 

PTPM2-

10  

Colorado 
Sienogranites 

Coarse sienogranite 5 161 579 14.2 2.4 9 0.9 18 57 251 28 6.3 5 < 20 < 20 50  

PTPM2-

11  

Piuquenes 

granite 
(ChPC) 

Biotite 

granite 

 
3.8 126 843 11.1 0.9 5 0.6 27 169 110 15 3.1 4 < 20 100 40 2 

PTPM2-

12  

Elqui Dike 

Swarm 

Mafic dike 
 

9.1 89 352 3.7 0.9 5 0.4 < 5 382 145 18 3.4 18 110 130 80 30 

HA-10 Elqui Dike 
Swarm 

Mafic dike 
 

1.89  103  1257  15.1  3.53  11.1  0.75  11.0  743  302  19.9  6.64  10.7  13.6  15.7  52.1  7.16 

HA-01 Monte 

Grande 
pluton 

Leucogranite 
 

1.64  140  707  9.92  1.73  14.9  1.23  26.7  48.7  142  61.2  5.90  2.51  0.94  1.73  66.5  0.91 

HA-15 Los Tilos Granite 
 

2.72  91.2  746  6.53  1.49  6.61  0.62  19.9  119  88.8  19.8  3.08  4.33  0.52  2.13  20.9  2.02 

HA-04 Monte 

Grande 

pluton 

Leucogranite 
 

0.86  51.2  471  5.43  0.98  8.52  0.67  12.8  11.3  272  40.6  7.29  3.16  
 

0.82  64.5  0.39 

HA-02 Elqui Dike 
Swarm 

Mafic dike 
 

3.80  8.68  88.5  0.73  0.24  6.88  0.53  4.27  429  105  20.5  2.71  24.1  108  122  95.0  43.8 

HA-06 Elqui Dike 

Swarm 

Mafic dike 
 

0.80  67.6  320  2.36  0.44  6.82  0.47  13.7  515  206  27.1  4.36  27.3  69.5  121  96.5  32.0 

HA-11 Elqui Dike 
Swarm 

Mafic dike 
 

3.52  68.9  612  0.63  0.49  3.97  0.26  5.37  310  138  26.0  3.31  27.7  44.7  99.5  136  31.9 

HA-14 Elqui Dike 

Swarm 

Mafic dike 
 

1.71  15.8  465  2.89  0.75  12.0  0.82  4.26  410  126  20.5  3.08  26.4  173  381  75.9  40.9 
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Sample Unit Lithology 
 

V La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Be Ga 
   

Units ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
   

Detection 

limit 

5 0.1 0.1 0.05 0.1 0.1 0.05 0.1 0.1 0.1 0.1 0.1 0.05 0.1 0.01 1 1 

   
Analysis 

method 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

FUS-

MS 

PTPM02  Los Tilos 

pluton 

Granite 
 

10 21.4 43.9 4.84 16.1 3.5 0.58 3.1 0.5 3.1 0.6 1.8 0.27 1.9 0.29 1 16 

PTPM03  Elqui Dike 

Swarm 

Mafic dike 
 

170 15.3 31.7 4.07 17.1 4 1.33 3.5 0.5 2.8 0.5 1.5 0.22 1.4 0.22 1 19 

PTPM04  Colorado 

Sienogranites 

Sienogranite 

dike 

 
44 18.4 35.2 3.79 13.9 2.5 0.78 2.1 0.3 1.8 0.3 1 0.15 1 0.16 2 19 

PTPM05  Colorado 

Sienogranites 

Sienogranite 

dike 

 
18 33.7 66 6.92 24.6 4.4 0.73 3.5 0.5 3 0.6 1.7 0.26 1.8 0.27 3 17 

PTPM06  Elqui Dike 
Swarm 

Mafic dike 
 

75 11.2 22.3 2.64 10.6 2.2 0.81 1.9 0.3 1.7 0.3 0.9 0.13 0.9 0.14 3 19 

PTPM07A  Monte 

Grande 

pluton 

Leucogranite 
 

< 5 88.9 184 20.5 73.1 12.8 0.87 8.4 1.2 6.9 1.3 3.8 0.55 3.9 0.61 2 20 

PTPM07B  Monte 

Grande 

pluton 

Leucogranite 
 

< 5 80.4 166 17.9 62.7 10.8 0.75 7.1 1 5.4 1 3.2 0.47 3.3 0.52 2 19 

PTPM09  Elqui Dike 
Swarm 

Mafic dike 
 

204 12.4 30.5 4.04 18.8 4.6 1.57 4.8 0.8 4.7 0.9 2.7 0.38 2.5 0.39 1 19 

PTPM2-01  Colorado 

Sienogranites 

Sienogranite 

dike 

 
32 33.5 68.9 7.63 28.2 5.9 1.1 5.1 0.8 4.8 0.9 2.7 0.43 2.9 0.45 2 18 

PTPM2-02  Elqui Dike 
Swarm 

Mafic dike 
 

253 9.4 25.3 3.74 18 5.1 1.8 5.7 0.9 5.6 1.1 3.2 0.48 3.2 0.48 2 20 

PTPM2-03  Colorado 

Sienogranites 

Sienogranite 

dike 

 
7 9.8 35.1 6 31.7 14.3 0.27 17.4 3 18.1 3.4 9.3 1.3 8.6 1.29 5 19 

PTPM2-

04A  

Los Tilos 
pluton 

Crd nodule 
 

5 13.5 28.4 3.19 11.8 2.7 0.29 2.6 0.4 2.6 0.5 1.5 0.23 1.6 0.26 89 37 

PTPM2-

04B  

Los Tilos 

pluton 

Crd nodule 
 

< 5 11 23.5 2.65 9.4 2.2 0.23 2 0.4 2.4 0.5 1.4 0.22 1.4 0.23 194 34 

PTPM2-

04C  

Los Tilos 
pluton 

Crd nodule 
 

6 12.7 26.5 2.97 10.9 2.3 0.28 2 0.4 2.3 0.5 1.4 0.22 1.4 0.22 145 36 

PTPM2-

04D  

Los Tilos 

pluton 

Crd nodule 
 

7 12.5 27 3.01 10.7 2.1 0.25 2.2 0.4 2.4 0.5 1.4 0.21 1.4 0.23 135 35 

PTPM2-

04E  

Los Tilos 
pluton 

Crd nodule 
 

8 17.8 35 3.87 13.7 2.9 0.28 2.7 0.4 2.7 0.5 1.7 0.24 1.6 0.25 244 31 

PTPM2-05  Los Tilos 

pluton 

Granite 
 

< 5 8.4 17.6 1.85 6.7 1.9 0.14 2 0.4 2.7 0.6 1.7 0.29 2 0.32 2 14 

PTPM2-06  Elqui Dike 

Swarm 

Mafic dike 
 

188 31.5 71.1 8.91 38.3 8.2 2.45 7.1 1 5.6 1.1 2.8 0.41 2.8 0.44 2 21 
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PTPM2-07  Colorado 
Sienogranites 

Sienogranite 
dike 

 
16 40.6 88 10.4 40.2 8.2 1.64 7.2 1.1 6.7 1.3 3.9 0.61 4 0.63 3 15 

                     

PTPM2-08  Elqui Dike 

Swarm 

Mafic dike 
 

234 9.3 23.6 3.39 16.1 4.5 1.81 5 0.8 5 1 2.9 0.42 2.7 0.42 5 20 

PTPM2-09  Colorado 
Sienogranites 

Sienogranite 
dike 

 
7 32.9 65.5 7.02 24.9 4.9 0.47 4.1 0.7 4.1 0.8 2.5 0.39 2.7 0.43 3 15 

PTPM2-10  Colorado 

Sienogranites 

Coarse sienogranite 11 35.4 73.1 8.15 30.8 6.4 0.89 5.2 0.9 5 1 2.9 0.44 3 0.46 3 18 

