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Resumen

El origen y la evolucion de la corteza continental continta siendo uno de los enigmas
mas significativos y fundamentales en las Ciencias de la Tierra. A lo largo de la historia
del planeta, la corteza continental ha sufrido innumerables eventos responsables de su
creacion, destruccion y modificacién. Dichos procesos son la causa de que el registro
rocoso represente una amalgama de la continua evolucién de la corteza continental,
ocultando las evidencias claras sobre su origen y los mecanismos responsables de su
creacioén. En este sentido, el crecimiento cortical puede describirse como un proceso
igneo que involucra la segregacion de material igneo desde el manto y su subsiguiente
incorporacién y preservacion a largo plazo en la corteza continental. Por consiguiente, el
estudio de la petrogénesis del magmatismo mdas voluminoso del mundo representado
por las dos suites constituyentes del magmatismo tipo |, a saber los magmas post-
colisionales y cordilleranos, resulta de maxima prioridad a la hora de determinar el
origen y evolucidn de la corteza continental. En esta disertacidon doctoral se aborda el
problema de la evolucién de la corteza continental usando una perspectiva ignea. Para
dicha tarea, una profunda comprensién del origen del magmatismo tipo I, actualmente
sujeto a importantes controversias que siguen sin resolver, supone un requisito crucial.
A través de diversas metodologias que incluyen relaciones de campo, geoquimica,
petrologia experimental y modelizacién numérica, se ofrece un andlisis integral vy
conciliador sobre las fuentes magmaticas de los magmas tipo I. La interpretacion clasica
sobre el magmatismo post-colisional lo interpreta como de origen cortical. Por contrario,
las evidencias geoquimicas y experimentales obtenidas sugieren que los magmas post-
colisionales, representados principalmente por la suite silicea, la suite sanukitoide y los
enclaves microgranulares maficos, tienen su fuente en un manto modificado. Las
diferencias composicionales se pueden atribuir a la diferenciacion magmatica, que
provoca una signatura geoquimica especifica en ultima instancia definida por una linea
de descenso de liquidos y en la que los magmas sanukitoides representan el magma
parental de los granitos. La evidencia numérica apoya un origen en el manto litosférico
comprendido en rangos de temperatura y contenidos en agua razonables.
Complementariamente, los magmas cordilleranos se originan a partir de un precursor

intermedio que puede encontrarse como glébulos maficos en zonas de interaccion de
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Resumen

magmas, donde la congelacién subita previene la fraccionacion y preserva la
composicion parental intermedia que coincide con los modelos experimentales. Las
implicaciones de estas evidencias petroldgicas y geodindmicas son usadas para abordar
el problema de la evolucién cortical como resultado de procesos magmaticos y dinamica
litosférica, estableciendo el rol pasivo de los continentes en la evolucion a largo plazo de

la corteza continental.



Abstract

The origin and evolution continental crust remains one of the most significant and
fundamental issues in Earth Sciences. Throughout the history of the planet, the
continental crust has undergone innumerable events that are responsible for its
creation, destruction and modification. Such processes have resulted in the rock record
representing an amalgamation of the ongoing evolution of the continental crust,
hindering clear evidence on its origin and the mechanisms responsible for its creation.
In this regard, crustal growth can be conceptualised as an igneous process involving the
segregation of igneous material from the mantle and its subsequent incorporation and
long-term preservation into the continental crust. Consequently, constraining the
petrogenesis involving the most voluminous magmatism as represented by the two
constituent suites of I-type magmatism, namely post-collisional and cordilleran magmas,
is of paramount importance in constraining the origin and evolution of the continental
crust. In this doctoral dissertation the problem of the evolution of the continental crust
is addressed using a magmatic perspective. A crucial pre-requisite for this task is a deep
understanding on the mechanisms surrounding the origin of I-type magmatism,
currently subjected to important controversies that remain unsolved. Through a variety
of different research methods that include field relations, geochemistry, experimental
petrology and numerical modelling, an integrated and conciliatory analysis of the
ongoing problem of I-type magmatic sources is offered. Classic interpretation of post-
collisional magmatism considers it to be crustal in origin. Contrary to this, the herein
provided geochemical and experimental evidence suggest that post-collisional magmas,
mostly represented by the silicic suite, the sanukitoid suite and the mafic microgranular
enclaves, are sourced in a modified mantle. Compositional differences can be attributed
to magmatic differentiation, which shapes a specific geochemical signature that is
ultimately fixed by a liquid line of descent, with sanukitoid rocks representing the
parental composition to the granitic magmas. Numerical evidence supports a
lithospheric mantle origin within reasonable temperature ranges and water contents.
Complementarily, cordilleran magmas originate from an intermediate precursor that can
be found as mafic globules in magma mingling zones, where quenching phenomena

preclude fractionation and preserve pristine intermediate compositions that match
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those predicted by the experimental models. The implications of such petrological and
geodynamical constrains are used to address crustal evolution as a result of magmatic
processes and lithosphere dynamics, subsequently establishing the passive role of the

continents in the long-term development of the continental crust.









1. Introduction

The lithosphere, an essential component of the Earth’s intricate structure, plays a vital
role in shaping the geology of the planet, its climate, and ultimately life. It comprises the
uppermost part of the mantle, and the solid, rocky material that conforms the crust. It
is an ever-changing part of the Earth, driving global phenomena like plate tectonics and
orogenic processes. Within the lithosphere, the crust, both continental and oceanic,
constitutes the outermost layer. This dynamic region houses diverse geological features,
from towering mountain ranges to the depth of ocean basins. Its behaviour and
interaction with the underlying mantle are integral factors in the comprehension of the
Earth’s geological history and its ongoing evolution, potentially related to modern day

challenges.

Among the constituent parts of the lithosphere, the crust is the support for life on Earth
as we know it. Particularly, the continental crust is of special interest, given that is
presumably responsible for modifying the composition of the mantle during its
differentiation (Taylor and McLennan, 1995; Windley, 2010). It contains the highest
complexity in terms of petrological and geodynamical processes, actively affecting the
surrounding subsystems as a result of plate tectonics (Condie, 2013a). Thus, it is safe to
assume that the continental crust has played a major role in the evolution of planet
Earth, with the inquiries regarding its origin arguably representing one of the biggest

unresolved mysteries in Earth Sciences.

Tackling the challenges concerning the origin and evolution of the continental crust
proves to be a difficult crusade. A multitude of interrelated factors are responsible for
this difficulty, each with its independent study methodology, often involving completely
different disciplines. Among them, the most immediate are the geological complexity,
with the continents representing an amalgamation of rocks with varying compositions,
ages and origins, and formed by equally diverse mechanisms; the limited geological
record, with processes like metamorphism partially erasing many of the original features
of the rocks, or others like subduction destroying them; the obscure mechanisms of
crustal recycling and their effect in crustal growth over time; and ultimately the scientific

complexity that implies the study of such a multifarious system, requiring the expertise
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1. Introduction

in many different fields of geology, including petrology, geochemistry, geodynamics or
tectonics. It is not far-fetched to affirm that any attempt to reconcile such variety of
observations, methods and techniques starts with a basic understanding of the nature

of the continental crust.

The initial classification of the Earth into its three major structural components, namely
the crust, mantle and core, was established in 1909 by Andrija Mohorovici¢ on significant
discontinuities in both compressional (P) and shear wave velocities (S). Following works
allowed for higher resolution in determining the structure of the continental crust,
mostly after complementing geophysical observations with the petrological information
provided by xenoliths carried in extrusive magmatism. This allowed for the subsequent
division of the continental crust into two geophysical and geochemically distinct layers,
an upper section with granodioritic composition and a lower section with basaltic
composition (Rudnick and Fountain, 1995). Further advances in geophysical and
geochemical techniques resulted in the steady improvement of the characterisation of
these layers (e.g. Heier, 1973; Holland and Lambert, 1972; Smithson, 1978). Currently,
the consensus separates an upper crust, containing high concentrations of alkalis,
calcium, and silicon, as well as the majority of incompatible elements present in the
geosphere, producing a global composition similar to that of a granodiorite (Rudnick and
Gao, 2003). On the other hand, the lower crust is mostly mafic and is depleted in
incompatible elements, displaying a global/average composition that resembles a diorite

(Heier, 1973; Rudnick and Fountain, 1995; Rudnick and Gao, 2003).

