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Abstract VI

Abstract

Lower Miocene plutons exposed in the Western Cordillera of Colombia record the
reinitiation of continental arc magmatism in the Northern Andes after a period of magmatic
quiescence between the Late Eocene and Early Miocene. Petrography, U-Pb zircon
geochronology, whole-rock geochemistry, mineral chemistry, and zircon Hf isotope data
from these plutons are used to reconstruct the Miocene magmatic evolution in the
Colombian Andes and understand its relation with the major plate-tectonic reorganization
experienced by the NW South American continental margin during the Lower Miocene. We
examined a suite of gabbros, granodiorites and tonalites from Danubio, Pance and Tatama
plutons, formed between 21 Ma and 15 Ma. Gabbros present highly positive eHf values
(+13.5 and +11.5) with low Th/La and La/Yb ratios, whereas granodiorites and tonalites
present lower ¢Hf values (+14.3 to +6.4) and high Th/La, and La/Yb ratios.

The results of this contribution suggest a major asthenospheric source metasomatized by
oxidized aqueous fluids derived from the subducted components. The compositional
diversification of these magmas was controlled by fractional crystallization and possibly by
minor assimilation of continental crust at lower crustal levels of the upper plate and by
magma mixing processes. Subsequently, these magmas were emplaced in the Cretaceous

to Paleogene volcanic and sedimentary rocks in the uppermost crust.

The renewed magmatic activity recorded by these plutons can be related to the early stages
of the Neogene plate reorganization, which was characterized by the normal to steep

subduction of the Farallon Plate remnants.

Keywords: Lower Miocene magmatism, Neogene subduction, geochemistry, Zircon

Hf isotopy, mineral chemistry.



Abstract VII

Resumen

Petrogénesis del plutonismo Mioceno Inferior expuesto en la Cordillera
Occidental de Colombia, y su relacion con la reorganizacion de la
subducciéon Nedégena

Los plutones del Mioceno inferior expuestos en la Cordillera Occidental de Colombia
registran el reinicio del magmatismo del arco continental en los Andes del Norte después
de un periodo de inactividad magmaética entre el Eoceno Tardio y el Mioceno Temprano.
La petrografia, la geocronologia U-Pb en circén, la geoquimica de roca total, la quimica
mineral y los datos de is6topos de Hf en circon de estos plutones se utilizan para
reconstruir la evolucion magmaética del Mioceno en los Andes colombianos y comprender
su relacion con la reorganizacién de placas tectonicas experimentada por el margen
continental noroeste de América del Sur durante el Mioceno Inferior. Examinamos un
conjunto de gabros, granodioritas y tonalitas de los plutones El Danubio, Pance y Tatama,
formados entre 21 Ma y 15 Ma. Los gabros presentan valores de eHf muy positivos (+13,5
y +11,5) con relaciones Th/La y La/Yb bajas, mientras que las granodioritas y tonalitas
presentan valores de ¢Hf mas bajos (+14,3 a +6,4) y relaciones Th/La y La/Yb altas.

Los resultados de este trabajo sugieren una fuente astenosférica metasomatizada por
fluidos acuosos oxidados derivados de los componentes subducidos. La diversificacion
composicional de estos magmas estuvo controlada por procesos de cristalizacion
fraccionada, asi como posiblemente por una asimilaciéon limitada de corteza continental en
el nivel inferior de la placa superior y por procesos de mezcla de magma. Posteriormente,
estos magmas se emplazaron en rocas volcanicas y sedimentarias del Cret4cico al

Paledgeno presentes en niveles superiores de la corteza.

La renovada actividad magmatica registrada por estos plutones puede estar relacionada
con las primeras etapas de la reorganizacion de la placa Nedgena, que se caracterizd por

la subduccion normal a pronunciada de los remanentes de la Placa Farallén.

Palabras clave: Magmatismo Mioceno Inferior, subduccién Nedgena, geoquimica,

isotopia Lu-Hf en circon, quimica mineral
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Introduction

The composition of granitoids in continental magmatic arcs is a result of complex
interactions between the upper and lower plates during subduction (Ducea et al., 2015; Gill,
2022; Whattam & Stern, 2015). The basic model of a subduction zone argues that the
mantle wedge is metasomatized by aqueous fluids or silicate melts released from the
subducted oceanic lithosphere to produce arc magmas (e.g., Elliott et al., 1997; Grove et
al., 2002; Turner & Lagmuir, 2022). Compositional diversification of arc magmas can occur
within the lower crust of upper plate through processes such as magma mixing,
assimilation, storage, and homogenization until their final emplacement (MASH zone,
Annen et al., 2015, 2006; Hildreth & Moorbath, 1988).

During the Early Miocene, major plate tectonics reorganization characterized the NW South
American margin (Gonzélez et al., 2023; Montes et al., 2019). The break-up of the Farallon
Plate and the associated development of spreading ridges formed the Nazca and Cocos
plates (Lonsdale, 2005). These major changes in the plate tectonic circuit lead to fast and
more frontal subduction of the oceanic Nazca plate under the South American margin
(Lonsdale, 2005; Gonzélez et al., 2023; Meschede & Barckhausen, 2001; McGirr et al.,
2021).

Although some studies have explored potential causal relations between these major
kinematic changes and the evolution of arc magmatism in different segments of the Andean
orogen (Fernandez-Paz et al., 2019; Schitte et al.,, 2010), there remains a limited
understanding of the magmatic processes that formed the Early Miocene magmatism in the
Colombian Andes (Leal-Mejia et al., 2019). Lower Miocene magmatism is recorded by
several plutonic bodies exposed along the Western Cordillera of Colombia as well as in
detrital zircons from various hinterland basins (Aspden et al., 1987; Nivia, 2001; Echeverri
etal., 2015; Leal-Mejia et al., 2019; Zapata et al., 2023) (Figure 1A-B). The Miocene plutons

are emplaced in accreted oceanic crust, which constitutes the upper crust segment of the
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Western Cordillera of Colombia (Hincapie-Gomez et al., 2019; Kerr et al., 1996; Villagémez
& Spiking, 2013). This distinctive crustal architecture offers a unique opportunity to
understand the role and character of the lower crust of the upper plate, within an
accretionary orogen, in the magmatic evolution during the Miocene period.

This contribution integrates petrography analyses, U-Pb zircon geochronology, whole-rock
geochemistry, mineral chemistry, and zircon Hf isotopic data of three Lower Miocene
plutons named: Danubio, Pance, and Tatama. Our results, which are also integrated with
published constraints from other contemporaneous plutonic bodies in southwestern
Colombia (Leal-Mejia et al.,, 2019), provide insights into magma sources and the
petrogenetic evolution of these plutons. Results indicate a strong mantle-derived input for
the source of the parental magmas. The differentiation history likely includes polybaric
fractional crystallization, apparently limited low crustal assimilation and magma mixing
processes. The renewed magmatic activity recorded by the studied plutons suggest a
normal to step subduction of the elder Farallon Plate during the Neogene subduction re-
organization in the Colombian Andes, as well as the possible existence of continental crust
fragments in the lower crust of the Western Cordillera of Colombia.



Obectives

General objective

To. understand the magmatic and tectonic processes involved in the genesis of the Lower

Miocene plutons outcropping between 3°N and 5°N in the Western Cordillera of Colombia

and relate them to the Neogene subduction re-organization experienced by the continental

margin and the Pacific oceanic plates.

Specific objectives

Establish the crystallization ages of the El Danubio, Pance, and Tatama plutons in
the Western Cordillera using U-Pb geochronological analyses in zircon in order to
constrain the temporal distribution of Early Miocene’s magmatic activity.

Unravel the magma source, melting conditions, and processes of magmatic
differentiation, such us fractional crystallization, assimilation and magma mixing in
the Early Miocene plutonic record, by means of petrography, whole-rock
geochemistry, mineral chemistry, and trace elements and Lu-Hf isotope in zircon,
with the purpose of identifying the elements involved in the subduction zone.
Establish the crystallization history of the El Danubio, Pance, and Tatama plutons,
employing thermobarometry calculations in order to infer the emplacement depth of
these plutons.

Evaluate the relations between the temporal and compositional signatures of the El
Danubio, Pance, and Tatama plutons and other correlatable plutonic bodies within
the Western Cordillera and tectonic configuration of the northwestern South
American continental margin during the initial stage of Neogene tectonic

reorganization.



1.Theoretical Bases

1.1 Magmatic evolution of continental arcs

Subduction zone magmatism results from the dehydration and/or melting of subducted
oceanic crust and sediments that transfer fluids to the overlying mantle wedge, where
partial melting occurs (Ducea et al., 2015; Gill, 2012; Pearce & Peate, 1995; Whattam &
Stern, 2015). The primitive magma generated rises toward the upper lithospheric plate,
where it is emplaced and crystallized adding continental crust either as a volcanic cover on
the surface or as plutonic bodies at depth (Ducea et al., 2015; Hildreth & Moorbath, 1988;
Ruprecht et al., 2012).

Active magmatic arcs are characterized by prominent volcanic edifices with their associated
deposits built over several million years (<0.5 or >1Ma; Paterson et al., 2011). However,
the volcanic deposits only represent a portion of the magmatic record, and it can be erased
from geological history due to high erosion rates (Ducea et al., 2015; Paterson et al., 2011).
The ratio of volcanic versus plutonic material volume is highly variable in magmatic arcs,
ranging between 1:2 and 1:20 (Paterson et al., 2011), suggesting that the largest volume
of magma crystallizes at depth and only a small volume erupts. Therefore, plutonic bodies
play a crucial role as tracers of ancient continental arcs in regions where the volcanic record

has been lost (Ducea et al., 2015).

Magmatism generated in subduction zones exhibits diagnostic compositional
characteristics, including abundant felsic rocks, elevated abundances of large ion lithophile
elements (LILES) relative to the light rare earth elements (LREES), and depletion of high
field strength elements (HFSES), especially Nb, Ti and Zr (Arculus 1994; Whatman & Stern,
2015). These characteristics are directly linked to the nature of the fluids involved during
partial melting (aqueous fluids and/or hydrated melt; Turner & Langmuir, 2022; Zheng,

2019). However, the upper lithospheric plate involved in the subduction configuration tends
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to modify the geochemical and isotopic signature of primary magmas derived from the
mantle (Annen et al., 2015; Whatman & Stern, 2015).

The upper lithospheric plate in a continental magmatic arc is typically represented by a
crust of intermediate to felsic composition that include igneous and metamorphic rocks
formed during older tectonic phases (Rudnick & Gao, 2003; Whatman & Stern, 2015).
Within this crust the magma undergoes compositional evolution through melting,
assimilation, storage, and homogenization processes mainly in the lower crust, as part of
what is known as the MASH zone (Annen et al., 2015; Hildreth & Moorbath, 1988).
However, in a continental margin constructed by the accretion of oceanic crust (island arc
or plateau remnants), the contribution of the crust may be more limited (Whatman & Stern,
2015).

On the other hand, compositional variations in this magmatism may be also influenced by
the changes in the subduction configuration, such as the subduction angle, the
convergence rate, the thermal structure of the slab, among others (Stern, 2011, 2002,
Zheng, 2019). For instance, studies have shown that the depth reached by the subducting
slab determines the formation of depleted tholeiites in shallow subduction zones, while
deep subduction zones give rise to enriched alkaline basalts (Whatman & Stern, 2015).

In the next chapters, we describe how the compositional characteristics of the magmatism
in subduction zones are controlled by the nature of the elements involved during magma
melting, the processes of magmatic evolution through the upper plate and by the changes

in the subduction configuration.

1.1.1 Magma formation in subduction zones

The classical model proposes that magma formation takes place in the mantle wedge
above the subducting slab (Gill, 2012; Stern, 2002), where the mantle is metasomatized by
fluids or melts released from the subducted oceanic lithosphere (Elliott et al., 1997; Sisson
& Grove,1993; Grove et al., 2002). However, other studies have suggested that arc
magmas can be generated by melting the subducted mélange (e.g., Castro et al., 2010;
Nielsen & Marschall, 2017; Sun et al., 2021). This mélange is a physical mixing of the

oceanic crust, subducted sediments, and mantle peridotite along the slab-mantle interface
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that can ascend from the surface of the slab to the hot sub-arc mantle wedge where occur
its partial melting (e.g., Castro et al., 2010; Sun et al., 2021). The key distinction between
the two models lies in the reversed sequence of mixing and trace-element fractionation,
which will produce distinctive isotopic signatures, as highlighted by Nielsen and Marschall
(2017).

The subducted oceanic crust is primarily composed of basaltic and gabbroic rocks covered
by a thin layer of oceanic sediments (Stern, 2002; White & Klein, 2014). The unaltered
basaltic-gabbroic rocks are usually dehydrated and depleted in incompatible elements,
particularly in K20, TiO;, FeO, and K (Klein & Langmuir, 1987; Langmuir et al., 1992; White
& Klein, 2014). Hydrothermal alteration of these rocks significantly increases the
abundances of H,O, CO;, and incompatible trace elements, particularly K and U (Stern,
2002). In a subduction zone, most of the water transported to depth is sequestered in
hydrated minerals in the metamorphosed and altered crust. However, even the presence
of small amounts of serpentinite in the oceanic crust is significant for the water input through
the subduction zone (Evans & Frost, 2021; Stern, 2002). Serpentinite carries more water
(H20) than hydrated mafic crust (13% in serpentine versus 1-2% in hydrated mafic crust)
and is stable at higher pressures (70 kbar or more, in contrast to 30 kbar in hydrated mafic
crust; Stern, 2002; Ulmer & Trommsdorf, 1995). The breakdown of oxidized serpentinites
in the subduction zone can generate highly oxidizing fluids, which can also influence the

oxygen fugacity of arc magmatism (Brounce et al., 2015; Evans, 2012; Zhang et al., 2021).

The age of the oceanic crust involved in subduction can influence the subduction angle,
which in turn affects the input of asthenospheric material into the mantle wedge (Stern,
2002). Subducting old and dense oceanic crust facilitates asthenospheric flow within the
mantle wedge due to the steep subduction angle. Conversely, when a young and buoyant
oceanic crust is subducted, it results in strong interplate coupling due to the shallow

subduction angle, which limits the asthenospheric input (Stern, 2002, 2011).

Subducted sediments are a major reservoir for atypical enrichments in incompatible
elements such as K, Sr, Ba, and Th within magmatic rocks (Plank & Langmuir, 1988). The
diverse compositions found in subducting sedimentary columns of the oceanic plate offer
potentially distinctive contributions to subduction zones, unlike the restricted compositional

range observed in the basaltic-gabbroic rocks (Stern, 2002). These sediments can be
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primarily carbonate, terrigenous, siliceous, or a combination of these components. The
Global Subducted Sediment (GLOSS) is a useful approximation for the average
composition of subducted sediments, closely resembling the composition of the upper plate
(Plank & Langmuir, 1988; Plank, 2014; Turner & Langmuir, 2022).

In general, subduction zone fluids derived from the oceanic crust and subducted sediments
can be present in the form of agueous solutions (>85% wt. H,O) or hydrated melts (<35%wt
H.0). The former are produced by metamorphic dehydration reactions at temperatures
below the wet solidus of crustal rocks, while the latter result from peritectic reactions at
temperatures above the wet solidus of crustal rock (Turner & Langmuir, 2022). Aqueous
fluids and hydrated melts can act as metasomatic agents that react with peridotite in the
mantle wedge, transferring crustal signatures from the subducting slab to the sub-arc
mantle (Turner & Langmuir, 2022; Zheng, 2019).