PTPM2-11  Piuquenes 
granite 

(ChPC) 

Biotite 
granite 

 
15 29.4 59.3 6.58 24.2 4.6 0.83 3.7 0.5 2.7 0.5 1.5 0.24 1.6 0.24 2 15 

PTPM2-12  Elqui Dike 
Swarm 

Mafic dike 
 

136 16.3 34.7 4.16 16.5 3.8 1.34 3.6 0.6 3.6 0.7 2.1 0.31 2.1 0.31 1 17 

HA-10 Elqui Dike 

Swarm 

Mafic dike 
 

103  81.4  153  18.7  71.2  11.1  3.08  8.10  0.90  4.05  0.66  1.92  0.25  1.54  0.24  2.01  20.8  

HA-01 Monte 
Grande 

pluton 

Leucogranite 
 

5.09  48.8  98.1  12.1  47.3  10.2  0.75  9.82  1.57  9.52  1.88  5.47  0.85  5.46  0.82  4.08  23.1  

HA-15 Los Tilos Granite 
 

7.36  17.8  40.4  4.55  16.2  3.10  0.56  3.02  0.51  3.18  0.64  1.94  0.30  1.91  0.31  0.98  15.2  

HA-04 Monte 

Grande 
pluton 

Leucogranite 
 

2.56  84.0  161  19.0  69.5  11.7  0.90  9.44  1.23  6.72  1.27  3.77  0.57  3.61  0.58  1.63  19.1  

HA-02 Elqui Dike 

Swarm 

Mafic dike 
 

181  6.29  15.9  3.04  15.6  4.14  1.43  4.03  0.65  3.85  0.72  2.05  0.31  1.86  0.29  0.91  18.6  

HA-06 Elqui Dike 
Swarm 

Mafic dike 
 

204  18.9  48.5  6.48  27.8  5.71  1.84  5.66  0.85  5.14  0.99  2.76  0.41  2.55  0.38  1.38  19.1  

HA-11 Elqui Dike 

Swarm 

Mafic dike 
 

221  8.56  20.7  3.62  17.3  4.31  1.68  4.74  0.75  4.73  0.94  2.71  0.36  2.23  0.35  1.45  21.7  

HA-14 Elqui Dike 
Swarm 

Mafic dike 
 

211  13.6  33.6  4.48  19.7  4.25  1.45  4.16  0.64  3.85  0.74  2.09  0.31  1.99  0.29  0.91  18.2  
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F. Mineral chemistry 

Electron Microprobe Analysis data (Pyroxene) 

Unit Lithology Point SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O ZnO ZrO2 

MGp Leucogranite PTPM07A_z3a-Px01 47.460 0.118 0.304 0.000 31.660 0.795 0.134 18.960 0.361 0.183 0.038 

MGp Leucogranite PTPM07A_z3a-Px02 47.100 0.115 0.301 0.017 32.030 0.838 0.130 18.410 0.395 0.000 0.000 

MGp Leucogranite PTPM07A_z3a-Px04 47.360 0.043 0.313 0.001 31.850 0.713 0.163 18.800 0.433 0.259 0.043 

MGp Leucogranite PTPM07A_z3a-Px05 47.510 0.159 0.287 0.000 31.080 0.812 0.549 18.710 0.403 0.044 0.022 

MGp Leucogranite PTPM07A_z3a-Px06 46.860 0.101 0.269 0.011 30.350 0.737 0.772 18.660 0.397 0.048 0.000 

MGp Leucogranite PTPM07A_z3c-Px11 46.770 0.154 0.283 0.005 30.670 0.696 0.482 18.770 0.371 0.238 0.022 

MGp Leucogranite PTPM07A_z3c-Px12 47.870 0.058 0.310 0.011 31.030 0.749 0.830 18.940 0.392 0.221 0.000 

MGp Leucogranite PTPM07A_z3c-Px13 49.360 0.052 0.107 0.016 30.020 0.761 0.715 20.400 0.314 0.185 0.108 

MGp Leucogranite PTPM07A_z3c-Px14 47.530 0.087 0.206 0.011 30.610 0.772 0.578 19.090 0.549 0.096 0.113 

MGp Leucogranite PTPM07A_z3c-Px15 47.670 0.072 0.248 0.000 30.760 0.821 0.765 18.890 0.413 0.170 0.011 

MGp Leucogranite PTPM07A_z3c-Px16 47.460 0.078 0.235 0.000 30.370 0.623 0.650 19.110 0.402 0.000 0.016 

MGp Leucogranite PTPM07A_z3c-Px17 47.950 0.068 0.180 0.032 30.310 0.703 0.710 18.800 0.330 0.011 0.000 

MGp Leucogranite PTPM07A_z4-Px18 48.190 0.104 0.282 0.007 30.430 0.725 0.717 18.740 0.412 0.118 0.000 

MGp Leucogranite PTPM07A_z4-Px19 47.880 0.042 0.284 0.000 30.990 0.714 0.734 19.170 0.429 0.233 0.049 

MGp Leucogranite PTPM07A_z4-Px20 47.830 0.123 0.296 0.000 30.450 0.730 0.851 19.070 0.351 0.125 0.000 

MGp Leucogranite PTPM07A_z4-Px21 47.930 0.101 0.259 0.000 30.390 0.741 0.703 19.210 0.508 0.166 0.000 

MGp Leucogranite PTPM07A_z4-Px22 46.990 0.076 0.251 0.000 29.220 0.731 0.643 18.790 0.346 0.170 0.065 

MGp Leucogranite PTPM07A_z5-Px23 47.690 0.132 0.328 0.023 30.350 0.722 1.087 18.460 0.392 0.092 0.000 

MGp Leucogranite PTPM07A_z5-Px24 48.000 0.109 0.379 0.000 30.450 0.766 1.486 18.130 0.365 0.221 0.000 

MGp Leucogranite PTPM07A_z5-Px25 48.230 0.199 0.381 0.000 29.740 0.804 1.563 18.220 0.450 0.085 0.000 

MGp Leucogranite PTPM07A_z5-Px26 48.090 0.132 0.383 0.000 29.450 0.669 1.730 18.720 0.464 0.052 0.006 

MGp Leucogranite PTPM07A_z5-Px27 47.670 0.198 0.281 0.000 30.260 0.758 1.273 18.910 0.346 0.111 0.060 

MGp Leucogranite PTPM07A_z9-Px29 48.060 0.157 0.262 0.011 30.800 0.683 0.535 18.910 0.484 0.066 0.049 

MGp Leucogranite PTPM07A_z9-Px30 46.840 0.138 0.363 0.000 33.080 0.806 0.096 17.640 0.552 0.018 0.006 

MGp Leucogranite PTPM07A_z9-Px31 47.450 0.044 0.355 0.011 32.810 0.767 0.126 17.780 0.481 0.181 0.054 

MGp Leucogranite PTPM07A_z9-Px32 48.210 0.084 0.260 0.000 30.990 0.708 0.481 19.280 0.399 0.144 0.000 

MGp Leucogranite PTPM07A_z9-Px33 48.230 0.102 0.217 0.042 31.530 0.675 0.484 18.990 0.593 0.030 0.000 

MGp Leucogranite PTPM07B_z2-Px01 47.670 0.154 0.245 0.000 31.250 0.663 0.802 18.970 0.350 0.212 0.011 

MGp Leucogranite PTPM07B_z2-Px02 47.560 0.142 0.195 0.014 30.640 0.718 0.735 19.390 0.460 0.157 0.000 