The efforts to characterise the nature of the crust allowed for the determination of a
bulk composition for the continental crust. The continental crust is andesitic on average
(Rudnick and Gao, 2003), representing a composition that is not in equilibrium with the
underlying peridotitic mantle (Hacker et al., 2011; Rudnick and Gao, 2003). This
observation is central to the ongoing debate on the origins of the continental crust, and
several attempts to reconcile the evidence have been made in the past decades. More
specifically, a plethora of processes may account for this compositional discrepancy, such
as differentiation from the mantle, differentiation from a crustal magmas or magma

mixing, all of which will be discussed thoroughly in the following sections of this thesis.
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Of special relevance to this subject is the emergence of experimental petrology, which
has greatly contributed to solve this challenge. Although an arguably longstanding
methodology (Boyd and England, 1960; Eugster, 1971), it has fulfilled the desire of
petrologists and geochemists by enabling the simulation of the Earth’s interior in a
laboratory setting. Petrological experiments provide a controlled environment to study
the properties and behaviour of rocks and minerals. More specifically, they helped
characterising the behaviour of rocks under heating and cooling, providing significant
thermodynamic constrains to the field of petrology. Concepts like magmatic
differentiation, crystallization or the existence and influence of liquid lines of descent, all
of which are currently university-level geological education, owe their understanding to
experimental petrology. This allowed for further determining the evolutionary
trajectories of crustal rocks under known conditions, bringing important insights into
virtually every geological discussion. Up to this day, they continue to serve as an

invaluable source of information that help constrain existing geological problems.

The development of petrology and experimental petrology and the attempts to constrain
crustal evolution brought into the discussion the role of intensive parameters such as
temperature, either as scalar for petrological experiments and thermobarometric
calculations or in the form of heat flux for thermomechanical calculations; pressure,
resulting from stresses linked to geodynamic process or from sheer lithostatic load; and

age/time.

Temperature is a critical parameter that strongly controls the rheological behaviour of
the lithosphere and the occurrence of igneous process like melting and crystallization.
The Earth’s thermal regime was established early in its history, and since its inception, a
gradual decrease in the global temperature has been occurring, causing the planet to
transition from magma oceans to its current relatively solid yet mobile state (Ballmer et
al., 2017; Nakajima and Stevenson, 2015; Tonks and Melosh, 1993). In contrast with the
rapid cooling showcased by other planets in the Solar system, the causes of Earth’s
steady yet relatively slow cooling are twofold. Firstly, the low thermal diffusivity of the
crust makes it an effective thermal isolator for the underlying mantle, with the lower
continental crust exhibiting exceptionally good insulating properties (Whittington et al.,

2009). Secondly, heat production in the Earth’s interior has continued ever since its
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origin, primarily due to the persistent presence of multiple heat sources maintaining its
warmth. These heat sources comprise radiogenic heating, caused by the radiogenic
decay of radioactive elements; and shear heating, resulting by the dissipation of
mechanical energy due to geodynamic processes. Two additional processes that have a
comparatively lesser impact can influence heat generation and dissipation, namely
adiabatic heating or cooling, linked to the changes in pressure causing compression or
decompression; and latent heating or cooling, resulting from energy released or
absorbed in thermodynamic reactions during melting or crystallization of magmas,

respectively (Gerya, 2019).

The thermal complexity of the planet has led to a dynamic and thermally evolving planet,
wherein the transfer of thermal energy is quantified through the heat flux. Heat flux
values are characterised by their non-uniformity, and only mantle upwelling zones
exhibit the highest measured values. Alternatively, active margins show midterm values,
while tectonically inactive settings like continental plateaus reach the lowest heat flux
values. Although these observations represent a complex dynamic of everchanging
thermal regimes, as well as heat flux measurements are related to surface and shall not
be indicative of deep temperatures due to a number of processes (e.g. local heat due to
volcanism, shallow water convection, local erosion or sediment blanketing), one
fundamental feature remains unaltered: temperatures steadily increase with depth and

can be described as a gradient.

Heat flux and gradient measurements are exclusively related to surface-level values.
Models extrapolating these values to deeper sections led to unrealistically high crustal
and mantle temperatures, directly conflicting with petrological and geophysical evidence
predicting the lack of large-scale melting under these conditions. These observations
justify the assumption that the gradient decreases with temperature, which is supported
by the observation that the upper crust concentrates the largest amounts of radioactive
elements, and it is only logical that radioactive heating decreases with depth. This
discussion culminated with the definition of the steady-state geotherm (Turcotte and
Schubert, 2002, and references therein). Further work correlated the predictions from
continental geotherms with heat flow and heat production (Artemieva and Mooney,

2001; Chapman, 1986; Hasterok and Chapman, 2011), the range of seismic velocities in
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the continental lithosphere (Goes and van der Lee, 2002; Priestley and McKenzie, 2006;
Réhm et al., 2000; Shapiro and Ritzwoller, 2004) and xenolith thermobarometry (O’Reilly
and Griffin, 2006; Rudnick et al., 1998).

The interconnectivity of all the aforementioned factors allowed for tighter constrains on
the temperature ranges within the lithosphere and the continental crust. Most existing
evidence points to average Moho temperatures of 600 °C in an average 40 km thick
continental crust (Goes et al., 2020; Rudnick et al., 1998). Higher temperatures have
been registered in active tectonic settings during subduction, occasionally reaching
temperatures of 800-900 °C (Schutt et al., 2018), or during post-orogenic extension,
reaching temperatures up to 700-800 °C (Gaudemer et al., 1988; Huet et al., 2011). Melt
inclusions in granulite xenoliths from the lower crust exceptionally record ultra-high
temperatures above 900 °C (Clark et al., 2011; Laurent et al., 2023). Complementarily,
the steady-state geotherm predicts temperatures up to 1200-1300 °C in the underlying
lithospheric mantle, occasionally reaching >1300 °C during mantle upwelling in post-
orogenic extension. These considerations provide a solid framework for temperature

values in experimental and numerical work.

While comparatively less influential than the temperature in rock and magma
generation, pressure is an important variable conditioning most lithospheric processes.
Pressure is dictated by the lithostatic gradient, defined as a function of the product of
depth, gravity and the average density of the overlying rock from the measurement
point. For the continental lithosphere, the upper crust, constituted mainly by felsic rocks
rich in lighter elements (such as alkalis, calcium and silicon), has an average value of 2700
km/m3; the lower crust, with predominantly mafic composition and richer in heavier
elements (such as iron, magnesium and titanium), has average values from 2800 km/m3,
up to 3000 km/m?3 increasing with the predominance of the most mafic compositions
(Ranalli, 1995); and lastly, a MORB-like lithospheric mantle composed mainly by dry
peridotite has an average density of 3300 km/m?3 (Ranalli, 1995). On the other hand,
crustal thickness is a variable that depends on the occurrence and on-going stage of
orogenic processes. Thus, measurements of the surface waves from seismic tomography
show a considerably large variation interval. A crustal thickness of 30 to 35 km is

registered in inactive continental settings like the African, South American or Australian
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cratons, while values up to 45 to 50 km can be found in orogens with active magmatism
like the Andes, Sierra Nevada or Tibet (e.g. Meier et al., 2007; Soller et al., 1982).
Exceptionally high values above 50 km are found in the Tibet due to the ongoing
continental collision between India and the Eurasian plate (e.g. Rao et al., 2015; Tewari

et al., 1997).