The enrichment in LILEs (such us Cs, Rb, Ba, and Sr), Pb and U in a continental magmatic
arc results from the high mobility of these elements in aqueous fluids, which are derived
from dehydration of the subducted sediments and the oceanic crust (Kessel et al., 2005;
Zheng, 2019). On the other hand, the depletion in HFSE such as Th, Nb, Ta, Ti, Zr, and Hf
but also HREE, is related to the low mobility of these elements in aqueous fluids into
subduction zones (Turner & Langmuir, 2022; Zheng, 2019). The high concentration of Th
in magmatic arcs are characteristic of the melting of subducted sediments because Th is
highly soluble in hydrated melt, despite being relatively insoluble in aqueous solutions
(Plank and Langmuir, 1988; Zheng, 2019).

This is well demonstrated by the systematics of thorium-niobium in magmatic arcs, as they
have much higher Th/Nb ratios than MORBS, requiring efficient transfer of Th from the
subducting plate (Plank & Langmuir, 1998; Zheng, 2019). The low concentrations of Nb,
Ta, Ti and Zr, observed in continental magmatic arcs are diagnostic of a subduction setting
and are associated with the presence of stable minerals such as rutile and zircon, which
usually don’t melt in the presence of water, retaining these elements in their mineral
structure (Zheng, 2019; Zheng et al., 2011).
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1.1.2 Magmatic processes

The conventional model for the genesis of continental arc magmas suggests that felsic to
intermediate arc magmas are produced either by fractionation from mafic parental magma
or by partial melting of pre-existing crustal rocks, previously extracted from the mantle an
emplaced at the base of the crust (Annen et al., 2015; Castro et al., 2021; Moyen et al.,
2021). Most of the compositional differentiation of magmas occurs in melt reservoirs and
magma chambers in the middle and lower crust (MASH zone), rather than in shallow
reservoirs in the upper crust (Annen et al., 2015; Hildreth & Moorbath, 1988). The parent
magma within the MASH zone can undergo compositional differentiation through processes
such as fractional crystallization, magma mixing, and assimilation of the upper plate (Annen
et al., 2015, 2006).

Fractional crystallization differentiation involves separating crystals from the residual melt,
which becomes more felsic as crystallization progresses. Efficient extraction of the liquid
can generate magmas with considerable composition diversity, ranging from gabbroic to
granitic compositions (Annen et al., 2015; Sisson & Grove, 1993; Sisson et al., 2005).
Experiments under crustal pressure at 7 kbar indicate that a primitive basaltic magma,
equilibrated in the mantle, needs to fractionate over 50% of its crystals before residual melt
enters the andesite field (Annen et al., 2015; Sisson & Grove, 1993). If differentiation occurs
in the colder upper crust, granites and granodiorites would be limited to no more than 20-
30% of the igneous rocks in this crustal section, with the majority comprising mafic
accumulations. Therefore, it is presumed that a significant number of felsic magmas

originate mainly in the lower and middle crust (Annen et al., 2015, 2006).

The argument that the most significant differentiation of a primitive mafic magma occurs in
the lower and middle crust does not preclude the possibility of some additional
differentiation at shallower levels during episodes of elevated magma flow rates that allow
magma to remain molten in the upper crust. In any shallow magmatic chamber where
crystals and liquids can be physically separated, differentiation is possible (Annen et al.,
2015).

Simultaneously, repeated mixing of different magma batches is possible within the MASH

zone. Magma mixing typically occurs between basaltic melts and fractionation-derived
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residual magmas (Annen et al., 2006). The process of magma mixing can be difficult to
distinguish in a plutonic system due to re-equilibration between magmas at temperatures
above the solidus, resulting in a wide range of melt compositions extracted from the MASH
zone (Annen et al., 2015, 2006). An alternative mechanism for magma differentiation
involves partial melting and assimilation of the walls or roof of the magma chamber. Isotopic
signatures from the upper plate are often detected in igneous rocks of continental arcs,
providing evidence of the assimilation process due to the contrast in isotopic composition

between the mantle and the evolved crust (Annen et al., 2015; Manduca et al., 1992).

1.1.3 Subduction configuration and its role in magmatism’s
geochemistry

The compositional characteristics of magmatism generated in subduction zones are

significantly influenced by the subduction configuration. The subduction configuration can

regulate the volume of the subducted crust and sediments, as well as the influx of the

asthenospheric mantle into the subduction zone (Stern, 2020, 2011, 2002).

Subducted sediments and crust removed from the overriding forearc wedge through
subduction erosion may remain in the crust by being underplated below the wedge or can
be carried into the mantle wedge (Stern, 2011). Once in the mantle wedge, these
components can be incorporated into arc magmas through processes of dehydration and/or
melting, transferring their geochemical signature to the melt (Annen et al., 2015; Stern,
2011). High rates of subduction erosion in the forearc wedge coincide with relatively high
convergence rates (>60 mm/yr) and low rates of sediment supply to the trench (<40 km2/yr)
(Stern, 2011).

Shallow subduction angles promote subduction erosion by enhancing coupling between
plates, facilitating increased interaction of subducted sediments and crust within the
subduction zone (Noda, 2016). In contrast, a steep subduction angle diminishes subduction
erosion and favors the influx of asthenospheric material into the mantle wedge, a

phenomenon typically reflected in the isotopic signature of the magmas (Stern, 2011, 2002).

The thermal structure within a subduction zone dictates whether the subducted oceanic

crust and subducted sediments can yield enough liquid phases to alter the mantle wedge
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above depths ranging from the sub-arc (80-160 km) to post-arc (>200 km) regions (Hacker,
2008; Zheng et al., 2019). In colder subduction zones, the subducted oceanic crust
undergoes minimal dehydration at forearc depths, allowing it to release ample aqueous
solutions at sub-arc depths (Peacock & Wang, 1999; Hacker, 2008, Zheng, 2019).
Conversely, in warmer to hotter subduction zones, the subducted oceanic crust may

undergo significant dehydration at forearc depths (Zheng, 2019).

Temperature and pressure constitute the primary variables at the interface between the
slab and mantle within subduction channels, and understanding their fluctuations is crucial
for comprehending mass transfer and geochemical cycling within subduction zones
(Manning, 2004; Zheng et al., 2011, Zheng, 2019). However, the thermal structure of
subduction zones is temporally variable, and its equilibrium state depends on numerous
factors (Kelemen et al., 2003; Peacock, 2003; Zheng, 2019). Thermal structure is correlate
with the rate of plate convergence, the age of descending slabs, subduction angle, mantle
wedge properties, efficiency of shear heating at the slab-mantle interface, upper plate
thickness, and depth of decoupling between the subducting slab and mantle wedge (Zheng,
2019). Therefore, assessing the influence of thermal structure on magmatic genesis is
highly complex.

1.2 Tools for the analyses of plutonic rocks

As mentioned above, magma can change its composition as it migrates from the mantle to
the crust, mixing with melts from different sources and/or through crystallization and wall -
rock reaction processes, producing a wide range of plutonic rocks. To identify the chemical
effects of the different processes that formed the plutonic rocks is required the integration
of field work and petrography with a full range of geochemical tools that include the major
and trace element geochemistry, the chemical mineral of primary mineral phases, and the
radiogenic isotopes (Rollinson & Pease, 2021). Radiogenic isotopes are utilized in plutonic
rocks for two primary purposes: determining the age of rocks and minerals and identifying
geological processes and sources. The former application is known as geochronology,

while the latter as isotope geochemistry (Reiners et al., 2018; Rollinson & Pease, 2021).

The study of plutonic rocks starts with fieldwork to characterize the composition, magmatic

structures, and post-magmatic alterations of the rocks (Gill, 2022). Field observations may
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show the first signs of magmatic processes such as magma mixing and host rock
assimilation. Petrographic analysis of the plutonic rocks provides a quantitative measure of
rock composition, also allows to identify textural features, and determine paragenetic
relationships (Chayes, 1956; Le Maitre et al., 2005). Major and trace element geochemistry
is commonly used to characterize rock composition, identify petrological processes, and
determine the original tectonic setting of igneous rocks. However, trace elements are more
sensitive to geochemical processes than major elements, therefore, they are better at
discriminating between petrological processes (Rollinson & Pease, 2021). The mineral
chemistry of zircon, plagioclase, clinopyroxene, and amphibole, is used in plutonic rocks to
identify the processes of compositional diversification during mineral crystallization and to
constrain the intensive crystallization conditions of each rock (Turekian & Holland, 2013).
These conditions include temperature, pressure, oxygen fugacity (logfO.), and water

content in the melt (H.Omelt).

Isotopic geochemistry and selected trace element ratios, which are not modified during
partial melting and subsequent magma chamber processes, can be used to characterize
the chemical composition of a source region, and understand the processes that occur in
this region (Rollinson & Pease, 2021). The use of isotopic geochemistry as tracers of
petrogenetic processes has provided important geochemical constraints on the nature of
the continental crust and the Earth's mantle (Rollison & Pease, 2021). The difference in
mass between any pair of radiogenic isotopes is so small that they cannot be fractionated
by crystal-liquid processes. Therefore, when partial melting occurs, a magma will maintain
the isotopic composition of its source region, and the isotope ratios will remain unchanged
during subsequent fractionation processes (Rollinson & Pease, 2021). Specifically, the Hf
isotope allows us to recognize magmas generated in primitive conditions, where the mantle
is the main contributor to the magmatic melt with values of 176Hf/177Hf greater than
0.282785 (Hf>0) (Bouvier et al., 2008), or magmas in which their formation is mainly
controlled by the melting of continental crust with values of Hf < 0 (Dickin, 2018; Guo &
Korenaga, 2023; lizuka et al., 2017).

Geochronology in igneous rocks is used for obtaining the age of crystallization of a mineral
that usually records the magmatic age of the rock. Geochronology is based on quantifying
the isotopic products (parent and daughter isotopes) present within a mineral once it has

cooled below the closure temperature of the specific isotopic system (Reiners et al., 2018).
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Consequently, for each isotope pair it is possible to determine the time since the mineral
cooled below the closure temperature (Reiners et al., 2018). For instance, the closure
temperature of the U-Pb system in zircon (900°C - 1100°C, Reiners et al., 2018) is close to
the crystallization temperature of the igneous rocks (700°C - 1200°C, Gill , 2022), therefore,
the U-Pb geochronology in zircon is widely used for determining the crystallization or

cooling age of the plutonic bodies (Miller et al., 2007).



2.Geological Framework

2.1 Cenozoic tectonomagmatic evolution of the
Colombian Andes

The Meso-Cenozoic tectonic evolution of the northwestern margin of South America has
been controlled by the subduction of several Pacific oceanic plates, and the collision of
allochthonous oceanic blocks (Bayona et al., 2020; Bustamante & Bustamante, 2019;
Cardona et al., 2018; George et al., 2021; Gonzélez et al., 2023; Leodn et al., 2018; Montes
et al., 2019, 2015; Restrepo et al; 2021; Rodriguez et al., 2019). Specifically, the Western,
Central, and Eastern cordilleras of the Colombian Andes (Fig. 1A) are the result of
compressional tectonics and magmatism associated to the Cretaceous to Cenozoic
subduction of the Caribbean, Farallon, and Nazca oceanic plates (Aspden et al., 1987;
Barbosa-Espitia et al., 2019; Cardona et al, 2018; Gonzalez et al., 2023; Leal-Mejia et al.,
2019; Montes et al; 2019), and the accretion of the frontal edge of allochthonous Caribbean
oceanic plate block during the late Cretaceous (Cardona et al., 2020; George et al., 2021;
Zapata et al., 2019), and its trailing edge represented by the Panama-Chocoé block since
the Miocene (Ledn et al., 2018; Montes et al., 2019; 2015).

During the late Cretaceous, the accretion of the Caribbean Plate block to the continental
margin incorporated fragments of oceanic plateau and interoceanic arc that currently form
the basement of the Western Cordillera (Cardona et al., 2020; George et al., 2021;
Geldmacher et al., 2003; Kerr et al., 1997; Villagémez & Spiking, 2013, Zapata et al., 2019).
After this collisional event, a Paleocene to early Eocene continental arc magmatism was
formed cutting the different Cretaceous and pre-Cretaceous basements of the Central and
Western cordilleras (Fig, 1A; Barbosa-Espitia et al., 2019; Bayona et al., 2012; Bustamante
et al., 2017; Cardona et al., 2018).
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Paleocene to early Eocene arc magmatism preserved in the Central Cordillera (Fig. 1A)
has been attributed to the oblique convergence and normal subduction of the Caribbean
Plate beneath the South American margin (Bayona et al., 2012; Bustamante et al., 2017,
Cardona et al., 2018). This magmatic record is represented by batholith and stock-sized
plutonic bodies expose between 3°N and 11°N. The plutonic rocks have U-Pb zircon
crystallization ages ranging from 60 Ma to 45 Ma (Bayona et al., 2012; Bustamante et al.,
2017; Cardona et al., 2018; Jaramillo et al., 2022) and are characterized by intermediate to
felsic compositions with calc-alkaline and adakite-like geochemical signatures, formed by
a mantle source modified by assimilation of an older continental crust (Bustamante et al.,
2017; Cardona et al., 2018).

Another Paleocene to early Eocene arc related record has been also documented in the
southwestern segment of the Western Cordillera (Fig. 1A, 1B). Despite its controversial
character, it has been attributed to the slow (~50 mm/yr) and oblique convergence of the
Farallon Plate below the accreted allochthonous oceanic block (Barbosa-Espitia et al.,
2019). This magmatism is represented by batholith-sized plutons and volcanic-sedimentary
rocks exposed around the 2°20°’N (Fig. 1B), with U-Pb zircon crystallization and K-Ar
groundmass ages ranging from 65 Ma to 32 Ma (Barbosa-Espitia et al., 2019; McCourt et
al., 1990). They are characterized by intermediate to felsic compositions with tholeiitic, calc-
alkaline and adakite-like geochemical signature, formed from a mantle derived source that
assimilated mafic basement crust and continental sediments (Barbosa-Espitia et al., 2019).
Other Paleogene plutons have been documented in northwest Colombia, within the
Panama Choc6 Block (Fig. 1A), but their petrological features differ with the previously
described arcs. Previous studies have proposed that these Paleogene plutons were formed
in an intra-oceanic arc environment before the accretion of the Panama-Choco Block to the

continental margin (Barbosa-Espitia et al., 2019; Cardona et al., 2018).

Between 45 Ma and 32 Ma, the magmatic activity ceased until the Early Miocene at ~23
Ma (Bayona et al., 2012; Bustamante et al., 2017; Cardona et al., 2018; Barbosa-Espitia et
al., 2019; Jaramillo et al; 2022). This magmatic hiatus has been related to the extremely
oblique interaction between the Caribbean, Farallon and the South American plate (Bayona
et al., 2012; Montes et al., 2019), or to the overlapping of the Farallon and Caribbean plates
that prevent the ascent of magmatic fluids towards the South American plate (Gonzélez et

al., 2023). The N-NE migration of Caribbean plate place the allochthonous Panama-Chocé



Chapter 2 — Geological Framework 15

block, which was part of the trailing edge of the Caribbean Plate, against the Colombian
continental margin (Bourgois et al., 1982; Buchs et al., 2011; Leo6n et al., 2018; Wegner et
al., 2011). The collision of this block has been proposed to occur from the Eocene-
Oligocene (~40-25 Ma; Buchs et al., 2019; Farris et al., 2011; Montes et al., 2019) to the
Middle Miocene (~15 -12 Ma; Duque-Caro et al., 1990; Ledn et al., 2018; Montes et al.,
2015).