MGp Leucogranite PTPM07B_z2-Px03 47.930 0.097 0.226 0.000 30.740 0.710 0.725 19.690 0.555 0.234 0.011 

MGp Leucogranite PTPM07B_z2-Px04 48.190 0.067 0.191 0.000 30.870 0.702 0.738 19.450 0.486 0.015 0.000 

MGp Leucogranite PTPM07B_z2-Px05 47.420 0.146 0.255 0.000 30.640 0.764 0.748 18.910 0.445 0.073 0.000 

MGp Leucogranite PTPM07B_z2-Px06 48.360 0.010 0.289 0.000 30.620 0.839 0.830 19.390 0.497 0.077 0.000 

MGp Leucogranite PTPM07B_z2-Px07 48.130 0.089 0.257 0.001 30.270 0.731 0.912 19.290 0.494 0.000 0.032 

MGp Leucogranite PTPM07B_z2-Px08 48.480 0.075 0.204 0.000 31.350 0.748 0.677 19.200 0.452 0.070 0.000 
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Electron Microprobe Analysis data (Cordierite) 

Unit Lithology Point SiO2 Al2O3 FeO MgO MnO ZnO CaO K2O Cr2O3 Na2O TiO2 

LTp granodiorite LTB-Cd-32 47.53 33.08 9.3 6.36 1.63 0.0699 0.0396 0.0209 0.0738 0.4591 0 

LTp granodiorite LTB-Cd-33 47.98 33.36 9.69 6.08 1.71 0 0.008 0.0113 0 0.6285 0.0453 

LTp granodiorite LTB-Cd-34 47.22 32.66 9.9 5.7 1.8 0.0161 0.0724 0 0 0.623 0 

LTp granodiorite LTB-Cd-35 47.23 32.86 9.84 5.87 1.73 0.0143 0 0.0123 0.0533 0.5935 0.1358 

LTp granodiorite LTB-Cd-36 46.95 33.12 10.12 5.43 1.82 0 0.0485 0 0 0.6571 0.0904 

LTp granodiorite LTB-Cd-37 47.12 33.05 9.98 5.75 1.77 0.068 0.075 0 0.033 0.611 0.1357 

LTp granodiorite LTB-Cd-38 47.13 32.49 9.88 5.95 1.69 0 0.0055 0 0 0.9839 0.0226 

LTp granodiorite LTB-Cd-39 47.21 32.63 9.81 5.99 1.64 0.0716 0.021 0 0 1.0698 0 

LTp granodiorite LTB-Cd-40 46.79 32.37 9.77 6.03 1.56 0 0.0051 0.0417 0 0.9497 0 

LTp granodiorite LTB-Cd-41 47.04 32.61 9.67 5.98 1.6 0 0.0366 0 0.033 0.8426 0.0906 

LTp granodiorite LTB-Cd-42 46.8 32.38 9.77 6.18 1.66 0.0859 0.0316 0.0445 0 1.0162 0 

LTp granodiorite LTB-Cd-43 46.87 32.81 9.74 5.82 1.65 0.0698 0 0.0033 0 0.9424 0.0226 

LTp granodiorite LTF-Cd-18 47.16 32.84 9.95 5.59 1.76 0 0.0326 0.0147 0.0431 0.7161 0 

LTp granodiorite LTF-Cd-19 47.16 33.18 9.72 5.77 1.8 0.0483 0.0146 0.0093 0.0481 0.715 0.1355 

LTp granodiorite LTF-Cd-20 47.66 32.64 9.75 5.75 1.66 0.0716 0.0592 0 0.0406 0.8107 0 

LTp granodiorite LTF-Cd-21 47.64 32.74 9.7 5.93 1.69 0.0412 0.0346 0.0203 0.0305 0.8508 0 

LTp granodiorite LTF-Cd-22 47.62 32.93 9.75 5.98 1.58 0.0125 0.0175 0 0 0.7355 0.1133 

LTp granodiorite LTF-Cd-23 48.01 33.25 9.52 6.17 1.53 0 0.0517 0 0 0.6108 0.1814 

LTp granodiorite LTF-Cd-24 47.37 33.33 10.44 5.58 1.86 0 0.0301 0.0085 0.0506 0.7159 0 

LTp granodiorite LTF-Cd-25 47.25 33.21 9.9 5.55 1.82 0 0.0252 0 0 0.7214 0.0679 

LTp granodiorite LTF-Cd-18 46.55 32.92 9.95 5.59 1.76 0 0.0326 0.0147 0.043 0.7163 0 
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Electron Microprobe Analysis data (Amphibole) 

Unit Lithology Point SIO2 TIO2 AL2O3 CR2O3 FEO MNO MGO CAO NA2O K2O F Cl 

MGp Leucogranite Z1 A1 41.82 1.5095 5.49 0.0402 34.85 0.8077 0.3526 9.35 1.76 0.9638 0.4581 0.0461 

MGp Leucogranite Z1 A2 41.45 1.3853 5.25 0.0252 34.53 0.7482 0.3855 9.25 1.89 0.9303 0.4214 0.0398 

MGp Leucogranite Z1 A3 41.23 1.4394 5.41 0 34.49 0.8024 0.3677 9.41 1.94 1.0422 0.2735 0.0481 

MGp Leucogranite Z1 A4 40.87 1.406 5.32 0.0151 34.84 0.7751 0.319 9.25 1.95 0.9628 0.2601 0.0589 

MGp Leucogranite Z6 A20 40.89 1.597 5.83 0 34.99 0.8219 0.3113 9.35 1.99 1.0669 0.523 0.0509 

MGp Leucogranite Z6 A21 40.84 1.5962 5.86 0.0505 35.07 0.6969 0.3199 9.4 1.98 1.0539 0.2243 0.047 

MGp Leucogranite Z6 A22 41.38 1.1441 5.41 0.0303 34.81 0.6038 0.3852 9.33 1.88 0.9741 0.0995 0.0407 

MGp Leucogranite Z6 A23 41.26 1.477 5.34 0 35.14 0.6814 0.3603 9.2 1.96 0.9026 0.5327 0.0349 

MGp Leucogranite Z3 A24 40.52 1.213 5.34 0.0254 31.8 0.7301 0.4268 8.97 2.05 0.9515 0.4023 0.0459 

MGp Leucogranite Z3 A25 40.47 1.2355 5.5 0 31.59 0.5585 0.4562 8.93 1.95 0.9264 0.4019 0.0556 

MGp Leucogranite Z3 A26 40.38 1.2238 5.55 0 32.06 0.6012 0.4307 8.98 2.17 0.9697 0.737 0.0314 

MGp Leucogranite Z3 A27 40.61 1.1588 5.14 0 31.75 0.7262 0.4626 8.89 1.94 0.8974 0.4895 0.0421 

MGp Leucogranite Z3 A28 40.82 1.288 4.93 0.0305 32.08 0.6323 0.3686 8.83 1.85 0.9102 0.2763 0.035 

MGp Leucogranite Z3 A29 40.15 1.2762 5.18 0.071 32.12 0.7374 0.3861 8.84 2.03 0.8767 0.4511 0.0346 

MGp Leucogranite Z3 A30 40.17 1.3209 5.2 0.0051 31.88 0.7418 0.4468 8.86 2.1 0.8744 0.3517 0.0363 

MGp Leucogranite Z3 A31 39.72 1.2125 5.22 0.0457 31.64 0.6911 0.44 8.76 2.03 0.8579 0.1759 0.0363 

MGp Leucogranite Z3 A32 40.09 1.5916 5.22 0.0305 31.93 0.5935 0.464 8.84 1.9 0.8438 0.1385 0.0327 

MGp Leucogranite Z7 A33 41.2 1.5929 5.37 0.0712 32.72 0.4999 0.6765 9.29 1.91 0.9758 0.2894 0.0606 