Using these density and crustal thickness values allows for calculation of the pressure
regime in the Moho discontinuity and in the lithospheric mantle. Pressure values at the
Moho may vary from 1.0 GPa in the thinner and more felsic crust, to 1.3 GPa in the
thicker and more mafic continents. The mantle lithosphere yields higher values, ranging
from 1.5 to 2.5 GPa depending on depth and crustal thickness. Note that these variations
of +0.2 GPa are acceptable uncertainty intervals for most techniques, mainly due to
phase equilibria mostly depending on temperature and having wider pressure stability

fields (Philpotts and Ague, 2009).

The efforts aimed at understanding the effect of intensive parameters in the evolution
of the continental crust have provided a solid construct for their use in experimentation.
Nevertheless, the wide range of rock ages within the lithosphere and present-day
geodynamics brings the spotlight into an important bias that must be addressed prior to
any in-depth discussion of the subject. That is, research within geology is limited by the
availability of the rock record and the current state of the planet, likely causing biases in
the observations (Fig. 1). While experimental petrology provides direct and timeless
evidence of the thermodynamic laws involved in igneous processes that is equally valid
from the Archean until now, the context for this petrological information (i.e. evolution

of the Earth’s temperature and dynamics) remains obscure.

In this regard, a relatively recent technique has allowed the Earth Sciences community
to propel forward the reconstruction of the geodynamic history of the planet. Numerical
modelling emerged as a complementary method to study the thermal and kinematic
evolution of the mantle (Torrance and Turcotte, 1971) or active margins, either during
subduction (Matsumoto and Tomoda, 1983; Minear and Toks6z, 1970) or the
subsequent collision (Bird, 1978; Daignieres et al., 1978). While initially hampered by

computational limitations, coupled development of computer engineering and
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numerical methods eventually allowed geodynamical numerical modelling to evolve into
its current state as a fully-fledged discipline.
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Figure 1. Time—depth diagram showing the availability of data from the Earth’s interior.
Although the rock record is the manifestation of processes operating in the Earth’s
interior, pervasive modification of the rocks over the geological time limits the

information they provide. Experimental methods are the only reliable source of

information, either petrological or numerical. Modified from Gerya, 2014.

The development of new thermomechanical codes helped to compensate the missing
pieces of the rock record and inability to study the past configuration of the deep Earth.
Studying the time dependency of geodynamical processes became an achievable goal,
and so several phenomena affecting the lithosphere received a new approach for their
characterisation, such as delamination (Bird, 1979; Gogus and Pysklywec, 2008; Li et al.,
2016; Ueda et al., 2012), Rayleigh-Taylor instabilities removal (e.g. Gorczyk et al., 2012;
Plag and Juttner, 1995), or subduction (Gerya, 2022 for review). Most importantly,
although models may lose reliability with extended simulation times due to the yet
irreproducible complexity of nature, they constitute a consistent source of information
on the evolution of temperature, pressure, and, ultimately, the lithosphere and the crust

over time.
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1. Introduction

In this context, the discussion around the evolution of the continental crust has proved
to be a challenge for the geological community. Its history can be strictly correlated to
the evolution of supercontinents, with the classical interpretation being that crustal
growth correlates to periods of enhanced production of magma (Condie, 1998; Taylor
and McLennan, 1995; Wang et al., 2009). However, the advancement of geophysics and
numerical methods allowed for the identification and characterisation of mechanisms
responsible for recycling crust into the mantle. The correlation of crustal growth
estimation maxima through zircon crystals with the assembly of supercontinents shifted
the focus towards the preservation of continents, pointing to it as the most crucial factor
influencing how crustal growth is measured (Hawkesworth et al., 2009; Kemp et al.,

2006).

In this unresolved puzzle of interconnected and often conflicting evidence, an important
consideration is that any process regarding crustal growth must satisfy three preliminary
conditions: (1) the segregation and differentiation of igneous material form the mantle,
(2) the incorporation of such material into the pre-existing continental crust, and (3) its
long-term preservation in the form of large igneous bodies (Condie et al., 2011; Couzinié
et al.,, 2016; Hawkesworth et al., 2009). In essence, crustal evolution can be entirely
conceived as an igneous process. Furthermore, these very igneous mechanisms are also
the ultimate drivers behind the bulk composition of the continental crust. As a result,
igneous rocks inherently emerge as the most effective tracers for understanding crustal

evolution.

In this context, I-type magmatism constitutes the most voluminous type of magmatism
on Earth. The two nominal subtypes within I-type magmas, the Andean-type and the
Caledonian-type magmas, take their names after their two most notable representants,
namely the Andes cordillera in South America and the Caledonian orogen in the British
Isles. I-type magmas appear associated with most collisional orogens across the world
as a response to lithospheric-scale events that trigger extensive magmatism (Fig. 1.2).
Archean cratons are also relevant in the |-type discussion, with pericratonic magmatism
sharing a number of features with post-Archean I-type magmas (Fowler and Rollinson,

2012).
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The mechanisms surrounding the origin of these magmas have long been a matter of
controversy, spawning a wide range of hypotheses, some of them contradictory. The only
thing that remains unchanged from their original definition is their link to specific stages
of the orogenic process. This causes their alternative, arguably more popular names to
exist. Andean-type magmatism, also known as arc magmatism, occurs during subduction
in an active margin, resulting in either a continental arc if the subduction is between an
oceanic and a continental plate, or an oceanic arc if the subduction is between two
oceanic plates. On the other hand, Caledonian-type magmatism, also known as post-
collisional magmatism, takes place during the post-collisional stage of an orogenic

process, after ocean closure and continent collision.

Due to its relevance in addressing crustal evolution and in petrology itself, I-type
magmatism has been studied by almost all available methods in Earth sciences, including
petrological, geophysical and numerical methods. Although resulting from different
stages of the subduction process, the two magmatism types are believed to result from
different sources and geodynamic mechanisms. This apparent independence causes
their particular range of controversy to be relatively self-contained and, a priori,

deserving of a separate discussion.

In this doctoral project the problem of the evolution of the continental crust was
addressed using a magmatic perspective. A crucial pre-requisite for this task is a deep
understanding on the mechanisms and constraints surrounding the origin of I-type
magmatism, currently subjected to important controversies that remain unsolved.
Through a variety of different research methods, including field relations, geochemistry,
experimental petrology and numerical modelling, an integrated and conciliatory

analyses of the ongoing problem of crustal evolution is offered.

This doctoral dissertation sets its first milestone in addressing the comparatively more
unknown Caledonian-type magmatism, with a sequential and organized characterisation
of all its constituent features using petrological experiments and geochemical analyses.
The mantle origin of Caledonian-type magmas is subsequently established, challenging
the majority of previous crustal growth models. In parallel, field relations and
geochemical analyses are used to identify the missing natural example that matches the

experimental models on the intermediate parental to Andean-type magmas. After the

O
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thorough characterisation of I-type magmas and bringing new important cues to their
petrogenesis, numerical models are used to constrain the dynamics, the temperature
and pressure conditions and the potential volatile contents involved in the mantle source
for I-type magmatism. A final set of petrological experiments uses all collected evidence
to constrain the controls on each type of magmatism. The role of crustal recycling in
crustal evolution is then appropriately discussed, concluding in the passive role of the
crust and major involvement of the lithosphere. The major conclusion of this dissertation
points to the lithosphere, and more specifically to crust-lithospheric mantle interactions,

as the main factor driving crustal growth through voluminous I-type magmatism.
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Figure 1.2. Collisional belt world map. I-type magmatism occurs associated to the domain of a collisional belt. Archean cratonic shields are also
included, commonly bearing pericratonic magmatism. References used for the elaboration of this map are the following: Condie, 2013, Kirscher

et al.,, 2021; Kusky and Polat, 1999; Li et al., 2017; Spencer et al., 2015; Stampfli et al., 2013; Wang et al., 2017, Wareham et al., 1998; Zhao et al.,
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2. State of the art — existing challenges

2.1 Crustal growth and evolution

The evolution of the continental crust can be described by igneous processes, causing
the incorporation of igneous material from the mantle into the crust and subsequent
growth; and by geodynamic processes, resulting in the recycling of crustal material back
to the mantle and subsequent destruction. The balance between these two competing
processes ultimately determines the evolution of the continental crust over the geologic

history.