Contemporaneously, at the beginning of the Miocene (~23 Ma), the Farallon Plate broke
up forming spreading centers that created the Cocos and Nazca oceanic plates (Lonsdale,
2005; Barckhausen et al., 2008). The formation of new oceanic crust also triggered a fast
(~120 mm/yr) and orthogonal subduction of the Nazca Plate under the western margin of
the South American Plate (Gonzalez et al., 2023; Montes et al., 2019; Somoza & Ghidella,
2005).

This renewed subduction configuration of the Nazca Plate, reestablished the magmatic
activity in the Colombian Andes, as evidenced by the presence of Lower Miocene (~23-15
Ma) plutons exposed along the Western Cordillera (Fig. 1A-B; Aspden et al.,, 1987,
Barbosa-Espitia, 2020; Gonzélez, 2002; Leal-Mejia et al., 2019). After the Early Miocene,
the Nazca Plate underwent major changes in its subduction angle (Wagner et al., 2017),
triggering the migration of magmatism towards the Cauca Valley during the Late Miocene
(~9-5 Ma; Bissig et al., 2017; Borrero et al., 2016; Jaramillo et al., 2019) and to the Central
Cordillera from the Pliocene to the present (~3-0 Ma; Borrero et al., 2009, 2008; Toro Toro
et al., 2010; Wagner et al., 2017).

The modern tectonic configuration of the Colombian Andes is characterized by two
subduction segments to the north and south of the Caldas tear (5.5° N), which were related
to flat and normal subduction of Nazca Plate, respectively (Wagner et al., 2017). The recent
magmatism (<2 Ma) along the Central Cordillera is due to the slow (~53 mm/yr) and oblique
convergence with normal subduction of the Nazca Plate (Fig. 1A; Mora-Paez et al., 2019;
Somoza et al., 2005; Trenkamp et al., 2002). The Caribbean Plate is converging slowly
(=19 mm/yr) and obliquely with shallow subduction on the N and NW edges of Colombia,
without record active magmatism. The Panama-Chocé Block (Fig. 1A), which was
previously accreted to the Colombian continental margin, separates these two oceanic

plates that interact in the Northern Andes (Mora-Paez et al., 2019).
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Figure 1. A. Regional map of the Colombian Andes showing the current tectonic
configuration and the distribution of the magmatism from Paleocene to Upper
Miocene Abbreviations: EC: Eastern Cordillera; WC: Western Cordillera; CC:
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Central Cordillera. B. Geological map of the Western Cordillera (WC) showing the
distribution of the plutonic bodies of the Miocene: Pi: Piedrancha; Su: Suarez; Pa:
Pance; Da: El Danubio; To: Torrg; Ta: Tatam4; Pt: Pital; CUZC: Condoto Zoned
Ultramafic Complex; CA: Continental Arc, OA: Oceanic Arc. Published ages of
Barbosa-Espitia, 2020: Echeverri et al., (2015), Leal-Mejia et al., (2019) and
Gonzalez (2002).

2.2 Early Miocene magmatism in the Western Cordillera
of Colombia

Early Miocene magmatism is represented by several plutonic bodies that are
discontinuously exposed along the Western Cordillera of Colombia (Fig.1B). From south
(~1°N) to north (~5°N), they are known as the Piedrancha, Suarez, El Danubio, Pance,
Torrr4, Pital and Tatama plutons. Each of these magmatic bodies has a stock size, typically
not exceeding 100 km2, except for the Piedrancha Pluton, characterized by a batholith size
(Gonzalez, 2002; Leal-Mejia et al., 2019; Zapata, 2001).

These plutonic bodies are mainly characterized by granodiorites and tonalites, with
subordinate diorites and gabbros (Nivia, 2001; Zapata, 2001). U-Pb in zircons and K-Ar in
hornblende and biotite suggest that these rocks have crystallization ages ranging from ~24
Ma to 15 Ma (Fig. 1B; Echeverri et al., 2015; Leal-Mejia et al., 2019; Gonzalez, 2002).
Available geochemistry data show predominant metaluminous, calc-alkaline to high-K calc-
alkaline compositions for these rocks (Gonzalez, 2002; Leal-Mejia et al., 2019; Zapata,
2001). Moreover, several Hf, Sr, Nd and Pb isotopic analysis for some of these plutons
indicate that they were generated from a mantle source that interacts with older continental
crustal (Barbosa-Espitia, 2020; Leal-Mejia et al., 2019).

The Lower Miocene plutons intruded the Cretaceous volcano-sedimentary basement of the
Western Cordillera, and occasionally Paleogene sedimentary cover (Fig. 2A, 2B; Barbosa-
Espitia, 2020; Gonzéalez, 2002; Nivia, 2001; Zapata, 2001). The intrusive relationships with
the Cretaceous volcano-sedimentary basement are mark by the presence of amphibolitized
basalt xenoliths derived from Cretaceous volcanic rocks (Nivia, 2001), and by the presence
of hornblende-hornfels to albite-epidote facies within the host sedimentary rocks, forming

an aureole of approximately 1 km of wide (Gonzélez, 2002). Intrusive relationships with
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Paleogene clastic rocks are reflected by the formation of anthracite-type coals (Nivia, 2001),
and the presence of quartz veins and dykes cross-cutting these rocks (Rodriguez & Zapata,
2006).

Some of the Lower Miocene plutons present hydrothermal alteration. The Piedrancha
Pluton has been associated with hydrothermal vein-type deposits containing minerals such
as pyrite, hydrothermal quartz, arsenopyrite, sphalerite, chalcopyrite, and galena (Molano
& Shimazaki, 2003; Bustos Rodriguez et al., 2011, 2008). Additionally, evidence of
disseminated sulfides has been documented in the Pance and El Danubio plutons (Aspen
et al., 1984; Verdugo & Aspdend, 1984).
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3.Methods

In this study, we followed a multi-technique approach to understand the petrogenesis of the
Lower Miocene El Danubio, Pance, and Tatama plutons, which are exposed between
approximately 3°N and 5°N in the Western Cordillera of Colombia (Fig. 1B, 2A, B). This
approach integrates fieldwork and petrography to characterize the composition and
textures of these plutonic bodies, as well as zircon U-Pb geochronological analyses to
determine the crystallization ages of each pluton. Furthermore, whole-rock geochemistry,
mineral chemistry, trace elements and Lu-Hf isotope in zircon are employed to unravel the
magma source, magma melting conditions, magmatic evolution processes, and

crystallization conditions of the plutons.

3.1 Fieldwork and petrography

Fieldwork was carried out at two distinct localities on the Western Cordillera: one in the
state of Valle del Cauca, along the western and eastern flank of the Western Cordillera
where the El Danubio and Pance plutons are exposed (Fig. 2A). The other is in the state of
Risaralda, further to the northeast, approximately 200 km to the north of the El Danubio
Pluton, where the Tatama pluton and associated apophysis are exposed (Fig. 2B). The
main characteristics of the Tatama Pluton are described from the blocks exposed at the
head of the Negro River (Fig. 2B), which flows toward the municipality of Pueblo Rico. Other
Lower Miocene Plutons exist between both locations; however, it was not possible to

sample the due to access limitations.

Seventeen field stations were described in order to review the composition, magmatic
structures, and post-magmatic alterations of the studied plutons. A total of fourteen samples
were collected for analytical techniques as presented in Supplementary Table 1. The
collected samples were examined under a petrographic polarized microscope (Olympus

CX31-P). Petrographic descriptions include quantitative mineral compositions, textural
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features, and paragenetic relationships. Quantitative modal compositions were determined
by point-counting of >200 crystals (Chayes, 1976) and are presented in Table 2. The rocks
were classified according to Le Maitre et al. (2002) as seen in Fig. 4. Textural and
paragenetic relationships were described to establish the crystallization order, petrographic
facies, and to identify possible deformation mechanisms during the magmatic and post
magmatic history (e.g., Passchier & Trouw, 2005; Vernon, 2018).

Table 1. List of analytical techniques employed for each sample.

Trace element

) ) Thin Zircon Whole rock and Lu-Hf Mineral
Sample  Latitude Longitude  Pluton Type of rock section U-Pb geochemistry Isotopes in chemistry
zircon
BSVC2 3.6081 -76.8811 Granodiorite X X X X X
BSVC3 3.6124 -76.8870 El Tonalite X X
BSVC5 3.6184  -76.9172 Danubio Tonalite X X
BSVC4 3.6184 -76.9172 Quartz monzodiorite X
PS02 3.3360 -76.6433 Granodiorite X X X X
PS06 3.3210 -76.6337 Granodiorite X X
PS04 3.3411 -76.6533 Tonalite X X
PS12 3.3171 -76.6019 Pance Diorite X X X X
BSVC6  3.3253 -76.6220 Gabbro X X X
pPSi11 3.3181 -76.6019 Hornblendite X
TPO2 5.0852 -76.0118 Granodiorite X X X X X
TPO3 5.0852 -76.0118 ; Granodiorite X
Tataméa I
TPO6 5.2055 -76.0640 Granodiorite X
TP06-2 5.2055 -76.0640 Granodiorite X X X X X

3.2 Zircon U-Pb geochronology

Five representative samples from the El Danubio (1), Pance (2) and Tatama (2) plutons
were selected for zircon U-Pb geochronological analyses. Preparation of the samples was
performed at the Zirchron Lilc Company, by rough-crushing, pulverizing, and sieving in 330
Mm mesh. Zircon concentrates were passed through a water table (Wilfley®) and followed
by magnetic separation using a Frantz ® isodynamic magnetic separator. After that,
methylene iodide (3.3 g/cm3) was used to concentrate zircon crystals (3.9 to 4.8 g/cm3)
from the non-magnetic fraction. Between 45 to 20 zircons were subsequently randomly
handpicked under the microscope and mounted in an epoxy puck along with the standard
zircons PleSovice and 91,500 (Chang et al., 2006; Slama et al., 2008), and finally polished

to expose crystal faces.
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Cathodoluminescence (CL) images were obtained for each mount using the JEOL JSM
5600 scanning electron microscope (SEM) at the Washington State University laboratory
in Pullman, USA. CL images were used to identify the internal textures of each grain
including zonation patterns, bright patterns, and inclusions (e.g Corfu et al., 2003).

The zircon grains were analyzed by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) using a G2 193 nm excimer laser ablation system coupled with
a Thermo-Finnigan™ Element 2 single-collector ICP-MS, in the GeoAnalytical laboratory
of the Washington State University in Pullman, USA. Measurements were made on the rims
of the grains to avoid zircon xenocrysts. Analytical conditions included a spot size of 30 pm,
a repetition rate of 10 Hz, and an energy of ~5.5 J/cm2. Each analysis consisted of 25s gas
blank and 25s ablation wait before moving to the next grain. During the laboratory session,
the standard zircons were analyzed two to three times every 5-10 unknown zircon
analyses. The analytical procedures followed those described by Chang et al. (2006),

except for the use of the 193 nm laser system instead of the 213 nm laser.

PleSovice zircon standard (337 Ma; Slama et al., 2008) was used to calibrate the
206Pb/238U and 207Pb/235U ages, and 91,500 zircon standards (~1063 Ma; Schoene et
al., 2006) was used to calibrate the 207Pb/206Pb age, owing to much higher count rates
for 207Pb (~2-4 times higher than PleSovice). Common Pb correction was performed using
the 207Pb method by Williams (1998).

A cutoff of 1000 Ma was applied to select the best age for each zircon (Gehrels et al., 2008).
The 206Pb/207Pb zircon age is reported for all grains older than 1000Ma, while the
206Pb/238U age is reported for younger grains due to the precision of each age, which is
given by the relative concentrations of the 238U and 235U parent isotopes in the earth and
the half-life of each radiogenic system (Gehrels et al., 2012, 2008). The errors reported for
all ages are 2 sigma. Detailed zircon U-Pb data are presented in the Supplementary Table
2.

For all the samples, a discordance filter of 20% (discordance = 100 - 100x [206Pb/238U
age / 206Pb/207Pb age]) was applied for zircon's older ages (>500 Ma; Gehrels et al.,
2012). This filter was not applied for younger ages (<500 Ma) due to difficulty of determining
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reliable 206Pb/207Pb ages (Gehrels et al., 2012). Additionally, an analytical error filter was
applied for all ages, eliminating those that exceeded 3% error (Schaltegger et al., 2015).

The filtered data are presented in the Tera-Wasserburg U-Pb concordia plot, which shows
207Pb/206Pb against 238U/206Pb (Vermeesch, 2018). Crystallization ages were
calculated using the Weighted Average Age method (Vermeesch, 2018). These statistical

analyses were performed using IsoplotR (Vermeesch, 2018).

3.3 Whole rock geochemistry

A total of eleven samples from the El Danubio (4), Pance (5), and Tatama (2) plutons were
analyzed in order to determine the whole rock geochemistry. Whole-rock major oxides
(SiO2, Al203, Fez03, Ti20, MgO, MnO, CaO, Na20, KO, and P2,0s) and trace elements
concentrations (REEs, Ba, Nb, Ni, Sr, among others) were obtained by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES) and Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS), respectively, at the ALS Geochemistry Laboratories in Lima, Perq.

Each sample was crushed using a jaw crusher and pulverized using a tungsten carbide ring
mill. The sample powder (0.1 g) was placed into a graphite crucible and mixed with 1.5 g of
lithium borate flux (LiBO2). The crucibles were heated in a furnace to 1025°C for 15

minutes.

The resulting melt is then cooled and dissolved in an acid mixture containing nitric,
hydrochloric and hydrofluoric acids. Calibration standards and reagent blanks were added
to the sequence of analyzed samples. Detection limits for the major elements vary between

0.01% and 0.002%, whereas for trace elements vary around + 0.1 ppm - 0.01 ppm.

Loss on Ignition was calculated by Thermal Decomposition Furnace. A sample (1g) is
weighed, placed in an oven at 1000°C for one hour, cooled and then weighed again. The
percent loss on ignition is calculated from the difference in weight before and after ignition.
The results of geochemical analyses were processed and plotted using the software
GCDK:it 5.0 (Janousek et al., 2022). All data are available in Supplementary Table 3.
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3.4 Trace element and Lu-Hf Isotopes in zircon

Samples with U-Pb data from the El Danubio (BSVC2) and Pance (PS02 and PS12) plutons
were selected for the trace element and Lu-Hf isotopic analyses in zircon. The trace
element analysis (Ti, Y, Nb, Hf, Pb, Th, U, P, Ca) including rare earth elements (REE, from
La to Lu) were performed using LA-ICP-MS at the Washington State University laboratory.
Between 10 and 15 zircons were analyzed for each sample. The analysis consisted of two
cleaning pulses, 10s washout, 18s gas blank, 40s ablation, and 15s wait before moving the
stage. International reference glass NIST610 and NIST612 and zircon reference 91500
were verified every 15 analyses to correct for instrument drift. Data correction and reduction
were performed using the lolite software. Trace elements and REE zircon data are
presented in Supplementary Table 4.