MGp Leucogranite Z7 A34 40.79 1.4976 5.49 0 32 0.3636 0.7085 9.29 1.93 1.0075 0.3021 0.0292 

MGp Leucogranite Z7 A35 40.69 1.4394 5.78 0 32.67 0.6325 0.4925 8.76 2.12 0.9315 0.1629 0.0665 

MGp Leucogranite Z3A A5 40.94 1.5359 5.87 0 34.11 0.6984 0.3892 9.46 1.89 1.0143 0.1621 0.1104 

MGp Leucogranite Z3A A6 41.26 1.4287 5.51 0 33.84 0.6519 0.3942 9.46 1.96 1.0495 0.1494 0.0309 

MGp Leucogranite Z3A A7 41.75 1.4822 5.27 0.0507 33.99 0.5972 0.4082 9.26 2.11 0.9443 0.2491 0.0361 

MGp Leucogranite Z3A A8 41.16 1.73 5.73 0 34.55 0.6514 0.3419 9.48 2.09 1.026 0.137 0.0274 

MGp Leucogranite Z3A A9 41.29 1.5254 5.41 0 34.25 0.5775 0.5873 9.45 1.92 1.0486 0.1241 0.0428 

MGp Leucogranite Z3B 

A10 

41.88 1.4099 5.14 0.0707 34.13 0.6055 0.4628 9.58 1.83 0.8717 0.2962 0.0332 

MGp Leucogranite Z3B 

A11 

42.52 1.3122 4.69 0.0302 34.58 0.6364 0.4386 9.56 1.68 0.8555 0.1868 0.0504 

MGp Leucogranite Z3B 

A12 

41.83 1.324 5.22 0 34.36 0.6562 0.4568 9.61 1.75 0.9229 0.075 0.0418 

MGp Leucogranite Z3B 

A13 

42.09 1.5485 4.99 0.005 34.75 0.6598 0.4272 9.47 1.73 0.8548 0.1242 0.0224 

MGp Leucogranite Z3B 
A14 

42.17 1.1316 5.28 0 34.18 0.4936 0.6737 9.34 2.01 0.921 0.0247 0.0208 

MGp Leucogranite Z4 A15 41.65 0.4632 5.48 0 34.52 0.5594 0.667 9.66 1.74 0.9057 0.15 0.0307 

MGp Leucogranite Z4 A16 40.86 1.2711 5.86 0.0404 34.14 0.6254 0.5666 9.6 1.9 1.0432 0.0745 0.0272 

MGp Leucogranite Z6 A17 40.88 1.1114 5.9 0 33.51 0.5831 0.4157 9.87 1.91 1.0909 0.3487 0.0464 

MGp Leucogranite Z6 A18 44.58 0.2153 3.56 0.0856 34.85 0.8468 0.465 9.64 1.36 0.5953 0.3611 0.0402 

MGp Leucogranite Z6 A19 44.05 0.1717 3.26 0.0301 35.54 1.051 0.5494 9.03 1.1854 0.4686 0.5933 0.0412 

MGp Leucogranite Z6 A20 42.16 1.0677 5.07 0 34 0.6687 0.4429 9.79 1.61 0.8359 0.5708 0.0393 

MGp Leucogranite Z6 A21 41.69 0.7647 4.81 0.0252 34.2 0.6722 0.4365 9.54 1.68 0.7763 0.0873 0.0614 

MGp Leucogranite Z6 A22 41.58 1.251 5.26 0.0657 33.79 0.5407 0.3504 9.3 1.81 0.9721 0.2622 0.0447 

MGp Leucogranite Z6 A23 41.66 1.5922 5.16 0.005 34.74 0.9013 0.3679 9.18 2 0.919 0.1626 0.0451 
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MGp Leucogranite Z6 A24 41.92 1.4506 4.73 0 35.42 0.8231 0.3592 9.07 1.78 0.9117 0 0.0511 

MGp Leucogranite Z6 A25 41.97 1.2384 4.9 0 34.55 0.754 0.4325 9.31 1.8 0.8944 0 0.032 

MGp Leucogranite Z6 A26 41.33 1.4432 5.31 0 34.38 0.8437 0.3925 9.18 1.98 0.95 0.2371 0.0409 

MGp Leucogranite Z1B A1 41.29 1.3265 5.5 0 34.11 0.7236 0.462 9.48 1.81 1.0115 0.3467 0.0233 

MGp Leucogranite Z1B A2 41.81 1.273 5.17 0.0202 34 0.7043 0.4858 9.5 1.72 0.9121 0.3861 0.0294 

MGp Leucogranite Z1B A3 41.08 1.541 5.87 0.0607 34.17 0.6843 0.3981 9.38 1.89 1.0148 0 0.0387 

MGp Leucogranite Z1B A4 41.56 1.4883 5.58 0 33.86 0.6846 0.41 9.47 1.72 0.9469 0.3732 0.0509 

MGp Leucogranite Z1B A5 41.24 1.5731 5.51 0 34.23 0.5985 0.4422 9.55 1.77 0.9843 0.1242 0.0471 

MGp Leucogranite Z1B A6 41.06 1.4095 5.28 0.005 35.3 0.7384 0.39 9.28 1.86 0.8977 0.3603 0.0371 

MGp Leucogranite Z1B A7 41.25 1.5419 5.49 0 34.66 0.7628 0.4269 9.37 2.06 0.9766 0.2872 0.0573 

MGp Leucogranite Z1B A8 41.37 1.6519 5.55 0.0507 34 0.8493 0.4073 9.38 1.86 1.0025 0.3985 0.064 

MGp Leucogranite Z1B A9 40.99 1.4349 5.5 0.0051 34.62 0.6541 0.4254 9.37 1.86 0.9848 0.2113 0.0554 

MGp Leucogranite Z1B 

A10 

42 1.1651 5.05 0.0253 35.11 0.6074 0.5188 9.4 1.9 0.9513 0.2857 0.0445 

MGp Leucogranite Z1B 
A11 

41.6 1.2851 5.39 0.0354 34.56 0.5026 0.6015 9.45 2 0.9342 0.2493 0.0378 

MGp Leucogranite Z1B 

A12 

41.01 1.3517 5.65 0.0659 33.72 0.4678 0.557 9.52 2.04 1.0258 0.3845 0.0496 

MGp Leucogranite Z1B 
A13 

40.87 1.3605 5.87 0.081 34.58 0.5881 0.6305 9.6 1.89 1.0764 0.2129 0.0503 

MGp Leucogranite Z2B 

A14 

41.41 1.3163 5.7 0.0354 35.12 0.6112 0.6191 9.54 1.92 0.959 0.4484 0.0301 

MGp Leucogranite Z2B 
A15 

41.63 1.3495 5.62 0.0152 34.83 0.5415 0.6281 9.49 2.09 0.8624 0.3104 0.0483 

MGp Leucogranite Z2B 

A16 

41.77 1.6394 5.31 0.0607 34.94 0.658 0.4042 9.26 1.96 0.994 0.3606 0.0474 

MGp Leucogranite Z2B 
A17 

41.75 1.2518 5.36 0 35.19 0.6465 0.4042 9.38 2.02 1.0224 0.1126 0.0356 

MGp Leucogranite Z2B 

A18 

41.21 1.6219 5.64 0 33.88 0.5499 0.4244 9.4 1.96 1.0312 0.0125 0.0519 

MGp Leucogranite Z2B 
A19 

41.29 1.3505 5.57 0.0658 34.35 0.6003 0.4365 9.39 2.01 1.0618 0.0125 0.0423 

MGp Leucogranite Z5 A36 41.58 1.4345 5.61 0 35.27 0.6659 0.3967 9.21 1.88 1.0501 0.2881 0.0417 