A vast number of models have attempted to constrain the evolution of the continental
crust, balancing growth and destruction processes. Among them, important
discrepancies may be found, with some suggesting that a large portion of the continental
crust formed during the Archean, and a slower rate of growth or decrease in the
continental net volume through time; others estimating rapid growth at the onset of
plate tectonics (circa 3.0 Ga) and steady crustal growth over the Proterozoic; and finally,
some pointing to episodic growth since the onset plate tectonics (Fig. 2, and references
therein). These differences are due to the use of a wide range of techniques and methods
to estimate crustal evolution, proving the conciliation of such varied sources of

information a difficult task.

Mass balance calculations indicate that more than 80% of the continental crust was
created in destructive plate margins (Rudnick, 1995). This observation means that I-type
magmatism can be considered the main driver behind the creation of new continental
crust. Consequently, granitic rocks have been widely studied for their role into this

discussion, mainly through the use of zircon chronology and geochemistry.

Zircons constitute the only record available for the ancient (Hadean) Earth, with the
development of micro-analytical, integrated U-Pb and Hf isotope techniques allowing for
new observations. In this regard, Hf isotopes have been the most successful at discerning
crustal and mantle sources, allowing for the elaboration of zircon datasets with model
ages for separation of the igneous protolith from the mantle (Griffin et al., 2000; Kemp

et al., 2006; Payne et al., 2016). Further work on zircon grains also allowed for broader
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connections to large scale lithospheric processes. There is a direct correlation between
peaks in crustal growth and supercontinent formation (Condie, 1998; Condie and Aster,
2010), in which supercontinent assembly represents optimal time periods for the long-
term preservation of igneous material newly incorporated to the continental crust

(Condie et al., 2011; Hawkesworth et al., 2009).
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Figure 2.1. Diagram showing the evolution of the net crust volume over time. Number of
detrital zircons are plotted for reference (Condie, 2014). Numbers inside the diagram
refer to blue lines, representing crustal evolution models from different authors: 1.Fyfe,
1978; 2. Armstrong, 1981; 3. Reymer and Schubert, 1984, 4. Dhuime et al., 2012; 5.
Belousova et al., 2010; 6. Taylor and McLennan, 1985; 7. Condie and Aster, 2010; 8.
Allégre et al., 1983; 9. Hurley and Rand, 1969.

However, information on the igneous source given by the zircon record is limited,
considering that Lu-Hf systematics suffer from similar problems to the Sm-Nd system
(Arndt and Goldstein, 1987). That is, the isotopic configuration of rocks is affected by
every magma entrainment in the system, including those from different sources, hence
the isotopes representing a hybrid age (Belousova et al., 2010; Payne et al., 2016;
Roberts and Spencer, 2015). These works rely on the number of sampled detrital zircons,

uncertainly assuming their weathered igneous source and producing fictitious density
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maxima (Arndt, 2013; Hawkesworth et al.,, 2019; Voice et al.,, 2011). Furthermore,
discrepancies between calculated model ages and crystallization ages in arc rocks
strongly suggest that the incorporation of preexisting crustal material into the mantle
source of new continental crust has been a long-standing feature (Dhuime et al., 2011).
Thus, crustal growth estimations through the use of isotopes in zircon are not

straightforward.

The destruction of the continental crust is the other side of the coin when addressing
crustal evolution. A number of processes contribute to the destruction of continental
crust, most of which are related to subduction. Among them, delamination is the most
significant in terms of volume, and its qualitative influence in lithosphere destruction has
already been discussed (Kay and Kay, 1993). Furthermore, the dismantling of orogens
and continental arcs undergoing erosion represent major sinks for crustal material (Clift
and Vannucchi, 2004). Numerical modelling on collisional orogens predict that significant
volumes of subducted continental crust, either in the form of sediments or large
continental blocks, are recycled into the mantle (Faccenda et al., 2009). This recycling
takes places either in the form of relaminated material, delamination (e.g. Ueda et al.,
2012) or slab break-off (e.g. Duretz et al., 2011; van Hunen and Allen, 2011). Recycling
of continental crust during collision proves an interesting observation when compared
with crustal growth models: for being recycling and erosion an important crust
destruction mechanism during collision, crustal growth models should predict net
volume loss during the collisional stage of supercontinent assembly. Contrary to this,
crustal growth models predict stable continental growth (Fig. 2.1), implying that the
elimination of mass from the continents must be compensated by the addition of new

mass from the mantle.

Following the aforementioned limitations of zircon studies at estimating crustal growth,
an alternative must be used to overcome these challenges. Thorough characterisation of
the mechanisms behind crustal growth and destruction is key for understanding crustal
evolution. Considering |-type magmas as the main drivers behind crustal growth, a re-
evaluation of the origin of their two nominal classes, namely Caledonian-type and
Andean-type, is an immediate prerequisite to address the crustal evolution discussion.

Petrological and numerical evidence highlighted the relevance of mantle-crust

(2
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interaction throughout continent formation events, a contradictory observation when

considering the classic interpretations on the origin of I-type magmas.

2.2 The post-collisional magmatism

Caledonian-type magmas, or post-collisional magmas, comprise large silicic igneous
bodies emplaced substantially later than the aftermath of the orogenic edifice building
and its subsequent collapse. This type of magmatism was initially described in the
Caledonian orogen in Scotland, where a vast number of granitic intrusions served as a
testing ground for the many theories of granite petrogenesis (Hamilton et al., 1980;
Read, 1961). In the Scottish Highlands, the contrasting nature between the older and less
voluminous S-type magmatism, indicative of enhanced anatexis, and the newer granitic
intrusions, exhibiting a broader compositional range spanning from gabbro-diorite-
granodiorite-granite, drew significant attention to this type of magmatism. Their most
notable features were their apparent similarities with arc magmatism, including the calc-
alkaline affinity, the presumed involvement of the continental crust, and their
occurrence during a subduction process. However, the exact role of subduction in post-
collisional magma generation and the interaction between mantle-derived magmas and
the compositional effect of traversing the crust during ascent was quickly put into
question (Harmon et al., 1984; Plant, 1983). Although sharing some clear characteristics
with arc magmatism, the particularities of the newer granites from Scotland and the
intrigues surrounding their relationship with the subduction process (Stephens and
Halliday, 1984) caused them to be considered a new I-type association in future works
(Pitcher, 1987). Further works on the British Highlands stressed the relevance of mantle-
derived magmas in the genesis of the recently established Caledonian-type magmas
(Fowler, 1988), pointing to a multicomponent source region and bringing important cues
to the crustal evolution discussion (Fowler, 1992; Fowler and Henney, 1996; Tarney and

Jones, 1994).

Since the early works in the Caledonian orogen, Caldonian-type magmatism has been
identified in recent decades in a multitude of places around the world, notably in all the
most studied Phanerozoic collisional orogens. Extensive petrological work on post-

collisional magmatism has been carried in the European Variscan belt, either in Iberia

@,
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(e.g. Fernandez-Suarez et al., 2000; Orejana et al., 2009), the French Massif Central
(Couzinié et al., 2016; Moyen et al., 2017) and Bohemian Massif (Janousek et al., 2000;
Laurent et al., 2014; Staby and Martin, 2008); in the European Alpine orogen (Frisch et
al., 2000), in the Central Asian Orogenic Belt (Chung et al., 2005); in the Zagros orogen
and its surroundings (Aghazadeh et al., 2011; Castro et al., 2013a; Moghadam et al.,
2023; Pang et al., 2013); in the Grenville orogen (Goswami and Bhattacharyya, 2014); in
the Anatolian province (Gencalioglu Kuscu and Geneli, 2010); or in the different Pan-

African orogen terrains (de Lima et al., 2021; Ferré et al., 1998), among others.