In addition, Lu-Hf isotopic compositions of each sample were analyzed using Analyte G2
193 nm excimer laser ablation system coupled with a ThermoFinnigan™ Neptune multi-
collector mass spectrometer (MC-ICPMS) at the Washington State University laboratory.
Operating parameters included a laser fluence of ~5.5 J/cm2 and a repetition rate of 10 Hz,
following the method discussed by Fisher et al. (2014), except that U-Pb dates were not
simultaneously determined. The output from the ablation cell was mixed with N2 gas and
delivered directly to the Neptune MC-ICPMS. The PleSovice zircon standard (176Hf/177Hf
= 0.282482 + 13) was regularly analyzed between samples to correct the measured
176Hf/177Hf of unknowns and reduce inter-laboratory bias. Correction for the isobaric
interference of 176Yb and 176Lu on 176Hf was assessed using quality control zircons
(Fisher et al., 2014). Internal 2-sigma precision was ~1.1 ¢Hf. Analyses with less than 25

ratios or internal 2-sigma uncertainty over 2 eHf units were discarded.

Present-day €Hf values were calculated using the CHUR parameters reported by Bouvier
et al. (2008), where 176Hf/177Hf DM(0) = 0.282785+11 (2om) and 176Lu/177Hf DM(0) =

0.0336 * 1. Trace element and Lu-Hf isotopic data are reported in Supplementary Table 4.

3.5 Mineral Chemistry

Four representative samples from the three studied plutons were selected for mineral
chemistry analysis of feldspars, pyroxene, amphibole, and biotite group-minerals. Two

analytical seasons were performed using an Electron Probe Micro-Analyzer (EPMA) in the
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Department of Lunar and Planetary Sciences at the University of Arizona (USA) and in the
GeoAnalitica laboratory of the Institute of Geosciences at the University of Sao Paulo
(Brazil).

Analysis of the El Danubio and Pance samples at the University of Arizona were done over
polished 30-um thick sections using a CAMECA SX-50 equipment with quantitative spot
analysis done by wavelength-dispersive spectrometry (WDS). The analytical conditions for
the WDS analysis were done with a beam current of 20.0 nA, an accelerating voltage of 15
kV, and a total counting time of 20 s, equally distributed for peak and background. The
standards used for element calibrations included “albite-Cr” for Na, “ol-fo92” for Mg and Si,
“anor-hk” for Al and Ca, “kspar-OR1” for K, “rutile1” for Ti, “fayalite” for Fe, “rhod-791” for
Mn and “chrom-s” for Cr. Microprobe analytical error ranges + 0.01-0.21 wt% (10) with
detection limits varying + 0.01-0.11 wt%.

Within the University of Sao Paulo, the analysis of the Tatama samples was using a field
emission JEOL JXA-FE-8530 microprobe. WDS analyses were performed with 15 kV, 20
nA, and 5 pm for the column acceleration voltage and beam current and beam diameter,
respectively. Total counting times, equally distributed for peak and background readings,
varied from 10 s to 40 s; matrix effects were corrected with the PROZA PRZ/Armstrong
software. The standards used for element calibrations included natural and synthetic
standards from both the Smithsonian and the GellerTM collections: hornblende (Si and 222
Al in amphiboles), diopside (Mg), fayalite (Fe and Mn), anorthoclase (Al), wollastonite (Ca),
orthoclase (K), rutile (Ti), albite (Na), zircon (Zr), willemite (Zn), benitoite (Ba),
glass_synthetic (Ni) sodalite (Cl), and fluorapatite (F). Microprobe analytical error ranges *
0.1-1.4 wt% (10) with detection limits varying £ 0.01-0.10 wt%.

Mineral formulae for the analyzed feldspars, pyroxene, amphibole, and biotite were
determined based on 8, 6, 24 and 11 (or 22) atoms per formula unit (apfu), respectively.
The structural formulae of feldspars and pyroxene minerals were calculated following Deer
et al. (2013). Amphibole-group classification was computed according to the nomenclature
scheme of Hawthorne et al. (2012) by using the Excel spreadsheet of Locock (2014).
Normalization of the Fe*'/Fe?* ratios in the amphiboles were determined assuming 13
cations exclusive of Ca, Na, and K. The structural formula of biotite crystals was calculated

assuming all Fe as Fe?* Additionally, we include the stereochemistry estimation of the Li
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contents [Li,0=2.1/(0.356+Mg0O)—-0.088] according to Tischendorf et al. (2004). The
complete compositions and structural formulae for all rock-forming minerals are given in

Supplementary Tables 5.

3.6 Estimation of the crystallization conditions

Whole-rock compositions of the studied rocks and mineral chemistry data of zircon,
plagioclase, clinopyroxene, and amphibole were used to constrain the intensive
crystallization conditions for each pluton, including depth of magmatic diversification
(crustal thickness), temperature (T), pressure (P), oxygen fugacity (logfO,) and water
content in the melt (H20melt).

Apatite saturation temperatures were determined using the SiO, and P.Os values from the
whole-rock compositions according to the method proposed by Harrison and Watson
(1984). This thermometry model was applied to the metaluminous samples with SiO2
ranging from 45 to 75 %wt and H2O content varying between 0 and 10 %wt. The

temperatures were calculated using the GCDKit software.

Zircon crystallization temperatures were estimated in the samples BSVC2 (El Danubio
Pluton), PS02 and PS12 (Pance Pluton), following the method of Ferry & Watson (2007).
This approach takes into account the Ti content in zircon, along with the activation energy
values for TiO, (aTiO2) and SiO, (aSiO; in each rock. Due to the absence of rutile in all
samples, aTiO; is less than unity (Hayden & Watson, 2007). A value of a TiO,=0.6 was
assumed for the thermometry calculations, given the mineral paragenesis of titanite +
hornblende + biotite in the samples (e.g. Ferry & Watson, 2007; Hayden & Watson, 2007).
For the samples BSVC2 and PS02 that present quartz, aSiO2 is equal to the unity, whereas
in sample PS12 with lacked quartz, aSiO; is reduced (~0.9, Schiller and Finger, 2019). It's
important to note that temperatures may be overestimated by up to 45°C due to the
absence of rutile, introducing an error in zircon crystallization temperatures by the same

margin.

The chemistry of clinopyroxene and the whole-rock compositions of the sample BSVC6
were used to determine the magma temperatures and pressures conditions applying the

thermobarometer method of Putirka et al. (1996), which relies on clinopyroxene-liquid
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equilibria. Putirka's equations exhibit a standard error of + 246.2°C for temperature and +
1.4 kbar for pressure. Additionally, we employed the clinopyroxene-only thermometer
developed by Wang et al. (2021a), assuming a water content of 2 wt.% for the calculations.
This thermometer has an error of £ 36.6°C.

The compositions of plagioclase and amphiboles were utilized to determine the
crystallization temperatures and pressures conditions of the studied rocks. Thermometric
calibrations include the Holland & Blundy (1994) Expression B (error of + 40); Putirka (2016)
Equations 5 and 6 (errors of £30 and £30, respectively); the Liao et al. (2021) model (error
of £35); and the Ridolfi (2021) model (error of +22 °C). Selected barometric models follow
the proposed calibrations of Molina et al. (2015), Mutch et al. (2016), and Ridolfi (2021),

which have errors of £1.5, £0.5 and +0.5 kbar, respectively.

Additionally, physicochemical magma conditions were calculated according to the
amphibole and zircon compositions of the studied plutons. Oxygen fugacity (fO.) and water
contents (H.Omelt) were calculated using the amphibole chemistry and the equations of
Ridolfi (2021). These equations have a standard error of £0.3 log units in fO, and +14% in
H.Omelt. Zircon oxygen fugacity was established using the equations of Loucks et al.
(2020). This method relies on the ratios of Ce, U, and Ti in zircon and does not require
information about the crystallization temperature, pressure, or parental melt composition.

The reported results have an associated error of £0.6 log units in fO..

Finally, moho depths or crustal thickness was estimated using the empirical equations
calibrated by Profeta et al. (2015) and Tang et al. (2020). Profeta et al. (2015)’s equation is
based on the (La/Yb)y ratio measured in whole-rock geochemistry. Samples with
compositions of 55-68%wt SiO2, 0-4%wt MgO and 0.05-0.2% Rb/Sr are excluded to avoid
mantle-generated mafic rocks, high-silica felsic rocks, and rocks formed from melting of
metasedimentary rocks (Profeta et al., 2015). Results obtained by this method have an
error of £ 6-7 km. Tang et al (2020) also proposed that within zircons the Eu anomaly (Eu/
Eu* ratio) is sensitive to fractionation under varying pressure. However, crustal thickness
values derived from zircon geochemistry are approximations and need to be interpreted
carefully because Eu/Eu* ratios may be affected by variations in the redox state of the
melts, magmatic evolution processes and the crystallization sequence in granitic rocks

(Yakymchuk et al., 2023). Results obtained by this method have an error of + 8-12 km.
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4.1 Field relations and petrography

Field observations and petrographic descriptions from the collected samples show
significant compositional and textural heterogeneities within the studied plutonic bodies.
The modal proportions of the plutonic rocks can be found in the Supplementary Table 1.
We grouped eight petrographic facies: (i) quartz monzodiorite and (ii) tonalite-granodiorite
facies in the El Danubio Pluton; (iii) clinopyroxene hornblendite, (iv) clinopyroxene
hornblende gabbro, (v) foliated hornblende gabbro, and (vi) tonalite-granodiorite facies
within the Pance Pluton; (vii) foliated granodiorite facies in Tatama Pluton and (viii) seriate
granodiorite facies related in the small apophyses that are also associated to the Tatama
Pluton (Fig. 3). The sequence of crystallization defined according the mineral textural

features in each facies is presented in the Figure 6.
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Figure 3. Modal classification diagrams from samples of the El Danubio, Pance and Tatama
plutons. A. Quartz - Alkali feldspar - Plagioclase (QAP) plot (Streckeisen, 1976), B.
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Plagioclase-Pyroxene-Hornblende diagram with the IUGS nomenclature for
ultramafic rock (Le Maitre, 2002).

4.1.1 El Danubio Pluton

This plutonic body is exposed near to the town of El Danubio showing an elongated NW
direction and an exposure area of ~9 km2 (Fig. 2A). It is relatively homogeneous and
composed mainly of massive phaneritic rocks of tonalitic and granodioritic composition, with
rounded mesocratic enclaves of small-sized and irregular shapes (10 to 20 cm) of dioritic
to quartz monzodioritic compositions (Fig. 4A-B). Some of these enclaves show euhedral
plagioclase crystals of coarse-grained size (Fig 3A). The tonalites are also characterized
by hydrothermal alteration represented by pervasive pyrite and chalcopyrite along with

guartz-filled veins.

Figure 4. Macroscopic features of the EI Danubio (A-B), Pance (C-D), and Tatama (D-E)
plutons. A-B. tonalite showing mesocratic enclaves (e.g. quartz monzodiorite). C.
massive structure in gabbro. D. granodiorite with a magmatic foliation. E.
granodioritic blocks related to Tatamé Pluton, which are exposed at the head of the
Negro River. Granodiorite presents mafic mineral clusters. F. Hydrothermal
alteration is evident in the variation of colors observed in the rock outcrops of the
Tatama apophysis.
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(i) Tonalite-granodiorite facies: this is characterized by rocks with medium to fine-grained
inequigranular textures (Fig. 5A-C). The rocks are mainly composed of plagioclase and
hornblende occurring as euhedral to subhedral crystals, which crystallized during the early
stage (Fig. 6). Plagioclase usually shows oscillatory zoning and growth twins, with some
crystals displaying corroded cores with deformation lamellae stepped and ending in tips.
Hornblende occurs as prismatic crystals with green pleochroism and simple twinning (Figs.
5A). Some crystals show corroded limits and corona-reaction textures, being mantled by
biotite laths (Fig. 5A). Biotite is a common late-crystallized mafic phase (Fig. 6) showing
subhedral forms, brown pleochroism, and pebbly extinction (Fig. 5A-C). Quartz and K-
feldspar occur as interstitial minerals formed during the late-stage of crystallization (Fig. 6).
Quiartz crystals often show evidence of sub-magmatic and sub-solidus deformation textures
with chessboard extinction (Fig. 5B) and grain boundary migration and bulging
recrystallization, respectively. K-feldspar crystals are commonly characterized by cross-
hatched twinning and exsolution textures (Fig. 5B). Local occurrences of quartz—K-feldspar
granophyric intergrowths are also observed. Accessory minerals include apatite, titanite,
zircon, and opaque phases, which are present as early inclusions in plagioclase,
hornblende, and biotite crystals. Secondary minerals include sericite, epidote, muscovite,
and carbonates (Fig. 5C), commonly replace primary minerals, and indicate the
percolations of post-magmatic hydrothermal fluids.

(i) Quartz monzodiorite facies: this facies displays a medium to fine-grained
inequigranular texture. The analyzed rock is composed of primary hornblende, plagioclase,
K- feldspar, biotite, and quartz, with accessory minerals such as, allanite, zircon, apatite,
and opaque phases. Secondary minerals found include epidote, zoisite-clinozoisite,
muscovite and sericite. Hornblende forms individual or grouped euhedral to anhedral
crystals (Fig. 5D-F), some of them are altered to epidote and clinozoisite. Plagioclase
crystals are euhedral to subhedral and show corroded cores, growth and deformation twins,
and stepped lamellae textures. Biotite is a late-magmatic phase that commonly occurs
replacing the hornblende crystals. K-feldspar appears as subhedral to anhedral crystals,
exhibiting granophyric textures with quartz intergrowths (Fig. 5F). Quartz crystals
commonly show undulatory extinction and occur interstitial to hornblende and feldspars.
Allanite and opaques appear as inclusions in hornblende whereas zircon and apatite are

commonly included in plagioclase and hornblende.
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Figure 5. Microscopic features of the El Danubio Pluton. A-C. tonalite-granodiorite facies
(samples BSVC2, BSVC3, BSVC5). D-F. quartz monzodiorite facies (sample

BSVC4).
Early Late Secondary Early Late Secondary Early Late Secondary
E | b= El Danubio B = Pance ] ® Tatama ©
N | o= A Quartz monzodiorite| | &= 0 Cpx hornblendite A u Foliated granodiorite
- o Tonalite-granodiorite| [~ o= ® Hbl Gabbro 2 Porphyritic granodiorite
< | A= : - @ Foliated gabbro [ 4
; O= o Tonalite-granodiorite L ;
E |ioa : = = § - :
F " o— o— :
' [ ) [ ) ' L= '
£ : : :
< | A ; E - :
- : o— : :
Q| A : = ] e :
O| O : o S ' L :
» ' (o ___IT] |
8 . Gy @ pip| 5
— P— " Ser, Ms, e —— :._Ser E : Ser, E
: O—— . , EP, Pe—— 1 [ , EP;
A O —_— D= Ep — 19— Cb, +CHI | ol | e
ie) R — A (Or——1 :°.= :
T . ig— Bt.Ep - e— 1@=— Chl, Ep s i BtGhIEp
D— ' & D= D— :
= — : o= :
N o o —  iecCh
5 —— o= :
I o —
@ e . ! Exsolution, i Exsolution
— A . g 5
g En_Exsqutlon :D_myrmeklte ‘ﬁ 1+ myrmekite

Figure 6. Crystallization sequence for the studied rocks from the El Danubio (A), Pance (B)
and Tatama (C) plutons showing the mineral occurrence at early-, late-, and post-
magmatic stages. The mineral abbreviations are taken from Whitney & Evans
(2010).
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4.1.2 Pance Pluton

Pance Pluton shows an irregular shape, covering an area of approximately 13 kmz. It crops
out near the town of Pance and intrudes Cretaceous volcanic-sedimentary sequences and
Paleogene sedimentary rocks (Fig. 2A). The intrusive body is characterized by massive to
foliated phaneritic textures (Fig. 3C-D) and includes clinopyroxene hornblendite,
clinopyroxene hornblende gabbro, foliated hornblende gabbro, tonalite and granodiorite.
The foliated hornblende gabbro and granodiorite show magmatic foliation oriented
N27°E/80°NW and N65°W/25°NE. Mesocratic enclaves with small-sized (<3 cm) and
irregular shapes are also common. Additionally, brittle deformation is evident within the
plutonic rocks, exhibiting several fractures-oriented NE-SW and NW-SE.