MGp Leucogranite Z5 A37 41.39 1.1996 5.61 0 34.46 0.5262 0.3897 9.46 1.95 1.0618 0.138 0.0561 

MGp Leucogranite Z5 A38 41.78 1.4264 5.16 0 34.25 0.6237 0.4248 9.41 1.85 0.9797 0.2752 0.0308 

MGp Leucogranite Z5 A39 41.75 1.2525 5.4 0 34.57 0.7208 0.3378 9.33 1.9 0.9525 0.1628 0.0372 

MGp Leucogranite Z5 A40 41.59 1.3609 5.47 0.0051 34.35 0.7249 0.3711 9.35 1.97 0.9288 0.3624 0.0625 
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Electron Microprobe Analysis data (White Mica) 

Unit Lithology Point SiO2 TiO2 Al2O3 Cr2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O BaO F- Cl- 

LTp granodiorite LTA_Z 
8_Wm 

1 

45.74 0.02 33.33 0.00 3.04 0.00 0.00 0.70 0.02 0.62 10.77 0.00 0.10 0.01 

LTp granodiorite LTA_Z 

8_Wm 
2 

46.05 0.00 32.37 0.00 3.17 0.00 0.00 0.74 0.01 0.57 10.36 0.00 0.26 0.01 

LTp granodiorite LTA_Z 

8_Wm 
3 

46.05 0.00 33.81 0.00 2.56 0.00 0.00 0.55 0.02 0.61 10.47 0.00 0.31 0.00 

LTp granodiorite LTD - 

z 7 - 
WM01 

46.16 0.23 34.86 0.00 2.80 0.00 0.00 0.68 0.00 0.65 10.53 0.00 0.57 0.00 

LTp granodiorite LTD - 

z 7 - 

WM02 

45.70 0.23 35.13 0.00 2.61 0.37 0.00 0.64 0.00 0.70 10.71 0.00 0.32 0.00 

LTp granodiorite LTD - 

z 7 - 

WM03 

46.29 0.37 33.44 0.00 3.16 0.18 0.03 0.96 0.03 0.54 10.10 0.00 0.38 0.01 

LTp granodiorite LTD - 
z 7 - 

WM04 

45.92 0.00 34.29 0.00 2.63 0.86 0.04 0.75 0.00 0.51 10.69 0.00 0.20 0.02 

LTp granodiorite LTD - 
z 7 - 

WM05 

46.71 0.02 33.90 0.00 3.26 0.04 0.01 0.85 0.01 0.29 10.65 0.00 0.22 0.00 

LTp granodiorite LTD - 

z 7 - 
WM06 

45.85 0.05 34.52 0.00 2.65 0.69 0.01 0.73 0.01 0.49 10.84 0.00 0.45 0.01 

LTp granodiorite LTD - 

z 7 - 
WM07 

45.80 0.60 34.66 0.00 3.04 0.00 0.00 0.58 0.01 0.60 10.45 0.00 0.55 0.00 

LTp granodiorite LTD - 

z 7 - 

WM08 

45.55 0.32 35.20 0.00 2.55 0.59 0.04 0.59 0.00 0.65 10.21 0.00 0.04 0.02 

LTp granodiorite LTD - 

z x - 

WM09 

46.15 0.02 34.09 0.00 3.06 0.36 0.02 0.73 0.02 0.33 8.40 0.00 0.22 0.02 

LTp granodiorite LTD - 

z x2 - 

WM10 

45.60 0.46 31.88 0.00 2.15 2.42 0.10 1.36 0.00 0.23 10.78 0.00 0.38 0.02 

LTp granodiorite LTD - 
z x2 - 

WM11 

45.52 0.14 31.38 0.00 1.14 4.26 0.04 1.71 0.00 0.26 11.07 0.00 0.62 0.00 

LTp granodiorite LTD - 
z x2 - 

WM12 

46.73 0.32 33.49 0.00 3.22 0.44 0.02 0.98 0.04 0.31 10.47 0.00 0.46 0.02 

LTp granodiorite LTD - 

z x2 - 
WM13 

46.28 0.14 33.97 0.00 2.70 0.90 0.01 0.92 0.00 0.45 10.61 0.00 0.38 0.00 

LTp granodiorite LTD - 

z x2 - 
WM14 

46.72 0.39 31.18 0.00 2.58 2.27 0.10 1.59 0.02 0.16 10.96 0.00 0.36 0.02 
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Electron Microprobe Analysis data (Black Mica) 

Unit Lithology Point SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO NiO CaO Na2O K2O BaO F- Cl- 

LTp granodiorite LTA_Z 
9_Bt 1 

34.13 3.52 17.44 0.00 21.69 0.58 8.08 0.00 0.00 0.18 9.37 0.00 0.52 0.07 

LTp granodiorite LTA_Z 

9_Bt 2 

34.23 3.46 17.46 0.00 21.69 0.57 8.16 0.00 0.01 0.18 9.61 0.00 0.30 0.13 

LTp granodiorite LTA_Z 
9_Bt 3 

34.90 3.35 16.40 0.00 21.69 0.58 8.08 0.00 0.00 0.20 9.53 0.00 0.54 0.11 

LTp granodiorite LTA_Z 

9_Bt 4 

34.82 4.22 16.55 0.00 21.97 0.59 8.10 0.00 0.02 0.13 9.25 0.00 0.49 0.10 

LTp granodiorite LTA_Z 
9_Bt 5 

34.02 3.26 17.32 0.00 21.46 0.54 8.13 0.00 0.02 0.22 9.65 0.00 0.27 0.10 

LTp granodiorite LTA_Z 

9_Bt 6 

36.24 3.40 16.19 0.00 20.32 0.60 8.60 0.00 0.00 0.23 9.16 0.00 0.57 0.12 

LTp granodiorite LTA_Z 
9_Bt 7 

34.44 2.97 16.62 0.00 21.57 0.60 7.90 0.00 0.00 0.28 9.48 0.00 0.32 0.10 

LTp granodiorite LTA_Z 

9_Bt 8 

36.19 3.99 16.29 0.00 20.98 0.56 8.39 0.00 0.00 0.16 9.40 0.00 0.41 0.15 

LTp granodiorite LTA_Z 
11_Bt 9 

35.89 3.31 15.23 0.00 20.65 0.54 8.95 0.00 0.02 0.21 9.28 0.00 0.61 0.08 

LTp granodiorite LTA_Z 

11_Bt 
10 

35.85 3.17 15.30 0.00 21.07 0.56 8.95 0.00 0.02 0.29 8.84 0.00 0.95 0.13 

LTp granodiorite LTB-

Bt-50 

34.17 3.01 17.15 0.00 22.15 0.48 8.96 0.00 0.10 0.23 8.47 0.00 0.43 0.16 

LTp granodiorite LTB-
Bt-51 

35.02 2.77 17.96 0.01 21.51 0.48 8.84 0.00 0.03 0.22 9.20 0.00 0.31 0.17 

LTp granodiorite LTB-

Bt-52 

34.17 3.32 17.55 0.00 22.06 0.45 8.19 0.00 0.01 0.28 9.44 0.00 0.74 0.13 

LTp granodiorite LTB-
Bt-53 

34.55 3.08 17.52 0.03 21.70 0.51 8.25 0.00 0.02 0.34 9.24 0.00 0.50 0.13 

LTp granodiorite LTB-

Bt-54 

34.05 3.45 17.53 0.00 21.96 0.71 8.05 0.00 0.04 0.21 8.94 0.00 0.37 0.10 

LTp granodiorite LTB-
Bt-55 

35.59 3.53 16.55 0.00 21.30 0.68 8.56 0.00 0.01 0.28 9.13 0.00 0.88 0.13 

LTp granodiorite LTB-

Bt-56 

34.30 3.46 16.89 0.02 22.01 0.60 8.26 0.00 0.04 0.21 9.30 0.00 0.49 0.13 

LTp granodiorite LTB-
Bt-57 

34.17 3.50 17.43 0.02 21.79 0.63 7.86 0.00 0.01 0.34 9.56 0.00 0.40 0.25 

LTp granodiorite Bt-6 34.13 2.89 17.72 0.00 22.27 0.62 7.98 0.00 0.01 0.16 9.30 0.00 0.63 0.14 