Further constrains to post-collisional magmatism were given by numerical works on
continental collision, effectively identifying the most influential parameters affecting the
collision style and its consequences (e.g. Burg and Gerya, 2005; Faccenda et al., 2008;
Pfiffner et al., 2000; Pysklywec, 2001). Existing models predict the critical influence of
convergence rate leading to different collision styles, with asymmetrical collision
developing extensional regimes and mantle upwelling (Faccenda et al., 2008; Ghazian
and Buiter, 2013) that are optimal for magmatism. The thermal age of the oceanic crust
has a direct effect on the thermal structure of the orogen, with younger and hotter
oceans driving increased orogenic temperatures and enhancing melting processes
(Dymkova et al., 2016). The amount of subducted continental crust depends on the
rheological coupling of the lithosphere, with the most coupled rheologies leading to

lower crust sinking into the asthenosphere (Faccenda et al., 2009).

The combined efforts within the fields of petrology and numerical modelling allowed for
a general vision on the nature of post-collisional magmas. Post-collisional magmas occur
as large silicic magmatism in a relatively narrow timespan after continental collision, and
mostly comprise two distinctive suites: (1) the silicic suite, composed of voluminous
felsic intrusions mostly represented by granodiorites, that are metaluminous (ASI<1) to
slightly peraluminous (ASI>1.0) [ASI (Alumina Saturation Index) = molar
Al;03/Naz0+K,0+(Ca0-3.3xP,05)]; and (2) the mafic-intermediate suite, embodied by
smaller intrusions of metaluminous high-K calc-alkaline geochemistry that ranges from
mafic to intermediate. The overall geochemistry resembles that of Andean-type
magmatism by sharing roughly similar major oxides concentrations (SiOz, 63—-70 wt.%;

FeO', 2-5 wt.%; MgO, 1-3 wt.%; Ca0, 3-5 wt.%; Naz0, 2—4 wt.%; and K0, 2—4 wt.%;

=
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Castro, 2020, see section 2.3 for Andean-type magmas), with the main difference being
that Caledonian-type magmas usually display enriched geochemistry, particularly in K;O,
large ion litophile elements (LILE) and light rare earth elements (LREE). Caledonian-type
magmas show enriched isotopic signatures, with features that resemble a crustal source
with a significant contribution from a juvenile source. Moreover, post-collisional magmas
occur as a consequence of the complex dynamics involved during continental collision,
commonly resulting in extensional forces in the upper plate driven by mantle upwelling
(see references above) and/or slab break-off (Hildebrand and Bowring, 1999; Whalen
and Hildebrand, 2019), and altered thermal regimes that may cause the production of

melt from a variety of different potential sources (e.g. Dymkova et al., 2016).

Along with this extensive work, a prevalent perspective on the origin of post-collisional
magmas cemented within the Earth Sciences community. A dichotomous interpretation
on the petrogenesis of post-collisional magmatism was based in the distinction of the
mantle-sourced mafic-intermediate suite, and the crustal-sourced silicic suite caused by
decompression during post-collisional extension and heat transfer by the mafic magmas
into the lower crust (Bonin, 2004; Couzinié et al., 2016; Moyen et al., 2017; Murphy,
2020). According to this petrogenetic model, the silicic suite results from lower crust
melting after decompression during post-collisional extension and heat transfer by the
underplated mafic magmas (Annen et al., 2006; Liégeois et al., 1998, 1996; Ma et al.,
1998; Pitcher, 1987). However, a number of problems arise when considering these

existing hypotheses:

1) The lower crust is mafic on average (Rudnick and Fountain, 1995). A hypothetical
basalt precursor in the lower crust for the batholiths entails the need for the
elimination of an ultramafic residue from the lower crust in order to produce the
observed bulk composition. This ultramafic residue is unaccounted for and lacks
natural evidence.

2) The lower crust is essentially depleted. Simple melting of the lower crust cannot
reproduce the enriched signature of post-collisional batholiths. An additional
element in the process needs to be involved.

3) Given the refractory nature of the lower crust, it showcases unrealistically high

solidus temperatures (>850—-1000 °C) that are incapable of producing significant
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4)

5)

6)

7)

8)

9)

amounts of liquids. Only scarce, arguably marginal petrogenetic evidence
support ultra-high temperatures in the lower crust (Clark et al., 2011; Laurent et
al., 2023); and numerical models on collisional orogens predict thermal
perturbations at the Moho that barely exceed >700 °C (see references above).
Mafic magma underplating is an inefficient process at heating the lower crust
even when periodic influx is invoked (Bonin, 2004), requiring large volumes of
mafic magma to intrude in sills (Annen et al., 2006). Such sill swarms have not
been observed in any exposed lower crust section around the world.

Water is commonly argued to lower solidus temperatures (Aranovich et al., 2014;
Castro, 2020; Collins et al., 2021, 2020, 2016; Weinberg and Hasalova, 2015), but
even with the most conservative estimations of 4 wt.% H,O dissolved in the
parental magma (Plank et al., 2013) the water content in a residual granitic liquid
that represents a 0.2 melt fraction will have ~20 wt.% H>0. This water amount in
residual liquid is unrealistic and is supported neither by the observed igneous
textures in the rocks nor by the scarcity of pegmatitic dykes or amphibole-rich
cumulates in the plutons. Not only that, but also post-collisional silicic magmas
rarely present LOI values above ~1 wt.%.

Fully recycled lower crust inherently implies a fully recycled isotopic signature.
Nevertheless, post-collisional magmatism is characterised by recycled isotopic
signatures yet with an important juvenile component that cannot be accounted
for by crustal melting.

Modelling collision results in a wide range of potential magmatic sources, among
which the mantle is almost always involved. Nonetheless, the upper plate lower
crust remains relatively cold during the process, and rarely becomes a magmatic
source.

The alternative presented by numerical models are not satisfactory either, given
that vast windows of molten asthenosphere are not supported by the existence
of surface flood basalts or picrites, and the duration of magmatism does not
match the comparatively narrower time span of post-collisional magmatism.
Variability of isotopic values does not correlate to any changes in the geochemical

trends of the magmas, implying that crustal assimilation was limited and that the

O

isotopic variability was configured in the source.
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Addressing these challenges has proven to be a difficult task. In the grand scheme of
this riddle, available techniques have been unsuccessful at solving the limitations of the
classical model. Prior to any attempt at solving this problem, further contextualization
must be made regarding the three ubiquitous and constituent features of post-collisional
magmas. These are the silicic suite, comprising the large silicic bodies that represent the
largest volumetric fraction of the batholiths, to which this section was dedicated; the
mafic-intermediate suite, representing relatively smaller intrusions of dioritic to quartz-
dioritic nature; and the mafic microgranular enclaves, appearing as hand-size to

sometimes meter-sized globules surrounded by the granites.

2.2.1 The mafic-intermediate/sanukitoid suite

Mafic-intermediate suite is a general term to refer mafic to intermediate intrusions that
occur associated with the larger felsic intrusions. Although volumetrically much smaller
than the granites in mid to upper crustal sections, tilted sections of arc continental crust
reveal that mafic rocks become dominant with increasing depth (Garrido et al., 2006;
Martin et al., 2009; Otamendi et al., 2009). It should also be noted that magmas of the
same composition have received a whole range of different names, such as vaugnerites
(e.g. Beaetal., 2021; Galdn et al., 1997; von Raumer et al., 2014), durbachites (e.g. Parat
et al., 2010; von Raumer et al., 2014), appinites (e.g. Castro et al., 2003; Molina et al.,
2012; Murphy, 2013) or sanukitoids (e.g. Fowler and Rollinson, 2012). The latest term,
sanukitoid, is of special relevance, given their relatively recent inclusion in the post-
collisional magmatism discussion. That is, rocks known by the name “sanukitoid” are the
best characterised among all the previous nomenclatures, and although currently used
as a synonym to refer to the mafic-intermediate suite of post-collisional batholiths they
were once linked to an Archean series. Thus, exploring the geochemical features and
origin of sanukitoid rocks is particularly relevant in the post-collisional magmatism

discussion.