(iii) Clinopyroxene hornblendite facies: this shows a coarse- to fine-grained
inequigranular texture and it is mainly composed of primary hornblende and clinopyroxene.
Clinopyroxene forms subhedral to anhedral crystals of light green color to colorless and is
usually found within the cores of the hornblende suggesting an early stage of crystallization
(Fig. 6, 7A). Hornblende is the main mafic phase occurring as dark brown-green colored
subhedral to anhedral crystals (Fig. 7B), commonly altered to chlorite and epidote along
their rims (Fig. 7C). Accessory minerals include opaque minerals, zircon, titanite, biotite
and quartz. Zircon and opaque minerals are usually found as inclusions in hornblende (Fig.
7A). Titanite exhibits two distinct textural varieties, the first is characterized by early formed
rhombohedral euhedral to subhedral crystals, while the other consists of anhedral crystals
associated with aggregates of hornblende, opaques, and biotite, which suggests a late-
magmatic stage of crystallization (Fig. 7B). Biotite and quartz are late-magmatic phases
occurring as interstitial crystals between hornblende (Fig. 7B). Some of the quartz crystals

show undulatory extinction and microfractures.
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Figure 7. Microscopic features of the Pance Pluton. A-C. pyroxene hornblendite facies
(sample PS11). D-F. gabbro facies (sample BSVC6). G-I. foliated hornblende
gabbro facies (sample PS12). J-L. tonalite-granodiorite facies (samples PS04,
PS02, PS06-2).

(iv) Clinopyroxene hornblende gabbro facies: this consists of rocks with medium to fine-
grained inequigranular textures. The rocks are composed of plagioclase, clinopyroxene,

hornblende, opaque minerals, and accessories such as apatite, zircon and titanite.
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Clinopyroxene forms subhedral to anhedral crystals (Fig. 7D) with a colorless or pale green
pleochroism, and occasionally with simple twinning. Some of them appear either as relics
within hornblende crystals or altering the hornblende edges (Fig. 7E), indicating
crystallization during the early stage. Hornblende occurs as subhedral crystals with a pale
green pleochroism, tabular habits and poikilitic textures including tiny inclusions of
plagioclase and apatite. Plagioclase crystals exhibit euhedral forms, oscillatory zoning, and
multiple twinning; sometimes, they display deformation twinning with lamellae ending in tip
and stepped microstructures (Fig. 7F). Secondary phases include sericite, epidote, and
zoisite-clinozoisite. These rocks also show textural evidence of solid-state deformation with

microfractures and post-magmatic veins-filled with quartz and K-feldspar.

(v) Foliated hornblende gabbro facies: this is restricted to the easternmost segment of
the Pance Pluton. They are characterized by medium to fine-grained inequigranular foliated
textures defined by the hornblende and plagioclase crystals (Fig. 7G). Hornblende forms
tabular euhedral to subhedral brown to green colored crystals, often showing zoning and
poikilitic textures with inclusions of plagioclase, opaques, and apatite (Fig. 7H). Also, some
of them are strongly altered by biotite and chlorite (Fig. 71). Plagioclase usually appears as
subhedral crystals with oscillatory zoning, simple or multiple twinned, while some crystals
show deformation twins with lamellae ending in tips and steps and are altered by carbonate
and sericite. Biotite is late-magmatic and occurs as a replacement of hornblende. The
accessories include, opaque minerals, titanite, apatite, zircon, and biotite. Like in the
clinopyroxene hornblendite facies, titanite occurs in two textural types: early and late-
crystallized generations, while apatite, zircon and opaques are present as inclusions in

plagioclase and hornblende.

(vi) Tonalite and granodiorite facies: this is the most prominent facies in Pance Pluton.
The rocks are characterized by coarse to fine-grained inequigranular textures and are
mainly composed of plagioclase and hornblende. Plagioclase shows euhedral to subhedral
and tabular crystals with oscillatory zoning and multiple twinned textures (Figure 7J). Some
crystals show corroded cores and deformation twins. Hornblende occurs as euhedral to
anhedral greenish crystals with strong pleochroism. They show simple and multiple twins
and are commonly altered by chlorite and epidote. Locally, these rocks exhibit a magmatic
foliation, which is mainly defined by the hornblende crystals. Plagioclase and hornblende

were crystallized during the early stage. Biotite, K-feldspar, and quartz commonly occur as
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interstitial crystals between plagioclase and hornblende (Fig.6, 7J-K), suggesting
crystallization during the late-magmatic stage. Biotite crystallized as individual subhedral to
anhedral brownish crystals. K-feldspar forms anhedral crystals exhibiting poikilitic textures
with inclusions of plagioclase, hornblende, titanite, and biotite (Fig. 7J). Myrmekite
intergrowths are also observed within the K-feldspar and plagioclase crystals. Quartz
crystals are characterized by sub-magmatic and solid-state deformation microstructures
showing undulose extinction, bulging and grain boundary migration, and microfractures.
Primary accessories are opaque minerals, titanite, zircon and apatite. Titanite crystallized
either as an individual early (Fig. 7J-K) or as late-magmatic crystals (Fig. 7L). In contrast,
apatite, zircon, and opaque minerals are usually included in plagioclase, hornblende, and
biotite. Secondary minerals are sericite, chlorite, epidote, and carbonate. Most of these
crystals display microfractures, and irregular forms. Hydrothermal veins-filled of quartz are

also observed (Fig. 7J).

4.1.3 Tatama Pluton

Tatama Pluton is a sub-circular intrusive body covering an area of ~16 km? and situated
along the central axis of the Western Cordillera (Fig. 2B). Three small apophysis, (< 1 km?)
are exposed in the southern segment of the pluton (Fig. 2B). The Tatamé pluton and the
associated apophyses intrude into Cretaceous volcano-sedimentary rocks and are mainly
composed of granodiorites with inequigranular foliated phaneritic and porphyritic textures.
The granodiorites included melanocratic diorite rounded enclaves of small size (1 to 10 cm),
and mafic mineral clusters with irregular forms and sizes of up to 15 cm (Fig. 4E). In
addition, the plutonic rocks from the apophyses also display hydrothermal alteration (Fig.
4F) characterized by vein-filled and disseminated pyrite and chalcopyrite mineralization.

(vii) Foliated granodiorite facies: this is the predominant petrographic facies exposed at
the head of the Negro River (Fig. 2B), which flows through the main body of Tatama Pluton.
The rocks are characterized by medium to fine-grained inequigranular textures and are
mainly composed of primary plagioclase, hornblende, and biotite (Fig. 6). Plagioclase forms
subhedral tabular crystals with oscillatory zoning patterns, and often showing multiple
twinned and deformation twins (Fig. 8A-C). Hornblende occurs as individual euhedral to
subhedral crystals or as irregular crystals forming clusters with titanite and opaque minerals

(Fig. 8B). Some of these crystals show slight alteration by chlorite and epidote. Of note,
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magmatic foliations characteristic of these rocks are defined by elongated hornblende and
plagioclase crystals, which were formed during the early stage of crystallization (Fig. 8A).
Biotite forms subhedral crystals with green to brownish pleochroism and several inclusions
of opaque minerals. Quartz and K-feldspar occur as interstitial minerals formed during the
late stage of crystallization (Fig. 6). Quartz crystals usually show evidence of sub-solidus
deformation with undulose extinction, bulging and grain boundary migration recrystallization
textures. K-feldspar crystallized as subhedral to anhedral crystals with simple twinned and
myrmekite exsolutions (Fig. 8C). Early crystallized accessories include apatite, zircon,

titanite, and opaque minerals, while secondary minerals correspond with sericite, epidote,

and chlorite.

Figure 8. Microscopic features of the Tatama Pluton. A-C. foliated granodiorite facies
(samples TP06, TP06-2). D-F. porphyritic granodiorite facies (samples TPO02,
TPO3).

(viii) Porphyritic granodiorite facies: this facies is characteristic of the apophysis. The
rocks present porphyritic texture with primary coarse to fine-grained phenocrysts of
plagioclase and hornblende embedded into a quartz-feldspathic microcrystalline matrix
(Figs. 6 and 8D-F). Plagioclase crystallized as euhedral to subhedral tabular crystals with
oscillatory zoning (Fig. 8D). Some crystals show simple and multiple twinned, and

deformation tip lamellae. Hornblende exhibits subhedral and tabular forms, dark brown to
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greenish pleochroism and altered limits by the replacement of secondary chlorite and
epidote. Quartz, K-feldspar, and biotite occur as interstitial minerals between the primary
phases and usually show irregular forms with corroded limits (Fig. 8D-F). Apatite, zircon,
allanite, and opaque minerals are present as early magmatic inclusions in plagioclase and

hornblende.

4.2 Zircon U-Pb Geochronology

U-Pb zircon crystallization ages were determined for five samples, including a granodiorite
(BSVC2) from the EI Danubio Pluton; a foliated hornblende gabbro (PS12) and a
granodiorite (PS02) from the Pance Pluton; and two granodiorites from the Tatama Pluton
(TP06-2) and the associated apophyses (TP02). U-Pb analytical data is presented in the
Supplementary Table 2.

Zircons from the El Danubio and Pance plutons exhibit mainly euhedral shapes, with sizes
ranging between 30 and 500 uym, and length:width (I:w) ratios between 2:1 and 6:1 (Table.
2). Cathodoluminescence (CL) images show weak and well-developed oscillatory zoning
(Fig. 9A-C), which is common feature of magmatic zircons (Corfu et al., 2003). The weakly
oscillatory zoning is a distinctive feature found in zircons from the Pance Pluton (samples
PS12 and PS02), and it is associated with minor differences in composition from the core

to the rims of the crystals (Olierook et al., 2020).

In addition, some zircons show xenocrystic cores (Fig. 9A) and dark patterns in the El
Danubio Pluton (sample BSVC2), and bright patterns in the Pance Pluton (sample PS02).
Dark patterns (Fig. 9A) indicate zircons with high trace element contents, especially high U
and Th concentrations, that limit CL response (Corfu et al., 2003; Olierook et al., 2020). In
contrast, bright patterns (Fig. 9C) correspond to the relatively low content of trace elements
(Corfu et al., 2003).

Eighteen zircons from EI Danubio Pluton (sample BSVC2) show ages from 19.2 to 21.6 Ma
and Th/U ratios between 0.1 and 0.8 in crystals with oscillatory zoning pattern, indicating a
clear magmatic origin as autocrysts and/or antecrysts. The oldest magmatic ages could be
associated with antecrystic zircons as also suggested by the presence of corroded edges
(Fig. 9A). Xenacrystal or inherited zircons have U-Pb age of 151 Ma and 1517 Ma and Th/U
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ratio of 0.33 and 0.49, respectively. A crystallization weight average age of 19.7 £ 0.1 Ma
was calculated using six zircons, corresponding to the youngest magmatic zircon group
(Fig. 10B).
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Figure 9. Cathodoluminescence images (CL) of representative zircons from the El Danubio
Pluton (sample BSVC2) and the Pance Pluton (sample PS12 and PS02). Allimages
have the same scale. Circles represent the laser ablation spot, and the adjacent

numbers show the zircon age in Ma.
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Figure 10. Tera-Wasserburg U-Pb concordia and Weighted Average Age plot for the samples
from the ElI Danubio Pluton (A-B), the Pance Pluton (C-F), and the Tatamé& Pluton
(G-I).

Forty-five zircons from the foliated hornblende gabbro (sample PS12) sample of the Pance
Pluton show magmatic ages ranging from 16.9 to 17.9 Ma and Th/U ratios between 0.4 and
2.1. A crystallization age of 17.2 + 0.1 Ma was obtained with thirty-four crystals (Fig. 10D).
A granodiorite for this pluton (sample PS02) also presents ages between 16.7 and 18.9 Ma
with Th/U ratios between 0.1 and 0.9. A similar crystallization age of 17.2 £ 0.1 Ma was
obtained with ten crystals (Fig. 10F). The decrease in the zircon Th/U values between the
gabbro and the granodiorite (Table 1) is characteristic of compositional differentiation of the
magmatic rocks (Claiborne et al., 2010; Kirkland et al., 2015).

Sixty-five zircons from granodiorite (sample TP06-2) representative of the Tatama Pluton
yield ages between 16.0 and 18.5 Ma, with Th/U ratios from 0.2 to 1.3, which are typical
magmatic crystallization ages. Three zircons yield older ages of f 77, 152 and 204 Ma with
Th/U ratios of 0.9, 0.3 and 0.2, respectively, that can be related to inherited or xenocrystal
zircons. This sample yields a crystallization age of 16.7 = 0.1 Ma using twenty-five zircons
(Fig. 10H). Thirty-seven zircons from granodiorite sample (sample TP02) related to the
apophysis of the Tatama Pluton show ages between 15.8 and 16.9 Ma and Th/U ratios
varying from 0.3 to 0.8, which are related to the magmatic crystallization history. Twenty-
six crystals yield a crystallization age of 16.4 + 0.1 Ma (Fig. 10J).

4.3 Whole-rock geochemistry

Geochemical results are presented in the Supplementary Table 3. Major elements were

recalculated on an anhydrous basis using the loss-on-ignition values.

The studied plutons are characterized by SiO, values range from 39.5 to 68.6 wt.% and
total alkalis (Na2O + K->0) between 1.6 to 8.2 wt.% (Fig. 11A). All rocks are metaluminous
in compositions (Fig. 11B), with A/CNK [Al,O3/(CaO+Na,O+K-0) wt.%] values ranging
between 0.7 and 0.9, and A/NK [Al,O3/(Na;O+K;0] values between 1.5 and 8.5.
Geochemical signatures vary between the calc-alkaline and high-K calc-alkaline series,

although one sample from the Tatama plutons also plot in the shoshonite series (Fig. 11C).
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(1994), B. A/NK [molar ratio Al203/(Na;O+K>0)] versus A/CNK [molar ratio
AlL,Os/(CaO + Na,O+K-0)] diagram (Shand, 1943), C. KO versus SiO, diagram
(Peccerillo and Taylor, 1976), D. K-O content versus LOI values, E. SiO2 versus #

Mg. Abbreviations: Ffg: foliated hornblende gabbro facies, Fgb: Clinopyroxene

hornblende gabbro facies.