LTp granodiorite Bt-7 35.45 3.88 16.56 0.00 21.13 0.42 8.31 0.00 0.03 0.16 9.37 0.00 0.89 0.17 

LTp granodiorite Bt-8 35.29 3.91 16.28 0.00 21.03 0.50 8.91 0.00 0.00 0.31 9.43 0.00 0.65 0.15 

LTp granodiorite LTF-
Bt-9 

35.51 3.96 16.40 0.00 21.15 0.42 8.44 0.00 0.04 0.24 8.97 0.00 0.48 0.12 

LTp granodiorite LTF-

Bt-10 

33.94 3.05 17.59 0.00 21.47 0.52 8.13 0.00 0.00 0.09 9.36 0.00 0.27 0.10 

LTp granodiorite LTF-
Bt-11 

34.50 3.05 17.67 0.00 21.26 0.63 8.38 0.00 0.02 0.21 9.18 0.00 0.54 0.13 
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Electron Microprobe Analysis data (Zircon) 

Code Unit P (ppm) Y (ppm) Hf (ppm) Zr (ppm) 

LTA - z 3 - Zrn23 Los Tilos pluton (LTp) 2045.06 7161.76 12295.71 477129.8 

LTA - zona 3 - Zrn 24  Los Tilos pluton (LTp) 490.09 3372.60 10175.76 486087.5 

LTA - zona 3 - Zrn 25  Los Tilos pluton (LTp) 3713.93 5931.78 13822.07 475353.1 

LTA - zona 4 - Zrn 32  Los Tilos pluton (LTp) 0 0 10854.14 495933.7 

LTA - zona 4 - Zrn 33  Los Tilos pluton (LTp) 134.85 2784.38 9063.21 491491.8 

LTA - zona 4 - Zrn 34 Los Tilos pluton (LTp) 350.44 1718.19 9122.56 493638.7 

LTA - zona 4 - Zrn 35 Los Tilos pluton (LTp) 161.91 355.13 11617.33 493786.8 

LTA - zona 4 - Zrn 36 Los Tilos pluton (LTp) 1055.26 4568.72 14330.86 484162.7 

LTB - zona 2 - Zrn 79 Los Tilos pluton (LTp) 2715.4 8972.09 12550.1 473798.4 

LTB - zona 1 - Zrn 70 Los Tilos pluton (LTp) 1164.39 6045.17 11617.33 482682.1 

LTB - zona 1 - Zrn 71 Los Tilos pluton (LTp) 1763.13 2087.5 18401.17 481053.4 

LTB - zona 1 - Zrn 72 Los Tilos pluton (LTp) 202.93 2233.96 9379.5 493268.6 

LTB - zona 4 - Zrn 80 Los Tilos pluton (LTp) 616.22 3083.61 11617.33 488160.4 

LTB - zona 4 - Zrn 81 Los Tilos pluton (LTp) 2335.28 6849.15 14670.05 433525.5 

LTD - zona 3 - Zrn 4 Los Tilos pluton (LTp) 1272.16 2640.28 10430.15 490011.2 

PTPM07A - zona 2 - Zrn 4 Monte Grande pluton (MGp) 1595.55 14331.41 13737.28 460176.7 

PTPM07A - zona 2 - Zrn 5 Monte Grande pluton (MGp) 784.68 8173.62 13398.08 476463.5 

PTPM07A - zona 2 - Zrn 6 Monte Grande pluton (MGp) 0 2129.23 10514.95 491936 

PTPM07A - zona 2 - Zrn 7 Monte Grande pluton (MGp) 1891.88 15040.1 12634.9 466321.3 

PTPM07A - zona 2 - Zrn 8 Monte Grande pluton (MGp) 418.96 1368.57 10684.55 495489.5 

PTPM07A - zona 2 - Zrn 9 Monte Grande pluton (MGp) 27.05 914.21 11617.33 488826.7 

PTPM07A - zona 2 - Zrn 15 Monte Grande pluton (MGp) 0 507.11 12974.09 488752.7 

PTPM07A - zona 7 - Zrn 16 Monte Grande pluton (MGp) 54.116 50.39 8323.77 487420.1 

PTPM07A - zona 7 - Zrn 17 Monte Grande pluton (MGp) 243.08 1165.41 9103.91 490381.3 

PTPM07A - zona 7 - Zrn 18 Monte Grande pluton (MGp) 0 1774.89 8602.757 498302.7 

PTPM07A - zona 8 - Zrn 19 Monte Grande pluton (MGp) 338.66 6764.11 12465.31 472762 

PTPM07A - zona 8 - Zrn 20 Monte Grande pluton (MGp) 229.99 1318.96 8856.3 480905.4 

PTPM07A - zona 8 - Zrn 21 Monte Grande pluton (MGp) 271.01 1983.56 10599.75 481941.8 

PTPM07A - zona 4 - Zrn 22 Monte Grande pluton (MGp) 2258.91 16378.75 9307.42 472613.9 

PTPM07A - zona 4 - Zrn 23 Monte Grande pluton (MGp) 746.71 5197.89 12804.5 486087.5 

PTPM07B - zona 7 - Zrn 1 Monte Grande pluton (MGp) 0 1077.21 10938.94 493046.5 

PTPM07B - zona 7 - Zrn 2 Monte Grande pluton (MGp) 13.52 1025.24 10514.95 491565.8 

PTPM07B - zona 4 - Zrn 3 Monte Grande pluton (MGp) 368.33 2813.52 9368.48 493934.8 

PTPM07B - zona 5 - Zrn 4 Monte Grande pluton (MGp) 82.046 1178.79 11447.73 493194.5 

PTPM07B - zona 9 - Zrn 5 Monte Grande pluton (MGp) 982.81 11024.16 13482.88 478536.4 

PTPM07B - zona 9 - Zrn 6 Monte Grande pluton (MGp) 1283.51 12756.53 12719.7 475575.1 

PTPM07B - zona 9 - Zrn 7 Monte Grande pluton (MGp) 1517.43 11890.34 13398.08 478018.2 

PTPM07B - z 1 - Zrn 08 Monte Grande pluton (MGp) 0 1838.67 10514.95 493194.5 
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LA-ICP-MS data (Zircon) 

PPM 
HA-01-

01 

HA-

01-02 

HA-

01-03 

HA-01-

04 

HA-

01-05 

HA-

01-06 

HA-

01-07 

HA-

01-08 

HA-

01-09 

HA-01-

10 

HA-01-

11 

HA-01-

12 

HA-01-

13 

HA-01-

14 

HA-

01-15 

HA-

01-16 

HA-

01-17 

HA-01-

18 

HA-

01-19 

HA-

01-20 

HA-01-

21 

HA-

01-22 

HA-01-

23 

HA-

01-24 

HA-

01-25 

Li 16.15 1.13 1.22 21.79 5.59 3.24 14.14 15.00 0.51 18.56 18.02 14.47 15.17 6.66 2.99 2.50 1.54 7.95 3.00 0.84 31.19 5.80 13.29 25.26 2.98 