Sanukitoid intrusions were first described in the Roaring River Complex, Superior
Province (Shirey and Hanson, 1984), as a particular type of Archean intrusions linked to
Tonalite-Trondhjemite-Granodiorite (TTG) magmatism. These intrusions closely

resembled the high magnesium andesites of the Steouchi Volcanic Belt, known as
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“sanukites” (Tatsumi and Ishizaka, 1982). Sanukitoid rocks were eventually recognized as
an important component in most Archean terrains (Martin et al., 2009, 2005). The
Archean link of sanukitoid magmatism was progressively put to the test, with further
works stressing the similarities between Archean sanukitoids and Phanerozoic, post-
collisional mafic-intermediate magmas (Castro et al., 2013a; Fowler and Rollinson, 2012;

Lépez-Moro and Ldépez-Plaza, 2004; Moyen et al., 2017).

Since then, the term sanukitoid has been accepted as equivalent to post-collisional
mafic-intermediate magma, and has been successfully identified in virtually every
collisional belt and Archean craton around the world. This includes the Superior Province
in Canada (Shirey and Hanson, 1984; Stern and Hanson, 1991; Stevenson et al., 1999;
Sutcliffe et al., 1990); the Pilbara and Yilgarn cratons in Australia (Smithies and
Champion, 2000); the Zimbabwe craton in South Africa (Kampunzu et al., 2003); the
Dharwar and Budelkhand cratons in India (Jayananda et al., 2018; Singh et al., 2019); the
North China craton (Jiang et al., 2016; Yu et al., 2021); the Rio Maria Suite in Brazil (de
Oliveira et al., 2010, 2009; dos Santos and Oliveira, 2016); the Karelia and Kola provinces
in the Baltic Shield (Halla, 2005; Heilimo et al., 2010; Kapyaho et al., 2006; Kudryashov
et al., 2013; Lobach-Zhuchenko et al., 2005); the Sarmatian craton in the Baltic Shield
(Terentiev and Santosh, 2018); the Svecofennian Orogen in the Baltic Shield (Andersson
et al., 2006; Eklund et al., 1998); the Wester Junggar in Northern Tibet (Duan et al., 2019;
Yin et al., 2015); the British Caledonian Province (Fowler et al., 2008; Fowler and Henney,
1996; Fowler and Rollinson, 2012); the Iberian Massif (Castro et al., 2003; Lépez-Moro
and Lépez-Plaza, 2004; Molina et al., 2012), the French Massif Central (Couzinié et al.,
2016; Moyen et al., 2017) and the Bohemian Massif in Europe (Bowes and Kosler, 1993;
Holub, 1997; Janousek et al., 2000); the Dabie and Sulu orogens (e.g. Tang et al., 2009;
Wang et al., 2005; Xu et al., 2012; Zhang et al., 2012); the Setouchi Volcanic Belt
(Kawabata and Shuto, 2005; Tatsumi and Ishizaka, 1982); the Alborz magmatic belt
(Castro et al., 2013a; Nabatian et al., 2016); and the Tibetan Plateau (e.g. Guo et al.,
2013, 2006; Huang et al., 2015; Liu et al., 2015). The almost ubiquitous association
between sanukitoid and silicic post-collisional magmatism points to the critical role of

sanukitoids in post-collisional magma generation.

O
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Sanukitoid rocks (i.e. mafic-intermediate post-collisional magmas) are characterised by
a clear mantle signature with an enrichment in compatible elements, such as Mg, Cr, Ni
and #Mg; combined with large ion litophile elements (LILE), particularly Ba, Sr (as in the
high Ba—Sr granites in the Caledonian Province — Fowler and Rollinson, 2012), K, and light
rare earth elements (Heilimo et al., 2013, 2010; Lobach-Zhuchenko et al., 2008; Stern et
al., 1989). They plot in the alkaline field of the TAS (total alkalis versus silica) diagram
(Miyashiro, 1974) and in the shoshonitic and high-K domains of the K;O-silica
classification diagram (Peccerillo and Taylor, 1976). While initially restricted to an
exclusively mafic to intermediate series with a strict definition of Si0;=55-60 wt.%,
MgO>6 wt.%, Mg#>60, Sr>600-1800 ppm, Ba>600-1800 ppm, Cr>100 ppm and Ni>100
ppm (Stern et al., 1989), sanukitoid magmas are currently considered to represent a
broader series that comprise diorites, tonalites, granodiorites, monzonites, and even
gabbros that are magnesian, mostly metaluminous and water-bearing (Halla, 2005;

Heilimo et al., 2010; Lobach-Zhuchenko et al., 2005).

Regarding the origin of sanukitoid magmas, there is a wide agreement that they are
mantle sourced (see references above). However, given their enriched nature and
intermediate composition, a purely peridotitic source is unable to reproduce their
composition. For this reason, a metasomatized mantle is most commonly invoked as the
source for sanukitoid magmatism. Given the need for an external component to enrich
the continental lithospheric mantle, mantle metasomatism is attributed to the recycling

of continental crust into the mantle via subduction (Heilimo et al., 2013).

As for the nature of such metasomatized mantle, no consensus has been reached yet. A
majorly peridotitic source yields unrealistic degrees of melting without the presence of
additional phases such as amphibole or phlogopite (Bailey, 1982). In this regard,
experimental studies provided important constrains on the stability of amphibole and
phlogopite in upper mantle conditions and their relationship with ultrapotassic magmas
(Conceicdo and Green, 2004), and constrained pressures between ~1 GPa and 0.3 GPa
to be the most influential in phase equilibria (de Oliveira et al., 2010). Moreover, further
petrological studies on mantle xenoliths from kimberlite pipes support the presence of
phlogopite in the upper mantle (Giuliani et al., 2016; Kargin et al., 2019). Contrary to

this, high-Mg signatures were successfully reproduced via experiments using a
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harzburgitic source (Wood and Turner, 2009), proving conflicting evidence with the

mantle metasomatism evidence.

Within the context of of post-collisional magmatism, sanukitoid rocks have received
special attention in recent years. This interest stems from the observation that they carry
the geochemical budget absent in the lower crust, otherwise necessary to reproduce the
enriched signature of the granite batholiths. Additionally, their water-bearing nature
renders them ideal candidates to lower the solidus of the lower crust (Castro, 2020;
Collins et al., 2020; Smithies et al., 2021). Hence, although their relationship with granitic
magmas remains unclear, sanukitoid magmas can contribute in the petrogenesis of
Caledonian-type magmas in four potential and complementary ways: (1) they are
parental to the granites by differentiation; (2) they supply water for water-fluxed melting
of the lower crust; (3) they constitute the mafic endmembers in a magma/hybridization
process; (4) they advect heat from the lithospheric mantle to the lower crust to produce

extensive melting (Castro, 2020).

Whatever the case, the recurring presence of sanukitoid rocks in collisional orogens
represents a critical cue that the lithospheric mantle plays an important role in post-
collisional magma generation. Existing work on the sanukitoid series has apparently
identified all its major geochemical features, but are yet to provide a satisfactory
explanation on their geochemical trends, the effect of intensive parameters on phase
equilibria, the exact nature of the source of this magmatism and, ultimately, its

relationship with the Caledonian-type granites.

2.2.2 The mafic microgranular enclaves

Mafic microgranular enclaves are a ubiquitous feature of both I-type and S-type magmas,
consisting of fine-grained, usually dark globules surrounded by the host felsic rocks.
These features make them distinct from other types of enclaves (xenoliths) commonly
included in igneous rocks, such as migmatite resisters or metamorphic rocks.
Microgranular enclaves were first described in association with different types of
volcanic rocks, in which they were considered magmatic enclaves that held intimate
relationship with the genesis of intermediate lavas (Lacroix, 1893), soon to be identified

in granitic rocks from the Pyrenees as well (Lacroix, 1898). No further advances were
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made on the topic until several decades later, when a monography on granites and
enclaves reviewed the role of mafic enclaves in the post-collisional magmatism from the
French Massif Central (Didier, 1973, 1964). Subsequent works successfully identified
microgranular enclaves in S-type granitoids, as well as in both Andean-type and
Caledonian-type batholiths, highlighting them as one of the main features of I-type
magmatism (e.g. Barbarin, 1991; Barbarin and Didier, 1992; Vernon, 1984).