Loss-on-ignition (LOI) values range between 0.59 and 2.94 wt% (Fig. 11 D). There is no

correlation between LOI values and K;O content, indicating that the enrichment in K20 is

not due to rock alteration processes. Magnesium number [#Mg= MgO/(FeOt+MgO)*100]

ranges from 36.9 to 46.8, and it clearly decreases with the increase in the SiO, contents

(Fig. 11E).

SiO; exhibit a strong negative correlation with Al.O3, CaO, MgO, FeOt, TiO; and P.Os, and

positive correlations of SiO, with Na,O and k20 which may be related to magmatic

differentiation (Fig. 12). Although, the KO contents show a more dispersed trend (Fig.

12C).
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Figure 13. Chondrite-normalized REE variation diagrams (A, C, D), and primitive mantle-
normalized trace element diagrams (B, D, F) for the studied plutonic rocks.
Normalization values are according to McDonough & Sun, (1995). The color varies
according to the SiO2 content within the samples in each pluton. Abbreviation: Fgb:

Clinopyroxene hornblende gabbro facies.

The samples show steep rare earth-element (REES) patterns with [La/Yb]n ratio ranging
between 4.9-7.1, 1.6-3.7 and 3.9-5.9 for the El Danubio, Pance and Tatam& plutons,
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respectively (Fig. 13A,C,E). They show enriched in the light rare earth (LREE) patterns with
[La/Sm]n ratios between 1.1 and 2.7, as well as a depleted and slightly concave-upward
Middle-Heavy REEs patterns with [Sm/Yb]x ratio between 1.4 and 3.3. Complex pattern is
evident in the Clinopyroxene hornblende gabbro facies (Fgb) from the Pance pluton, which
are characterized by a depleted LREE patterns ([La/Sm]n = 0.5).

Primitive mantle-normalized trace element diagrams reveal that most the plutonic rocks are
enriched in Cs, Rb, Ba, U, Pb, and Sr, and depleted in HFSEs, showing negative anomalies
of Nb, Zr and Ti (Fig. 13B, D, and F). Additionally, the clinopyroxene hornblende gabbroic
facies exhibit depletion in Cs, Rb, Ba and Zr contents (Fig. 13D). The values of Nb, Y, and
Rb in the studied plutons are characteristic of subduction-related volcanic arc granites, as

proposed in the tectonic discrimination diagrams of Pearce et al. (1984) (Fig. 14).
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Figure 14. Granitoid tectonic discrimination diagram according to Pearce et al. (1984).
Abbreviations: Fgm: quartz-monzodiorite facies, Fgb: clinopyroxene hornblende
gabbro facies; VAG: volcanic arc granites, ORG: oceanic ridge granites, WPG:

within plate granites, syn-COLG: syn-collisional granites.

The Sm/Yb ratios range between 1.2 and 3.1 for the three studied plutons, indicating a
magmatic source formed under relatively low-pressure conditions, in the pyroxene stability
field (Fig. 15A). The mafic and intermediate rocks of the analyzed plutons exhibit notable
differences in the Th/Nb, Th/La, and La/Yb ratios (Fig. 15B-C). The foliated hornblende
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gabbro (sample PS12) and clinopyroxene-hornblende gabbro (sample BSVC6) from the
Pance Pluton have low Th/Nb (~0.1), Th/La (<0.1), and La/Yb (2.4-2.9) ratios. In contrast,
the intermediate tonalitic and granodioritic rocks from all plutons show higher Th/Nb (0.2-
0.9), Th/La (0.1-0.3) and La/Yb (3.6-10.4) ratios (Fig. 15B-C).
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Figure 15. A. Sm/Yb vs. La/Sm ratios; Sm/Yb reflects pressure conditions in magma melting

source according to Kay et al., (1991). B. Th/Nb vs La/Nb ratios. Continental crust,
Mid-ocenan ridge basalts (MORB) and global subducting sediments (GLOSS) fields
are taken from Plank (2005). C. Ba/La vs. La/Yb ratios. Ba/La indicating altered

oceanic crust (AOC)-derived fluid contribution and La/Yb suggesting subducted

sediment-derived melt (Liu et al.,, 2024). D. Moho depths or crustal thickness

calculated using (La/Yb)n ratios according Profeta et al (2015).
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The (La/Yb)n ratios were used to estimate the Moho depths or crustal thickness below
which mantle derived magma are initially fractionated, according to the empirical equation
calibrated by Profeta et al (2015). These values approximate the seismically inferred Moho
depth providing a robust proxy of crustal thickness (e.g. Lieu & Stern, 2019). The (La/Yb)n
ratios indicate a Moho depth of 34.1 + 6.7 km, 28.5 + 6.2 km, 38.5 + 7.1 km for the Danubio
(sample BSVC2), Pance (sample PS02) and Tatama (sample TP06) plutons, respectively
(Fig. 15D).

In Figure 15, we have also plotted the published data for the Piedrancha and El Vergel
plutons (Leal-Mejia et al., 2019), which are in the southernmost section of the Western
Cordillera (Fig. 1B). The compiled data from tonalites and granodiorites of both plutons
exhibit comparable geochemical patterns to those observed in the intermediate rocks from

the Danubio, Pance, and Tatama plutons.

4.4 Zircon chemistry and Hf isotopes

Trace element concentrations and Hf isotopes in zircons for the analyzed samples (BSVC2,

PS02, and PS12) are given in the Supplementary Table 4.

Zircon crystals from the El Danubio and Pance plutons display similar chondrite-normalized
REE patterns, with a steeply rising slope due to the enrichment of HREE relative to LREE
as seen in igneous zircons (e.g. Hoskin & Schaltegger, 2003). They show positive Ce
anomaly (Fig. 16A) with Ce/Ce* ratios ranging from 6.1 to 1451.7 (Fig. 16B). The
granodiorite facies from the El Danubio Pluton record the highest Ce/Ce* values ranging
between 416.3 and 1451.7 (Fig. 16B), associated with the lowest La values (<0.05 ppm) in
the zircons of this rock (Fig. 16A). Additionally, all zircons display a weakly negative Eu
anomaly (Fig. 16A) with Eu/Eu* ratios vary between 0.6 and 0.9 (Fig. 16B). For the Pance
zircons, these ratios show a relative decrease from the dioritic facies (0.9-0.7) to the
granodiorite facies (0.7-0.6). Variations in Eu/Eu* ratios can be attributed to the fractionation

of plagioclase during the crystallization of this pluton (e.g. Tang et al., 2020).

Analyzed zircons present a narrow range of Ti values varying between 4.8 and 5.7 ppm,

and variable Hf concentrations range between 7832. 1 and 19465.2 ppm, in which those
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from the Pance pluton present the highest Ti and Hf values (Fig. 16C). Th/U ratios vary
between 0.1 and 1.2 (Fig. 16D, E), which agree with the expected values from zircons
crystallized in magmatic environments (e.g., Corfu et al., 2003). A generally negative trend
is observed between the Th/U ratios and Hf concentrations within EI Danubio and Pance
samples (Fig. 16D), which is a typical behavior observed during the compositional evolution
(Claiborne et al., 2010; Kirkland et al., 2015). Additionally, the zircon crystals display
decreases in the Th/U ratios with increasing values of (Yb/Gd)n (Fig. 16E), that corresponds
to progressively differentiation of the magma, probably due to the ubiquity of hornblende
and sphene in these plutonic rocks (Bell & Kirkpatrick, 2021; Barth et al., 2013; Claiborne
et al., 2010).

Finally, the isotopic compositions of Hf, expressed as e¢Hf, in magmatic zircons from the El
Danubio Pluton exhibit values between +10.3 and +13.2 (Fig. 16F), while the Pance Pluton
exhibits relatively higher eHf(t) values between +11.5 and + 13.5 for the granodiorite and
between +13.2 and +14.2 for the foliated hornblende gabbro, (Fig. 16F). In Tatama Pluton,
the granodiorite from the main body present eHf(t) values between +6.4 and +8.5,
meanwhile the granodiorite from the aphophysis exhibit values ranging +11.8 and 14.3 (Fig.
16F).
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Figure 16. A. Spider plot of REE normalized to chondrite (McDonough and Sun, 1995), B.

Eu/Eu* vs Ce/Ce* ratios, C. Ti vs Hf concentrations, D. Th/U ratios vs Hf
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concentrations, E. Th/U vs. (Yb/Gd)n ratios, normalized to chondrite (McDonough
and Sun, 1995), F. Crystallization age vs ¢Hf.

4.5 Mineral chemistry

Four samples were selected for mineral chemistry analyses including the El Danubio
granodiorite (BSVC2), the Pance gabbro (BSVCS6), the Tatama foliated granodiorite (PT06-
2), and the apophyses of the porphyritic granodiorite (PT02). The EPMA dataset for this
work included chemical analysis of plagioclase (87), clinopyroxene (5), amphibole (70), and
biotite (26) which are present in Supplementary Table 5. Mineral compositional variations
among the studied plutonic rocks are described in the following sections.

4.5.1 Feldspars

Plagioclase crystals from the El Danubio and Tatam& granodiorites exhibit significant
compositional variations (Fig. 17A). Core-to-rim profiles in plagioclase crystals (Fig. 18A,
E, G) show normal zoning with compositions ranging from labradorite to albite (Aneo-10) in
the El Danubio granodiorite, and from mainly andesine (Anss-33, main body) and labradorite
to andesine (Ansz-31, apophyses) in the Tatama granodiorites. On the other hand, the
analyzed plagioclase crystals from the Pance gabbro are represented by an anorthite to

bytownite compositional trend (Angz-gs; Fig. 17A, 18C).

4.5.2 Pyroxenes

In the Pance gabbro, clinopyroxene crystals are mainly classified as diopside with one
single crystal classified as augite (Fig. 17B). They present average compositions of
WoausEnsFe12 and WoaEnaiFeis with #Mg contents of 77.5 and of 76.9, respectively (Fig.
18C).

4.5.3 Amphiboles

Calcic amphiboles are the main mafic phases in the El Danubio, Pance and Tatama plutons
with cationic variations in the B-site varying 0.87 < BCa/®(Ca+Na) < 1.0. The calcic varieties
are ferri-tschermakite, ferri-sadanagaite, magnesio-hornblende, and magnesio-hastingsite
in the EI Danubio granodiorite, ferri-sadanagaite and magnesio-hastingsite in the Pance

gabbro, and magnesio-hastingsite in the Tatama granodiorites (Fig. 17A).
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Amphiboles from the El Danubio granodiorite are characterized by #Mg contents between
41 and 47 and total Al contents (Alr) between 2.0 and 2.2 apfu (Fig. 18B). Amphiboles from
the Pance gabbro present #Mg and Alr values vary between 68 and 70 and from 2.1 to 2.4
apfu, respectively (Fig. 18C, D). For the Tatam& granodiorite rocks, the #Mg values are
between 39 to 61, and the Alr contents slightly vary from cores to rims amphibole crystals
(Fig. 18F, H), with values from 1.6 to 2.2 apfu (sample PT06-2, main body) and from 1.2 to
2.6 apfu (sample PT-02, apophyses). Moreover, Ti contents of amphibole crystals are
between 0.1 and 0.2 apfu in all studied plutons, and Fe*3/Fe*? ratios range from 1.0 to 1.7
in El Danubio Pluton, 0.3 to 0.6 in Pance Pluton, and 0.1 to 0.5 in the Tatama Pluton.

4.5.4 Biotites

The ternary diagram TiO—FeO*-MgO (FeO* = FeO + MnQ) is proposed as a quantitative
objective tool for distinguishing between primary magmatic biotites and those that are more
or less complete reequilibration within a late-magmatic hydrothermal fluid or a
neocrystallization at equilibrium with that fluid, or in another even later one proposed by
Nachit et al., (2005). Biotite in the El Danubio granodiorite is classified as re-equilibrated
biotite (Fig. 17D). This is consistent with the petrographic features, where some amphibole
crystals are replaced by biotite. By contrast, the biotite crystals for the Tatama granodiorites
plot in the transition of primary and re-equilibrated biotite, in agreement with the
petrographic descriptions (Fig. 17D). Figure 17E depicts the feal vs. mgli classification
diagram proposed by Tischendorf et al. (2007), in which the biotite crystals classify as Al-
Mg annite for the El Danubio pluton and Fe-phlogopite for the Tatama rocks.
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Figure 17. A. Anorthite (An) — Albite (Ab) — Orthoclase (Or) molecular ternary plot (Deer et al.,
2013) for feldspar crystals. B. Wollastonite (Wo) — Enstatite (En) - Ferrosilite (Fs)
molecular ternary plot (Deer et al., 2013) for pyroxene crystals. C. Classification

diagram according to Hawthorne et al. (2012) for amphibole crystals. D. 10*TiO; —
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FeO — MgO ternary diagram (Nachit et al., 2005). E. Classification feal (FeT + Mn
+ Ti - viAl) vs. mgli (Mg - Li) diagram according to Tischendorf et al. (2007).

TPQ%

o #Mg
o AT apfu
o %An
Figure 18. Compositional variation of the percentage of anorthite in feldspar (%An), the

amount of magnesium in clinopyroxene (#Mg) and total aluminum (AIT) in atoms
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per formula unit (apfu) for amphibole in the analyzed rocks of the plutons: El
Danubio (A-B), Pance (C-D), and Tatamé (E-H). Abbreviation: PI: plagioclase, Kfs:
K-feldspar, Cpx: clinopyroxene and Amp: amphibole.

4.6 Intensive crystallization parameters

Depths of the magma diversification, thermobarometry calculations (P-T), oxygen fugacity
(logfO2) and water content (H20melt) conditions of the studied plutons, based on zircon,
plagioclase, clinopyroxene, amphibole and biotite chemistry and whole-rock compositions
are presented as follows. Mean values of the calculated intensive crystallization conditions

are summarized in Table 2.

4.6.1 Moho depths or crustal thickness

We used (La/Yb)n ratios to quantify the crustal thickness that reflects the average depth at
which magmatic fractionation occurred (Profeta et al., 2015). (La/Yb)n ratio indicates a
average depth of 34.1 + 6.7 (n=1), 28.5 + 6.2 (n=1), 38.5 + 7.1(n=1) for the El Danubio,
Pance and Tatama plutonic rocks, respectively. These results suggest that the
differentiation of the Lower Miocene plutons occurred within a normal crust with a thickness
of 28-38 km. Additionally, Eu/Eu* ratios in zircon were used to calculate the crustal
thickness (Tang et al., 2020), obtaining values between 80.4 + 9.4 (n=9) and 93.1 + 10.8
km (n=11).

The depths >70 km will not be considered in this work because they don’t agree with the
low-pressure fractionation conditions obtained for magma within the stability field of
pyroxene (Fig. 15C). For a magma formed under a thick crust, fractionation in the presence
of garnet would be expected. It is possible that the data calculated do not represent the real
values of cortical thickness because Eu/Eu* ratios may be affected by variations in the
redox state of the melts, magmatic evolution processes and the crystallization sequence in

granitic rocks (Yakymchuk et al., 2023).