P 1988 271 469 1313 1020 287 1371 1052 832 1186 2464 1749 1614 1498 423 429 721 2267 531 413 3620 1330 1091 501 745 

Ca 0.00 78.48 22.05 36.77 278.23 0.00 73.85 33.70 12.51 0.00 3910.96 169.26 26.45 2187.77 97.22 0.00 191.56 3.28 0.00 37.33 5778.11 8.55 0.00 0.00 0.00 

Ti 3.24 2.67 3.66 4.31 1.20 4.50 1.28 1.91 1.34 2.82 2.92 2.85 1.67 2.08 3.03 5.09 4.86 1.38 2.09 4.04 3.15 1.53 3.96 1.47 2.92 

Y 15961 1082 1782 10575 2422 920 8471 6661 4243 7893 3787 16922 15190 1521 1896 1192 2602 16438 3057 2422 5570 7997 15306 4974 5893 

Zr 447576 474812 455793 431773 466828 462842 442564 447872 452476 444404 457834 439417 429357 461312 458091 459546 456011 435510 458337 457153 454892 451390 424765 451035 457892 

Nb 344.72 3.60 5.42 297.14 11.10 2.96 156.83 139.03 7.68 137.69 63.90 100.57 413.72 8.79 8.71 2.35 12.96 118.60 14.31 5.02 82.17 28.90 506.17 157.96 12.49 

La 0.02 0.01 0.03 0.48 0.95 0.02 0.69 1.32 4.75 0.00 16.98 3.52 0.00 13.69 0.21 0.00 6.13 1.36 0.04 0.44 20.46 0.62 1.71 0.11 0.06 

Ce 139.06 18.65 33.71 76.77 21.88 17.15 64.58 56.13 33.11 55.73 77.67 94.02 126.85 62.23 28.07 25.75 50.26 90.84 50.43 34.34 106.76 49.87 140.96 34.81 55.44 

Pr 0.32 0.06 0.22 0.34 1.00 0.09 0.99 1.61 6.99 0.10 13.25 3.48 0.19 7.06 0.19 0.19 5.12 2.64 0.16 0.52 13.22 1.29 2.58 0.08 0.43 

Nd 6.99 1.67 3.91 4.65 4.56 1.67 9.50 13.44 56.38 2.79 79.73 29.13 5.35 40.74 2.70 4.28 37.97 29.54 3.71 7.25 78.96 13.79 24.96 1.07 8.59 

Sm 43.46 3.72 9.17 19.32 8.65 3.85 25.64 24.85 65.44 18.34 43.90 58.72 35.40 18.61 7.12 7.95 35.67 71.58 11.88 13.60 41.89 36.21 39.79 6.83 27.57 

Eu 0.20 0.35 0.71 0.07 0.19 0.32 0.36 0.33 2.94 0.09 0.57 0.41 0.10 0.55 0.29 0.61 1.55 0.75 0.49 1.27 0.75 0.72 0.48 0.02 0.85 

Gd 395.89 29.31 52.15 190.03 58.64 22.56 192.87 159.58 192.24 180.16 112.11 380.05 316.23 42.24 46.41 37.96 107.92 440.52 80.19 75.50 129.05 227.96 213.31 70.60 170.81 

Tb 151.51 9.50 16.64 80.72 18.96 7.50 74.58 59.61 53.11 69.13 34.44 146.96 127.84 13.61 16.38 11.32 30.81 160.39 28.28 23.81 43.47 78.13 92.20 32.51 57.83 

Dy 1835.34 113.82 193.44 1044.53 248.87 89.64 904.87 722.96 527.41 855.03 401.21 1782.74 1589.49 156.97 197.70 129.56 313.59 1870.25 334.04 268.06 533.80 898.91 1259.89 441.52 664.85 

Ho 617.72 42.52 70.51 397.30 94.13 34.05 335.72 260.72 165.72 310.80 144.15 611.06 566.44 58.71 75.02 47.06 103.65 636.23 121.79 96.63 205.45 322.65 501.91 176.39 236.18 

Er 2416 184 294 1726 405 149 1376 1056 633 1253 614 2508 2210 251 318 197 402 2456 495 388 933 1280 2196 794 936 

Tm 454.41 37.42 58.74 334.48 80.41 31.64 262.01 198.22 113.98 233.98 124.00 487.08 436.85 51.86 63.22 40.15 74.96 472.67 94.07 72.56 197.24 233.92 488.50 161.20 170.89 

Yb 3588 341 513 2797 683 295 2150 1611 929 1883 1052 3874 3436 464 549 363 630 3609 770 607 1770 1849 4021 1385 1364 

Lu 530.24 58.54 88.96 444.88 115.44 55.68 346.56 248.67 153.22 297.53 172.52 603.55 537.08 83.81 94.73 69.85 108.67 585.27 129.07 107.32 294.51 296.40 672.88 231.30 225.98 

Hf 11720 9694 8789 12569 10370 9252 12089 13551 8271 12654 15476 12608 12481 11404 10294 8227 8304 11608 9482 7876 14711 10739 15267 17083 9269 

Ta 37.81 1.13 1.52 35.67 2.70 1.13 21.94 22.68 1.15 24.83 15.55 13.28 48.13 2.71 2.55 0.87 1.64 13.79 3.72 1.25 17.56 4.80 44.56 31.42 2.29 

Pb 86.19 1.03 2.06 47.21 2.29 1.28 26.86 30.92 3.89 45.38 8.36 44.50 117.56 2.82 2.27 1.57 2.96 44.72 4.75 2.35 15.83 12.22 77.98 20.07 5.60 

Th 4177 48 91 1961 105 54 1127 1401 127 1990 374 2084 5303 130 102 82 127 1969 229 109 772 584 3396 953 278 

U 3373 82 117 2438 223 100 1597 1397 150 1917 738 2189 3795 218 180 92 141 1934 296 124 1416 686 3537 1448 345 
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PPM HA-

15-01 

HA-

15-02 

HA-15-

03 

HA-

15-04 

HA-

15-05 

HA-

15-06 

HA-15-

07 

HA-

15-08 

HA-

15-09 

HA-

15-10 

HA-

15-11 

HA-

15-12 

HA-

15-13 

HA-15-

14 

HA-

15-15 

HA-

15-16 

HA-15-

17 

HA-

15-18 

HA-

15-19 

HA-

15-20 

Li 6.87 4.23 4.64 5.04 4.83 1.88 2.94 1.60 1.11 3.08 0.14 6.00 3.54 0.33 4.11 8.20 0.19 1.21 9.83 3.60 

P 800 601 1823 679 1275 1561 1622 646 597 1403 1362 731 755 1784 813 1468 2544 659 1068 635 

Ca 0.00 0.00 62.98 11.61 75.76 0.00 0.00 47.77 6.53 108.32 46.72 0.00 0.00 0.00 0.03 183.31 0.00 101.24 162.58 57.38 

Ti 3.05 5.74 3.64 5.03 3.86 3.95 2.60 5.25 7.29 3.65 3.34 4.38 3.78 2.21 4.07 2.80 3.46 4.16 11.54 4.15 

Y 1847 1814 4420 1512 2714 3217 3796 1592 1887 2865 3323 1913 2140 3359 2133 3080 5211 1912 2094 1584 

Zr 472168 463075 461785 460649 454824 455533 458131 463311 462591 455976 457247 460721 460067 450065 462161 443159 447415 461465 462072 462637 

Nb 4.19 4.16 12.79 3.42 6.27 8.95 10.52 3.60 3.04 7.82 9.67 4.40 1.89 7.88 5.67 7.40 15.68 4.55 5.09 3.44 

La 0.01 0.02 0.05 0.00 0.01 0.02 0.01 0.09 0.00 0.50 0.01 0.01 0.00 0.00 0.04 0.18 0.05 0.16 0.17 0.02 