Since then, extensive effort has been expended into thoroughly characterising
microgranular enclaves and their petrogenetical meaning (Bacon, 1986; Barbarin, 2005;
Barbarin and Didier, 1992; Cantagrel et al., 1984; Coombs et al., 2003; Didier, 1973;
Paterson et al., 2004; Vernon, 1984; Wiebe, 2016; Yongfeng, 1994; Zhang et al., 2015).
Microgranular enclaves occur in different forms, usually shaped as globular bodies, but
also occasionally angular, suggesting the involvement of brittle mechanics in their
genesis (Rodriguez and Castro, 2019). They range in size from a few centimetres to
several meters, and appear either relatively isolated and scattered throughout the host
granite (Paterson et al., 2016); or clustered in confined concentrations or swarms in
restricted areas, separated by minimal host material in which they may reach above 60%
in volume (Barbarin, 2005; Paterson et al., 2016; Wiebe and Adams, 1997). Similarly,
enclave swarms can present different morphologies, spanning from small lenses to
tabular bodies or dykes (Tobisch et al., 1997), determined by the variability in the viscous

behaviour and velocity of the host magma during ascent (Rodriguez and Castro, 2019).

Microgranular enclaves are usually more melanocratic than the surrounding granite
(s.l.), owing to their comparatively more basic nature, usually dioritic to tonalitic. There
is wide agreement that they represent the mantle component during magma generation
(see references above), yet with a significant crustal contribution as suggested by
isotopic evidence (Clemens et al., 2017). Their dark appearance has caused them to be
commonly referred to as mafic microgranular enclaves, although their composition is
not homogeneous, and ranges from the less abundant mafic terms to the more common
intermediate enclaves. This compositional variability is consequently displayed in the
mineral assemblage in post-collisional settings, with the most mafic enclaves containing
larger amounts of biotite and amphibole, and increasing contents of quartz and

plagioclase with increasing silica (Rodriguez and Castro, 2019). Similar to sanukitoid post-
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collisional rocks, amphibole is often present as polycrystalline mafic aggregates in
microgranular enclaves, interpreted to result from pyroxene-melt re-equilibration either

through grain-boundary diffusion or direct contact (Castro and Stephens, 1992).

Moreover, the compositional range causes an equally variable compositional contrast
with their host rocks, from instances with no contrast, in which case they are identified
as autoliths (Rodriguez and Castro, 2019, and references therein), to varying degrees of
mineralogical and geochemical contrast. Interestingly enough, this compositional
contrast does not translate into chemical interactions between enclaves and host rocks,
given the limited evidence from reaction rims in the enclaves (e.g. Castro and Stephens,

1992; Clemens et al., 2017, and references therein).

Many models have been proposed to explain the origin of microgranular enclaves.
Among the initial works, the most relevant ones either consider the enclaves a result
from restite unmixing and accounting for the variability within series of granitic rocks
(Chappell, 1996; Chappell and Wyborn, 2012; Chen et al., 1989; White et al., 1999; White
and Chappell, 1977); considering them the result of disrupted dykes during the ascent
of new pulses of magma (Didier, 1991); the consideration that they are the result of
basalt injection into the crust and magma mixing (Didier and Lameyre, 1969; Huppert
and Sparks, 1988; Wiebe, 1991); and considering them autoliths from a closed
differentiation system (Dodge and Kistler, 1990; Fershtater and Borodina, 1977; Pabst,
1928). Following works on the topic allowed for some consensus to be reached,
considering that the enclaves are igneous in origin (see Clemens et al., 2017, for review).
Pervasive quenching textures in microgranular enclaves favour this consideration, likely
resulting from rapid cooling in ascent conduits during the first magma pulses in which
the continental crust is hot (Donaire et al., 2005). Latest works on this topic favour the
autolith model, considering the enclaves to represent chilled margins from the ascent
conduits dragged by posterior high-energy pulses (e.g. Rodriguez and Castro, 2019; Xu
et al., 2020).

Whereas the discussion on the origin of mafic microgranular enclaves has provided
plausible descriptions of their formation mechanisms, it has yet to give a satisfactory
explanation for their relationship with their host rocks. The consistent appearance of

mafic microgranular enclaves in contrasting magmatic settings (I-type and S-type
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magmas, both batholiths and volcanism) suggest that they are likely to result from an
intrinsic process during magma generation. Moreover, given that enclaves of autolithic
nature represent quenched pulses of parental magma, they can constitute valuable

tracers of the petrogenetic process of post-collisional magmas.

2.3 The cordilleran magmatism

Cordilleran magmas, also known as Andinotype, Andean-type or arc magmas, represent
a calc-alkaline, silicic type of magmatism that occurs linked to the oceanic stage of a
subduction process. The 1960s and 1970s were pivotal for the development of the
paradigm of plate tectonics, providing a sound framework to study and explain arc
magmatism. Researches quickly focused on magmas linked to subduction zones, and
began to contextualize conceptual petrological work on their respective tectonic setting
(Allen and Boettcher, 1978; Cawthorn and O’Hara, 1976). In the following decades, much
effort was dedicated to describe the origin of subduction magmas from the Pacific ring
of fire (e.g. Hervé et al., 1988; Tatsumi and Ishizaka, 1981). Soon enough destructive
plate margins were considered a severely influential factor in crustal evolution,
representing the most significant cause of crustal and lithosphere destruction. Contrary
to this, Andean-type magmas were considered the most important mechanism

contributing to crustal growth.

The prevalence of destructive margins along the Pacific in recent geologic times has
enhanced cordilleran magma production, which, as of yet, has not encountered the
challenges associated with long-term crustal preservation. These considerations brought
interest into Andean settings, causing Andean-type magmatism to be comparatively
more studied than post-collisional magmas in current times. Due to their abundance,
cordilleran rocks have received great attention and have been successfully identified in
several places in the world, among which the largest examples can be found around
Pacific ring of fire. The most notable include the Patagonian batholith (Herve et al., 2007;
Pankhurst et al., 1999); the coast range batholith of Chile (Hervé et al., 1988; Parada et
al., 1999); the coastal batholith of Peru (Atherton, 1990; Cobbing and Pitcher, 1972) and
all the Andes volcanism as a whole; the Cordillera Central batholith of Colombia (Duque-

Trujillo et al., 2019; Villagomez et al., 2011); Peninsular Ranges (Lee et al., 2007; Silver

©,
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and Chappell, 1988); the Cascades arc (Mullen et al., 2017; Walowski et al., 2016); Sierra
Nevada (Bateman, 1992; Lackey et al., 2008) and the Guadalupe Igneous Complex (Best,
1963; Putirka et al., 2014); the Idaho Batholith (Gaschnig et al., 2011; Hyndman, 1983);
the Coastal batholith through Canada to Alaska (Andronicos et al., 2003; Barker et al.,

1986); and the Setouchi Volcanic belt (Tatsumi and Ishizaka, 1982, 1981), among others.