4.6.2 Temperature

Clinopyroxene thermometric calculations proposed by Putirka et al. (1996) and Wang et al.,

(2021a) were employed to determine the crystallization temperatures of this mineral in the
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Pance’s gabbro. Calculations with the Putirka et al. (1996)'s model, which relies on
clinopyroxene-liquid equilibria, yields temperatures between 1160° and 1191°C (mean =
1175 + 246°C). We obtained lower temperature estimations from the clinopyroxene-only
thermometer developed by Wang et al. (2021a), yielding temperatures between 1072°C to
1079°C with an average value of 1076°C + 36°C (Table 2). For discussion purposes, we
opted to select the crystallization temperatures derived from the Wang et al (2021) method,
because it does not necessitate information on coexisting silicate melt or other co-
crystallized mineral phases, and due to its greater accuracy and precision relative to Putirka
et al (1996). According with the petrographic observation, clinopyroxene temperature
estimations represent near-liquidus thermal conditions of the gabbroic magma in the Pance

Pluton.

Apatite saturation temperatures (TsatAp) were estimated for the quartz-monzodiorite,
tonalite, and granodiorite rocks among the three plutons. TsatAp were determined using
the SiO2 and P205 values from the whole-rock compositions according to the method
proposed by Harrison and Watson (1984). Estimated temperatures range between 803°C
to 941°C (Table 2). These results are petrologically consistent with the near-liquidus
temperatures expected for plutonic systems (Anderson et al. 2008) and by the common
occurrence of early crystallized apatite crystals included in amphibole and biotite (Fig. 6).
Ti concentrations of the analyzed zircons were used to calculate the related crystallization
temperatures by using the Ti-in-zircon thermometer of Ferry and Watson (2007). This takes
into account the Ti content in zircon, along with the activation energy values for TiO (aTiO2)
and SiO2 (aSiO: in each rock. We assumed a value of aTiO, = 0.6 for all plutonic rocks,
whereas the aSiO; was 1.0 for the granodiorites, except for the foliated hornblende gabbro
rock where aSiO; = 0.9, in agreement with the mineralogy in each rock (e.g. Ferry &
Watson, 2007; Hayden & Watson, 2007; Schiller and Finger 2019).

Calculated Ti-in-zircon temperatures (TTi-in-Zr) in the granodiorites are very similar and
vary from 726 to 735°C (mean = 732 = 45°C, El Danubio Pluton) and from 734 to 738°C
(mean = 735 = 45°C, Pance Pluton). In contrast, zircons from the Pance’s foliated
hornblende gabbro crystallized between 722°C to 731°C (mean = 724 + 45°C), recording
the lowest temperatures among the studied plutonic rocks (Table 2). Notably, the Ti-in-
zircon crystallization temperatures are lower than both the apatite saturation temperatures.

These results contrast with our prior petrographic findings regarding the early stage of
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zircon crystallization within the examined rocks (Fig. 6), because the crystallization
temperature obtained for zircon is lower than the crystallization temperature of amphibole
as will be described below. It is possible that these temperatures are lower than expected
because the aSiO, and aTiO; values of each analyzed rock are being overestimated or
underestimated. Therefore, we have chosen not to consider these Ti-in-zircon calculations

as representative of near-liquidus temperatures for further discussion.

We integrated and compared various thermometric calibrations, including the amphibole-
plagioclase thermometric model (Equation B) of Holland and Blundy (1994) and different
amphibole-only thermometers (Equations 5 and 6) of Putirka (2016), of Liao et al., (2021),
and of Ridolfi (2021), to determine the crystallization (close-to-solidus) temperatures of the
Pance gabbro, and the El Danubio and Tatama granodiorites. For the Pance gabbro, the
amphibole yielded average temperatures ranging from 820°C + 35°C and 959°C + 30°C
(Table 2). For El Danubio granodiorite, the average temperatures range between 722 +
35°C and 868 + 22°C. Similarly, for the Tataméa granodiorites, the average temperature
varies between 749 * 40°C and 858 + 30°C in the main body, and 764 + 40°C and 897 +
22°C in the apophyses (Table 2).

The amphibole crystallization temperatures, determined through the Putirka (2016) and
Ridolfi (2021) thermometers, are notably higher than the H2O-rich granite solidus
(Johannes & Holtz, 1996). Consequently, we interpreted the results obtained from the
models of Holland and Blundy (1994) and Liao et al. (2021) as the most reliable estimations
for the close-to-solidus crystallization temperature of the Pance’s gabbro and the El
Danubio and Tatama granodiorites. However, in this work the Liao et al. (2021)

thermometer will be used because it could be applied to gabbroic and granodioritic rocks.

4.6.3 Pressure

We employed the clinopyroxene-liquid barometer of Putirka et., al (1996) to constrain the
pressure conditions of the Pance gabbro. The calculated pressures range from 8.1 + 1.4
kbar to 8.9 + 1.4 kbar. Considering the petrographic textures, which indicate that
clinopyroxene was among the first mineral phases to precipitate in this rock, the mean value
suggests a high-pressure crystallization condition for the gabbroic rock at 8.5 + 1.4 kbar
(Table 2).
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The pressure and emplacement conditions of the four examined plutonic rocks were
determined using a combination of barometric calibrations, including the plagioclase-
amphibole model of Molina et al. (2015), and the amphibole-only models of Mutch et al.
(2016) and Ridolfi (2021). For the El Danubio granodiorite, the selected barometers give
average pressure values between 4.7 £ 0.5 kbar and 6.3 + 0.5 kbar (Table 2). In contrast,
the Tatamd granodiorites registered significantly lower pressures. For the main body, mean
pressures range from 2.5 £ 0.5 kbar to 4.8 + 0.5 kbar (Table 2). Whereas amphiboles in the
apophyses exhibit diverse mean pressures, with values of 5.4 £ 0.5 kbar and 6.1 = 0.5 kbar
(Table 2). Using Ridolfi (2021) a low value of 1.27 + 0.5 kbar was calculated for the
amphibole’s rims of the Tatama apophyses (Table 2). Finally, the suitable models of Molina
et al. (2015) and Ridolfi (2021) barometry applied for the Pance’s gabbro, provided average
pressures of 1.8 + 1.5 kbar and 4.3 £ 0.5 kbar, respectively (Table 2).

Considering the significant differences between the various amphibole barometers (Table
2), we carefully evaluate the thermobarometry results on the P-T diagram (Fig. 19) to
identify the most consistent and reliable estimates of pressure conditions for the El Danubio,
Pance, and Tatama rocks. The inferred P-T conditions for the four plutonic rocks fall within
the supra-solidus field characteristic of granitoid magmas (Johannes & Holtz, 1996)
regardless of the barometer chosen. This suggests that the amphibole pressures obtained
likely correspond to a crystallization of this mineral before the final emplacement depth.

In this study, the pressures calculated by Mutch et al. (2016) for the granodioritic rocks of
El Danubio and Tatama will be employed, along with those by Molina et al. (2015) for the
Pance gabbro. The barometer proposed by Ridolfi (2021) is dismissed due to limitations in
the calibration conditions as pointed out by Erdman et al. (2014), who indicate that the Si-
Al ratio used by Ridolfi (2021) does not adequately correlate with pressure. Additionally,
the barometer by Molina et al. (2015) presents a dual error in the calculation given that this
model requires the input of the amphibole crystallization temperature. Consequently, the
barometer proposed by Mutch et al. (2016) is more suitable for estimating crystallization
pressure. However, the thermometer by Mutch et al. (2016) was not used for the gabbroic
rock due to its limitations in rocks in textural equilibrium with amphibole, plagioclase, biotite,

titanite, and apatite.
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Accordingly, these crystallization pressures were converted to depths by using an average
crustal density of 2.89 g/cm?, equivalent 1kbar = 3.5 km (Hincapié-Goémez et al; 2018),
corresponding to depths of 7 km in the Pance gabbro and between 7 km and 28 km in the
El Danubio and Tatamé granodiorites (Fig. 19).
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Figure 19. Results of amphibole thermobarometric calculations for the El Danubio, Pance, and
Tatama plutons. Error for Molina et al. (2015), Mutch et al. (2016), and Ridolfi (2021)
represent =+ 1.5 kbar and *0.5 kbar uncertainty, respectively. Temperatures
calculated according to Liao et al. (2021) with an error of +35°C. Solidus curve of

water saturated granite system according to Johannes & Holtz (1996).

4.6.4 Oxygen fugacity and water content of magmas

Oxygen fugacity (logfO;) and water contents (H.Omelt) in the amphibole were determined
following the method proposed by Ridolfi (2021). The results are shown in the logfO~T
diagram (Fig. 20). Estimate redox conditions and logfO; values, ranging from high to low
estimates, are -10.7 £ 0.3 (ANNO = 1.6) for the El Danubio granodiorite; -10.4 £ 0.3 (ANNO
= 2.7) for the Tatama granodiorite in the main body; -8.5 + 0.3 (ANNO = 3.3) for the Tatama
granodiorite in the apophysis; and -7.9 + 0.3 (ANNO = 3.4) for the Pance gabbro. These
results and the Mg-rich compositions of the amphiboles from the studied rocks suggest a

primary oxidized crystallization environment for the parental magmas, above the NNO+3
buffer (Fig. 20).

Redox conditions for the studied magmas were also constrained using the trace element

compositions of zircons (Fig. 20). The obtained values show lower oxidizing conditions
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plotting near or under the NNO buffer, with logfO. values of -15.4 + 0.6 (AFQM = 1.4) for
the El Danubio granodiorite; of -15.4+ 0.6 (AFQM = 0.8) for the Pance foliated hornblende
gabbro; and of -15.5 £ 0.6 (AFQM = 0.8) for the Pance granodiorite.

The magnesium number (#Mg) and total aluminum (AIT) for the biotites in the El Danubio
and Tatama plutons, which range between 43.9 and 58.1 for #Mg and 2.6 to 3.1 for AIT,
indicate that these biotites crystallized in the stability field of the magnetite series,
suggesting an oxidized magmatic source, as indicated by Anderson (2008) and Ishihara

(1977).
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Figure 20. logfO, versus temperature showing the Fayalite-Magnetite-Quartz (FMQ), Nickel-
Nickel Oxide (NNO) and Hematite-Magnetite (HM) buffers. Temperatures
calculated according to Liao et al. (2021) with an error of £35°C.

The estimated water concentrations in the amphibole-precipitation melt range from 8.3 to
8.6 wt.% H.O in the Danubio granodiorite, from 5.2 to 8.4 wt.% H,O in the Tatama
granodiorites, and from 6.6 to 7.19 wt.% H-O in the Pance gabbro (Supplementary Table
5). These findings indicate that the studied magmas were enriched in water, aligning with
the typical characteristics of calcic amphiboles crystallized in arc-related systems (e.g.,
Ridolfi et al., 2010).

Table 2. Summary of the crystallization conditions obtained for apatite, zircon,
clinopyroxene and amphibole present in the different rocks of the El Danubio, Pance

and Tatam@ plutons. Abbreviations: n.a: not applied, n.d: no data.
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PLUTON EL DANUBIO PANCE TATAMA
Sample BSVC2 BSVC3 | BSVC6 PS12 PS02 TP06-02 TPO2
Foliated
Rock Type Granodiorite  Tonalite Gabro gabbro  Granodiorite | Granodiorite Granodiorite
Depth of magmatic diversification (km) Error
Profeta et al. (2015) - (La/Yb)N 341+6.7 28.6+6.2 385+7.1
Profeta et al. (2015) - Sr/Y 73.8+3.1 351+03 44909
Tang et al. (2020) 84.0+9.8 93.1+10.8 80.4+94
Temperatures (°C)
Apatite TS;,“Ap (Harrison and Watson, 1984) 945 935 891 930 895
Zircon Tri.inzr (Ferry and Watson, 2007) +45 732 724 735
Clinopyroxene  Tcpyiq (Putirka et al., 1996) +246 1175
Tcpx-ony (Wang et al., 2021) +36 1076
Amphibole Tolhbl Eq.8 (Holland and Blundy 1994) + 40 733 749 764
Thblonly £qs (Putirka, 2016) +30 858 959 858 875
Thblonly £q.6 (Putirka, 2016) +28 855 953 856 870
Triinup (Liao et al., 2021) +35 722 820 777 771
Thbiony (Ridolfi, 2021) +22 868 930 831 897
Pressures (kbar)
Clinopyroxene Pcpy.iiq (Putirka et al., 1996) +1.4 8.5
Amphibole Ppi.tpi (Molina et al., 2015) +15 6.2 14 4.6 6.1
Pribi-ony (Mutch et al., 2015) +05 6.3 48 5.1
core=5.4
Prionty (Ridoffi, 2021) +05 47 4.2 25 fim= 1.3
Oxygen fugacity (10g;,2)
Trace element-in-Zrn (Loucks et al.,
Zircon 2020) +0.6 -15.4 -15.4 -15.5
AFMQ 14 0.8 0.8
Amphibole Hbl-only (Ridolfi, 2021) +0.3 -10.7 -7.9 -10.4 -8.5
ANNO 1.6 3.4 2.7 3.3
Water Contents (H,O wt.%)
Amphibole Hbl-only (Ridolfi, 2021) +14 8.5 6.8 7.6 7.7




5.Discussion

Geochronological constraints from El Danubio, Pance and Tatama plutons, integrated with
published data from other Early Miocene plutonic bodies exposed in the Western Cordillera
of Colombia (Barbosa-Espitia, 2020; Echeverri et al., 2015; Leal-Mejia et al., 2019;
Gonzalez, 2002), indicate the existence of an Early Miocene mafic to intermediate arc
magmatic activity from 23 Ma to 15 Ma. This chapter presents a discussion of the magmatic
evolution of the three studied plutons, from their magma source to the final emplacement
in the upper plate. Subsequently, we evaluate the relationship between petrogenesis of the
Early Miocene magmatism and the Neogene tectonic reorganization that characterized the
northwestern part of South America.

5.1 Petrogenesis

The presence of hornblende, titanite, and apatite together with the calc-alkaline,
metaluminous and magnesian signatures, the whole-rock negative anomalies of Nb, Zr, Ti,
and the high LILE/HFSE ratios, suggest that the Danubio, Pance and Tatama plutons are
I-type granitoids formed in subduction settings (Chappel & White, 1974; Pitcher, 1993;
Whatman & Stern, 2015).

Due to their more limited differentiation when compared with more siliceous rocks, mafic
plutonic rocks can be useful to reconstruct magma sources (Annen et al., 2015). Therefore,
the hornblendite, clinopyroxene-hornblende gabbro, and foliated hornblende gabbro rock
types from the Pance pluton are key to understand the genesis of the Early Miocene

magmatism in the Western Cordillera of Colombia.

The clinopyroxene-hornblende gabbro exhibits relatively low concentrations of LILES, low
Zr content, and high concentrations of Cr and Ni (Fig. 13), as well as high An88-90 contents

in the plagioclase composition (Fig. 17A). These geochemical features suggest that this
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rock may be associated with mafic cumulates formed during fractionation processes
(Castro et al., 2021; Chappell et al., 2004). Given that cumulate rocks can represent a
differentiated portion of the original magma (Chappell et al., 2004), this leads to inherent
biases in their geochemical signatures, making them unreliable for accurate interpretation
of the magma source. Therefore, we excluded this cummulatic gabbro for the interpretation
about the magma source. In contrast, compositions from the foliated hornblende gabbro
record the typical geochemical signature of I-type granitoids, i.e. high LILEs and low Nb
and Ti values, that can be related to a basaltic and mantle derived magmas in the Pance

Pluton formed by wet melting.