Ce 13.46 19.75 23.01 17.50 21.81 19.83 26.39 16.36 19.08 26.85 20.41 15.22 13.18 11.20 18.22 10.65 31.94 23.95 13.49 15.23 

Pr 0.06 0.05 0.09 0.04 0.06 0.04 0.06 0.10 0.08 0.30 0.06 0.07 0.21 0.04 0.05 0.09 0.17 0.10 0.09 0.05 

Nd 0.61 1.26 1.56 1.13 1.65 1.10 2.01 1.42 1.49 2.74 1.38 1.25 4.28 0.85 1.23 1.96 2.54 1.56 0.86 1.16 

Sm 3.52 3.75 7.73 3.34 5.72 5.47 8.15 3.81 5.39 6.91 5.56 3.55 9.00 5.54 4.02 5.17 9.75 3.46 3.68 3.69 

Eu 0.72 1.06 1.38 0.81 1.15 0.99 1.50 1.11 1.96 1.24 1.04 0.89 2.32 0.80 0.93 1.00 1.62 0.99 0.70 1.04 

Gd 26.11 28.15 69.95 25.99 46.77 48.36 68.21 25.31 36.75 53.11 46.32 30.08 51.18 50.93 32.52 41.20 81.80 30.86 31.18 26.16 

Tb 11.41 10.94 29.26 9.96 18.86 20.89 28.01 10.12 13.41 20.42 20.04 12.09 17.95 22.29 13.18 18.41 35.79 12.41 12.94 10.26 

Dy 156.42 148.65 397.26 132.75 249.23 286.39 356.88 136.66 170.21 264.99 281.98 165.65 210.54 302.12 182.14 258.38 473.57 163.70 178.70 135.39 

Ho 64.94 64.01 161.33 54.16 98.75 117.25 140.97 56.59 68.52 105.25 121.38 69.29 79.73 123.12 76.17 110.96 189.73 68.04 74.93 56.43 

Er 314.56 308.06 743.95 255.05 446.33 536.86 626.02 267.85 309.35 476.11 572.63 323.54 349.91 568.66 356.24 531.16 870.48 315.88 357.34 267.36 

Tm 69.01 68.08 157.78 54.50 93.32 114.29 129.57 58.08 66.86 100.73 125.12 70.28 73.01 122.06 77.72 117.84 186.27 69.08 80.38 59.37 

Yb 671 658 1475 519 863 1071 1188 563 633 943 1176 672 679 1147 741 1117 1738 661 771 576 

Lu 134.81 133.62 283.45 103.90 167.62 204.70 225.24 112.99 126.75 180.71 227.68 131.04 129.56 215.66 142.67 217.19 323.67 130.77 149.06 112.77 

Hf 11620 9594 12722 10739 11679 11963 12321 9889 9635 11733 12061 10820 9552 13657 11016 11719 12258 10546 11931 10335 

Ta 1.55 1.34 4.16 1.34 2.38 3.27 3.64 1.16 0.99 2.93 2.98 1.48 0.70 3.13 1.92 2.64 5.37 1.62 2.04 1.20 

Pb 2.86 3.10 12.58 5.30 11.50 9.70 21.34 3.35 3.98 11.96 6.42 3.53 3.42 9.21 3.49 3.39 16.36 3.90 3.87 2.55 

Th 138.99 152.54 616.56 225.35 573.47 469.86 970.42 163.60 193.42 585.10 310.05 167.39 162.31 427.94 173.75 142.12 711.79 184.96 185.36 119.93 

U 348.38 265.72 1214.50 326.67 841.33 886.69 1351.40 277.23 258.61 876.14 675.95 349.00 241.90 1091.51 366.57 510.03 1480.62 331.70 503.82 237.20 
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Zircon U-Pb LA-IC-MS data (corrected ratios) 
 

207Pb/ 

206Pb 

207Pb/ 

206Pb 

207Pb/ 

235U 

207Pb/ 

235U 

206Pb/ 

238U 

206Pb/ 

238U 

208Pb/ 

232Th 

208Pb/ 

232Th 

238U/ 

232Th 

 

 
Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

 
Conc. 

LTp 
          

HA15-01 287  78  238  7  232  3  218  5  1 97% 

HA15-02 191  87  212  7  214  2  217  6  1 98% 

HA15-03 206  42  220  4  221  2  215  4  1 99% 

HA15-04 209  78  237  7  240  3  252  6  1 98% 

HA15-05 195  56  230  5  233  2  213  4  1 98% 

HA15-06 232  62  240  5  241  2  217  4  1 99% 

HA15-07 220  43  236  4  237  2  234  3  1 99% 

HA15-08 346  86  235  7  224  2  219  5  1 95% 

HA15-09 272  92  220  7  215  2  212  5  1 97% 

HA15-10 217  86  231  5  232  2  209  4  1 99% 

HA15-11 211  59  219  5  219  2  210  5  1 99% 

HA15-12 265  76  224  7  220  3  213  6  1 98% 

HA15-13 213  115  217  9  218  3  214  6  1 99% 

HA15-14 167  42  228  4  234  2  220  4  1 97% 

HA15-15 220  98  215  8  215  2  197  6  1 99% 

HA15-16 211  63  214  5  214  2  234  7  1 99% 

HA15-17 243  46  237  4  237  2  234  4  1 99% 

HA15-18 220  77  220  6  218  2  215  5  1 99% 

HA15-19 254  63  224  6  219  2  213  5  1 97% 

HA15-20 146  83  222  7  229  2  222  6  1 97% 
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207Pb/ 

206Pb 

207Pb/ 

206Pb 

207Pb/ 

235U 

207Pb/ 

235U 

206Pb/ 

238U 

206Pb/ 

238U 

208Pb/ 

232Th 

208Pb/ 

232Th 

238U/ 

232Th 

 

 
Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

Age 

(Ma) 

1sigma 

(Ma) 

 
Conc. 

MGp 
          

HA-01-01 256  31  229  3  227  1  239  3  1 98% 

HA-01-02 367  156  225  13  219  3  237  9  1 97% 

HA-01-03 309  123  226  10  221  3  230  6  1 97% 

HA-01-04 239  32  237  3  236  1  249  3  1 99% 

HA-01-05 394  130  229  12  214  3  230  10  1 93% 

HA-01-06 376  125  240  11  232  3  247  9  1 96% 

HA-01-07 332  36  242  4  232  1  242  3  1 95% 

HA-01-08 206  39  224  3  225  1  230  3  1 99% 

HA-01-09 1567  73  387  11  222  3  315  6  1 45% 

HA-01-10 306  39  237  4  230  1  232  3  1 96% 

HA-01-11 656  50  279  6  236  2  252  5  1 83% 

HA-01-12 272  35  240  3  236  1  235  3  1 98% 

HA-01-13 256  30  237  3  235  1  230  3  1 99% 

HA-01-14 300  80  230  7  223  2  233  5  1 97% 

HA-01-15 146  94  227  8  235  3  237  6  1 96% 

HA-01-16 309  133  220  12  213  3  210  7  1 96% 

HA-01-17 354  189  225  15  214  3  220  11  1 95% 

HA-01-18 217  32  229  3  229  1  231  3  1 99% 

HA-01-19 87  -116  204  6  215  2  214  4  1 94% 

HA-01-20 117  126  200  10  209  3  224  6  1 95% 

HA-01-21 198  53  227  4  229  1  242  4  1 99% 

HA-01-22 333  52  225  4  220  1  215  3  1 97% 

HA-01-23 256  31  232  3  229  1  235  3  1 98% 

HA-01-24 150  39  219  3  224  1  219  3  1 97% 

HA-01-25 217  70  209  5  209  2  211  3  1 99% 
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G. The petrogenesis of selected cordierite granites in South America (published in JSAES) 
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