Hf isotopic values in zircons from the foliated hornblende gabbro show highly positive eHf
mean values of ~ +13.8 that are close to the depleted mantle value (¢Hf of +16 at 0 Ma;
Guo & Korenaga, 2023; lizuka et al., 2017; Nowell et al, 1998). Moreover, low Th/Nb, Th/La,
and La/Yb ratios (Fig. 15B-C) from this rock are similar to the ones from basaltic rocks
formed in a mid-oceanic ridge setting (MORB) (Turner & Langmuir, 2022; Plank, 2014,
2005). These geochemical signatures suggest a clear asthenospheric source with minor
contribution from more evolved materials, such as subducted sediments or continental crust
(Fig. 22A) (Guo & Korenaga, 2023; lizuka et al., 2017).

The more differentiated tonalites and granodiorites from the Danubio, Pance, and Tatama
plutons, show high Th/Nb and Th/La ratios that are relatively close to those recorded in
continental crust (Fig. 15B) (Plank 2005, and references therein). Additionally, the eHf mean
values of +12.6 (sample PS06, Pance Pluton), +11.1 (sample BSVC2, El Danubio Pluton),
and +13.3 (sample TP02, Tatama Pluton) in the studied rocks (Fig. 16F) supports the
asthenospheric magma source in the three plutons. However, one sample of the Tatama
rocks (TPO06) also indicates a clear assimilation of more evolved continental material with a
eHf mean value of +7.5 (Fig. 16F, 21A).

In the southernmost section of the Western Cordillera (Fig. 1B), the Piedrancha and El
Vergel plutons exhibit whole-rock €Nd values ranging from +11.8 to -2.9 (Fig. 21) (Leal-
Mejia et al., 2019). These data together with our results indicate that the Lower Miocene
plutons were formed by a regional asthenospheric source, which was locally modified by

the incorporation of non-radiogenic continental material.
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The clear contribution of continental material in the Tatama pluton can be explained by the
assimilation of continental crust in of the upper plate or by the contamination of the mantle
source (Nebel et al., 2011; Rudnick and Gao, 2003). However, given that the analyzed
Tatam& granodiorites are contemporaneous (Fig. 10) and exhibit similar geochemical
characteristics of a magma formed in a subduction setting (Figs. 13 and 14), it is possible
that both rocks have a single mantelic source and that localized assimilation of continental
crust occurred in the upper plate, which would explain the decrease of the ¢Hf values in

one of the analyzed Tatam& samples.

The presence of some Jurassic, Triassic and Proterozoic zircons in the Danubio and
Tatama plutons could also support the hypothesis that older continental crust has been
assimilated for these plutons, because them were emplaced in the Western Cordillera’s
basement, which is mostly composed of a Cretaceous oceanic crust formed in a plateau
and intraoceanic arc settings (Villagébmez et al., 2011; Weber et al., 2015; Zapata-Villada
et al.,, 2021). Although Jurassic, Triassic and Proterozoic detrital zircons have been
identified in the Cretaceous sedimentary sequence of the Western Cordillera (Botero-
Garcia et al., 2023), this sequence conform the uppermost crustal levels where the crustal
assimilation is not efficient (Annen et al., 2006, 2015) and where the Lu-Hf system in zircon
is closed. Therefore, the analyzed granodiorites and tonalites from the Tatama, Piedrancha
and El Vergel plutons suggest that the lower-middle crust of the Western Cordillera may

also include fragments of older continental crust associated with the South American Plate.

The melting of a mafic crust requires relatively high geothermal gradients and high-pressure
conditions (Macpherson et al., 2006), which often results in the formation of intermediate
rocks with adakite-like geochemical signatures, i.e, high La/Yb >9 and Sr/Y >20 and low Y
<18 ppm and Yb <2 ppm (Defant and Drummond, 1990). Therefore, the absence of adakite-
like signatures and low crustal thicknesses (28.5 to 38.5 km) suggest limited assimilation
and melting of the mafic basement in the Western Cordillera during the Early Miocene

magmatism that formed the El Danubio, Pance and Tatam@ plutons.

Compositions of amphiboles and zircon from the studied plutons show high oxygen fugacity
values, related to nickel-nickel oxide (NNO) and hematite-magnetite (HM) oxygen buffers
(Fig. 20). These elevated oxygen fugacities can be achieved by the presence of oxidized

aqueous fluids derived from the dehydration of the oceanic lithosphere and/or by the
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assimilation of oxidized continental crust (Brounce et al., 2015; Evans, 2012; Zhang et al.,
2021; Grocke et al., 2016). The contribution of oxidized aqueous fluids from the subducted
oceanic lithosphere can increase the oxidation state of the mantle wedge by adding Fe3+,
C4+, and S6+ (Evans, 2012; Evans et al., 2011; Zhang et al., 2021). We therefore
suggested that the oxidized aqueous fluids from the subducted oceanic lithosphere (Fig.
22A) may have controlled the magma oxygen fugacity value in the analyzed rocks as high

values are recorded in rocks with varied continental crust assimilation.

The studied rocks exhibit magnesium number values between 36.9 to 46.8, which are in
disequilibrium with the mantle (#Mg >60), suggesting that the Danubio, Pance, and Tatama
magmas were differentiated by fractional crystallization (e.g. Baliani et al., 2012). Negative
correlations between CaO, MgO, FeOT, TiO2, and P205 with SiO2 (Fig. 12) can be related
to the early crystallization of clinopyroxene, plagioclase, apatite, titanite, and amphibole, as
indicated by either their euhedral forms or the occurrence as inclusions, respectively. The
increase in K20 with increasing SiO2 together with usually interstitial occurrence of biotite
and the poikilitic textures in K-feldspars, imply that these minerals were late-crystallized
phases. Moreover, the decrease of the Th/U ratios with increasing of the Yb/GdN values in
zircons (Fig.16E), also indicates progressive magma differentiation due to the
crystallization of hornblende and sphene (e.g., Bell & Kirkpatrick, 2021; Barth et al., 2013;
Claiborne et al., 2010). This is further supported by the normal zoning plagioclase patterns

in the intermediate rocks, which also support the fractional crystallization process.

The fractional crystallization of the magmas that formed El Danubio, Pance and Tatamé
Plutons occurred at low-pressure conditions, in equilibrium with plagioclase-pyroxene
mineral assemblages as suggested by the Sm/Yb ratios (Fig 15A). This is compatible with
the crustal thickness values between ~28 km and ~38 km derived from the geochemical
data (Fig. 22A).

Furthermore, field observations and petrographic features including the presence of mafic
enclaves (e.g., Weinberg et al., 2021), as well as the presence of plagioclase with corroded
cores, and zircons with corroded edges in the intermediate rocks (e.g., Scarrow et al.,
2021), suggest the existence of mingling processes and probably mixing processes (e.g.
Anderson, 1976; Kemp et al., 2007), which are not possible to resolve with the available

database.
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Figure 21. A. Zircon eHf mean values of thel Danubio, Pance and Tatama plutons (this work),
B. Whole-rock €Nd values for the Piedrancha and El Vergel plutons (reported by
Leal-Mejia et al., 2019).

5.2 Magmatic storage

After their extraction from the mantle, the magmas that formed the Early Miocene plutons
migrated through the lower to the upper crust following various stages of crystallization,
until reach their fully emplacement in either the volcanic basement or sedimentary cover of
the Western Cordillera of Colombia (Nivia, 2001).

Clinopyroxenes from the clinopyroxene-hornblende gabbro of the Pance pluton records the
first stage of magmatic crystallization at 1076 = 36 °C and 8.5 + 1.4 kbar, which can be
interpreted as the near-liquidus thermal conditions. Crustal depths derived from the
clinopyroxene pressures and a crustal density of 2.89 g/cm3 (1 kbar = 3.5 km) for the mafic
basement of the Western Cordillera (Hincapié-Gomez et al., 2017) yield an average value
of 29.8 £ 4.9 km. This depth is similar to the crustal thickness values derived from the
(La/Yb)n (28 km - 34 km), suggesting that these magmas began their crystallization at the

base of a normal crust (Fig. 22C).

The analyzed apatite saturation temperature from the granodiorites of the Danubio and
Tatama plutons also represent near-liquidus temperatures ranging from 945°C to 803°C.

The estimated amphibole pressures in both plutons indicate crystallization process at
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middle to lower crustal levels of ~22 + 1.7 km in the Danubio pluton, and ~21 to 17 + 1.7
km in the Tatamd& pluton (Fig. 22C). In the Tatam& apophyses, compositions of some
amphiboles show pressure conditions between 2 kbar and 3 kbar (Fig. 19), which indicate
magma transport reaching the crustal conditions of 7 km - 10 km (Fig. 22C). The obtained
crystallization conditions for the studied rocks, suggest that amphiboles were crystallized in
the supra-solidus stage, when a liquid fraction was still available in the magmas (Johannes
& Holtz, 1996), allowing to continuing magma rise and differentiation until the complete

solidification of the plutons at upper crustal levels of the Western Cordillera.

The final emplacement of the Danubio and Tatama plutons occurred at upper crustal levels
within the Cretaceous and Paleogene clastic successions of the Western Cordillera, which
is evident with the presence of hornblende-hornfels to albite-epidote hornfels facies in the
Cretaceous sedimentary rocks (Gonzalez, 2002) and the presence of quartz veins and

dykes within the host Paleogene sedimentary rocks (Rodriguez & Zapata, 2006).

5.3 Tectonic implications

Paleogeographic reconstructions of the Northern Andes and the Pacific Ocean have
suggested that during the Early Miocene, the Farallon Plate began to break to form various
spreading ridges, resulting in the formation of the Nazca and Cocos oceanic plates
(Lonsdale, 2005; Montes et al., 2019). Since then, the remnants of the Farallon Plate and
the new Nazca Plate began its approach and subduction history under the northwestern
South American margin (Fig. 22B; Lonsdale, 2005; McGirr et al., 2020).

The Early Miocene reorganization of the oceanic plates resulted in a frontal and fast
convergence between the oceanic and continental plates in NW South America (Gonzalez
et al., 2023; Lonsdale, 2015; Somoza & Ghidella, 2005), facilitating the subduction
reinitiation and thus the Early Miocene magmatic activity along the Western Cordillera of
the Colombian Andes (Fig. 22B). The older magmatic crystallization ages obtained in
zircons from the northern segment of the Lower Miocene magmatic arc developed in the
South American margin together with those available for the southernmost segment
(Echeverri et al., 2015; Leal-Mejia et al., 2019; Fig. 1B), suggest that magmatism restarted
between 23 Ma and 21 Ma after a magmatic gap of ~9 Ma - 11 Ma.
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The Early Miocene plutons in NW South America margin are characterized by a limited
surface expression and the apparent absence of an associated volcanic record (Gomez &
Montes, 2020). The Miocene detrital record documented on both sides of the Western
Cordillera, in the Cauca River Valley basin and the southwesternmost fore-arc basin
(Echeverri et al., 2005; Zapata et al., 2023), shows a low proportion of Lower Miocene
zircons (23 Ma to 15 Ma), which could be related to this magmatic event. Normally the ratio
of volcanic versus plutonic products volume is highly variable in magmatic arcs, ranging
between 1:2 and 1:20 (Ducea et al., 2015; Paterson et al., 2011). Therefore, although the
Early Miocene volcanic record may have been eroded, the poor contribution in the Miocene
detrital record and the size of the associated plutons suggest limited magmatic productivity.
The limited melting of subducted sediments in the mantle wedge, as suggested by the
geochemistry of the most primitive rocks, may be related to the early stages of subduction,
during which the thermal regime of the subduction zone was likely cold. The cold subduction
zone did not facilitate the melting of subducted sediments or high magmatic productivity
(Zheng, 2019).

The presence of continental crust in the lower and middle crustal levels of the Western
Cordillera (Fig. 22A), as suggested by the isotopic constraints in Tatama, Piedrancha and
El Vergel plutons, may be related to the complex architecture of a collisional orogen (Diez
Fernandez et al., 2021), in which the suture zone between blocks is not a sharp limit but

rather a mix between the continental and the oceanic crust.

The strong mantle-derived signature in the Lower Miocene plutons can be related to an
input of that asthenospheric material into the mantle wedge facilitated by a steep to normal
subduction angle (e.g. Stern, 2011, 2002). This high subduction angle could be associated
with the subduction of the older Farallon Plate (Fig. 22A-B), which had an age > 50 Ma at
the time of subduction (Lonsdale, 2005; McGirr et al., 2020). The influence of the younger
Nazca Plate in the subduction interface below the northern Andean margin began later,
after 8 Ma (McGirr et al., 2020).

The arc front defined by the Lower Miocene plutons in the Western Cordillera is currently
located at ~150 km from the trench (Fig. 1A), meanwhile, the younger and broader Upper
Miocene and Quaternary magmatic front is at ~225 km from the trench in the Cauca Valley
and the Central Cordillera (Fig. 1A; Borrero et al., 2009, 2008; Jaramillo et al., 2019; Toro
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Toro et al., 2010; Wagner et al., 2017). We suggest that this inland migration of the arc front
can be related to the arrival of the younger and more buoyant Nazca Plate, which due to its
thermal stage caused the reductions of the subduction angle (Perrin et al., 2018)
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Figure 22. A. Schematic representation of the magma genesis and subduction configuration
during the initial stage of Neogene tectonic reorganization. B. The paleogeographic
model of the northern Pacific margin at 15 Ma according to the tectonic features, a
rotation model, and seafloor ages proposed by Muller et al. (2019). This model
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shows the seafloor ages and magmatic events from 15 to 24 Ma in Colombia and
was built using the PyGPlates and GPlately Python libraries (Mather et al., 2023).
C. Simplified sketch showing the poly-baric crystallization of the mafic and
intermediate rocks from the analyzed plutons. Abbreviations: Car: Caribbean Plate;
Cc: Cocos Plate; Nz: Nazca Plate; LPCF: Low pressure fractional crystallization;

An: Anorthite content; #Mg: magnesium number.



6.Conclusions

The record of the northern segment of the Lower Miocene South American continetal arc
is represented by several plutons with ages between 21.9 Ma and 15.6 Ma. The rocks are
mostly made up of granodiorites and tonalites, with minor amounts of hornblendites,
diorites, and gabbros intruding Cretaceous to Paleogene volcanic and sedimentary rocks
of the Western Cordillera of Colombia. This plutonism provides clear evidence of an
asthenospheric mantle source that was melted under hydrated and oxidized conditions,
which are mainly associated with the dehydration of the subducting oceanic lithosphere.
Subsequently, this magma underwent fractional crystallization and mixing processes, as
well as probably low continental crust assimilation, until it became compositionally

diversified.

Compositional diversification in the Danubio, Pance, and Tatama plutons was controlled by
poly-baric fractional crystallization processes that occurred in equilibrium with low-pressure

mineral assemblages within a crustal thickness ranging between 28 km and 38 km.

The petrogenetic history of Lower Miocene plutonism suggests that between 23 Ma and 21
Ma, during the early stages of subduction reorganization along the Colombian margin, the
elder Farallon Plate subducted with a normal to steep angle until at least 16.4 Ma,
facilitating the influx of asthenospheric material into the mantle wedge. The low magmatic
production during the Early Miocene could be associated with a cold subduction zone
during the early stages of subduction. The contamination of the magma with continental
crust reinforced the complex architecture of a collisional orogen. Continuous subduction in
the Miocene brought the newly formed Nazca plate to the margin, causing major changes

in the spatial distribution of the frontal arc in the Colombian Andes.
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