Cordilleran magmatism is characterised by silicic rocks, namely tonalites and
granodiorites, comprising above 90% of the volume, and subordinate gabbroic and
granitic (sensu stricto) intrusions. Monzonitic suites also appear scattered through large
Andean-type batholiths, considered as the deepest melts from the subduction process
(Pitcher, 1997; Rapela and Pankhurst, 1996). Similar to Caledonian-type magmas, these
intrusions display relatively narrow major element ranges (SiO,, 63—-70 wt.%; FeO', 2-5
wt.%; MgO, 1-3 wt.%; Ca0, 3-5 wt.%; Na;0, 2—4 wt.%; and K20, 2—4 wt.%). Compared
to the volcanic rocks, intrusive magmatism tends to show higher silica maxima, likely
representing residual liquids crystallized in the magma chambers (Castro, 2020).
Occasionally, high-Mg andesites can be found in the intrusions (Kelemen, 1995; Tatsumi
and Ishizaka, 1982), showcasing similar Mg enrichment to that of the sanukitoid suite
from post-collisional magmatism. Andean-type magmatism is widely known to display a
typical trace element signature, with the first works on discrimination of tectonic setting
of granitic rocks featuring criteria for arc volcanic rocks (Pearce et al., 1984; Pearce and
Cann, 1973). These compositional features are well-established, remaining a reliable

source of information as of today.

Many cordilleran magmatic batholiths feature a compositional gap in the intermediate
terms, in which only the most mafic and differentiated compositions are represented.
This geochemical feature is commonly known as the Bunsen-Daly gap (Bunsen, 1851;
Daly, 1925), referring to two compositional groups (low silica and high silica) separated
by a silica interval (55—60 wt.% SiO) with scarce representation in nature. Compositional
gaps in igneous rocks have been widely discussed, leading to a reasonably accepted
hypothesis. That is, compositional gaps are the results of large-scale differentiation
processes in the magma chambers (Brophy, 1991; Reubi and Blundy, 2009). According
to petrological experiments using basaltic starting material, the bimodal distribution is

due to the shape of the magma crystallinity curve, sharply increasing at critical
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temperatures (Melekhova et al.,, 2013). This steepness renders the intermediate
compositions unlikely, causing the predominant representation of differentiates and
differentiation cumulates. Interestingly, compositional gaps have not been described in
Caledonian-type magmas, an observation that to this day remains unexplained (see

references in section 2.2).

Extensive work has been carried out on the origin of cordilleran magmas. The classic
hypotheses build upon the production of basaltic magmas in the peridotitic mantle
(Hildreth, 1981). Considering that the average composition of continents is andesitic and
so is the average arc magma, following process must account for the genesis of
andesites. Consequently, this basaltic precursor has been hypothesized to generate
andesites by a number of different processes. Cumulative underplating of basaltic
magma into the lower crust is considered an effective advective process, progressively
heating the lower crust. If sufficient temperature is reached, crustal-sourced felsic
magmas of dacitic compositions can be generated (Huppert and Sparks, 1988).
Solidification of basalt underplates is also proposed to exsolve water into the underlying
crust, enhancing melting by water-flux (Collins et al., 2021, 2016). This scenario results
in felsic crustal magmas, which can potentially hybridize with the underplated basalts to
finally reproduce the andesites (Eichelberger, 1975; Pankhurst et al., 1988; Streck et al.,
2007). This latest consideration is mainly constructed using isotopic and melt inclusion
evidence, highlighting the high crustal affinity of intermediate magmas. Alternatively, a
basaltic precursor has been proposed to reproduce the orogenic andesites through
sheer differentiation, following a compositional evolution described by liquid line of
descent according to petrological experiments (Lee et al., 2006; Lee and Bachmann,

2014; Ulmer et al., 2018).

However, the basaltic precursor suffers from similar drawbacks as the classic
interpretation for the origin of post-collisional magmas. Large volumes of underplated
basalt are needed to effectively rise the temperature of the lower crust above the
solidus. Such volume of basalts is unaccounted for, with the average composition of the
lower crust as predicted by xenoliths being residual (Rudnick and Fountain, 1995) and
not matching a primary magma from a peridotitic source. Not to mention that the

processes involving crustal melting that result in andesites are conspicuously complex,
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invoking either the contrived concatenation of several independent processes or multi-
stage differentiation (Hawkesworth and Kemp, 2006). Comparatively, differentiation of a
basaltic precursor seems like a much more reasonable approach and is supported by
thermodynamic constrains. Nevertheless, basalt differentiation inherently produces
ultra-mafic cumulates that have not been observed in any exhumed lower crust terrain.
Moreover, experimental liquids using a basaltic precursor do not accurately reproduce

the compositional evolutionary trend of the real magmas (Castro, 2021, 2020).

Although the basalt input model is still favoured in plenty of works, an alternative has
gained wide support and recognition in recent years. This model considers arc magmas
to be sourced in silicic diapirs hosted in the mantle (Marschall and Schumacher, 2012),
consequence of relaminated subducted materials represented by positively buoyant
metasedimentary or metaigneous rocks (Hacker et al., 2011). Magmatism produced in
these silicic diapirs is also silicic, potentially representing a direct mechanism for
continental growth (Kelemen, 1995; Tatsumi and Ishizaka, 1981; Taylor, 1967). These
considerations are supported by numerical models, in which relamination has proven a
plausible mechanism to account for arc magmatism (Castro et al., 2013b; Maierova et
al., 2018). Particularly, melange plumes are the most relevant when considering the
oceanic stage of subduction (Maierova et al., 2018). Complementarily, petrological
experiments simulating the hybrid melting of subducted melange and peridotite have
been successful at reproducing the composition of arc magmatism (Codillo et al., 2018).
Most notably, they have provided a sound justification for the well-known experimental
alternative to the basaltic precursor. That is, an intermediate precursor has been widely
studied as a potential parental composition for Andean-type magmas via petrological
experiments (Alonso-Perez et al., 2009; Carroll and Wyllie, 1990; Castro, 2021; Grove et
al., 1997; Patifio Douce, 2005, 1995; Qian and Hermann, 2013; Rapp and Watson, 1995;
Sisson et al., 2005; Sisson and Grove, 1993).

However, even if petrological and numerical evidence seem to point in a clear direction,
a natural example matching the intermediate parental models is yet to be found. Large-
scale fractionation in cordilleran settings preclude the identification of pristine
compositions, as suggested by the compositional gaps. Most interestingly, the

experimental parental composition that accurately reproduces the Andean-type
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magmas falls within the compositional gap typical of cordilleran magmas. Thus,
identifying natural examples matching the model composition can be considered the
next milestone in cordilleran magma petrogenesis. This task can be achieved by studying
magma mingling zones, in which quenching is a widespread phenomenon, precluding

differentiation.
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The evolution of the continental crust is a consequence of lithosphere dynamics and
shall be described as an igneous process. The origin of the most voluminous type of
magmatism, namely I-type magmas, represents the most immediate tracer for crustal
evolution. However, the origins of I-type magmatism, the main source of new material
for continental growth, remain a fundamental mystery in Earth Sciences. Existing models
entail important drawbacks that remain unaddressed. Not only that, but also the
attempts to solve their apparent flaws are usually built upon theoretical constructs that

lack natural support.

This project aims at challenging the classic interpretations on the origin of I-type
magmatism and its significance in the evolution of the crust and the lithosphere through
geologic time. In a problem of such dimensions, a heuristic approach was selected as the
main method for problem-solving, setting relatively close milestones to propel the
research forward. Accordingly, big scope goals were deconstructed into smaller and
achievable objectives. Natural evidence and common sense were the main drivers when
formulating the work hypotheses. Method selection was deliberate to individual
objectives, with a cautious awareness of the inherent limitations of each technique and
emphasizing their complementary nature to strategically enrich each other. Each
objective demanded the assessment of the state of the art relevant to the specific

problem, ensuring different starting points for each challenge.

The resulting plan follows a hierarchical framework, in which priority objectives whose
outcomes were potentially impactful for other interconnected objectives needed to be
tackled first. Flexibility was a direct consequence of using this approach, given the need

to adjust the plan to the obtained results.

The resulting plan can be found below, designed considering all the above described
factors. Each objective encompasses a summary of the state of the art of each challenge,

together with the logic behind its conception and the selected study method.

1) Determination of the origin of post-collisional magmatism. Assessing the limitations

of the classic model based on a lower crustal source for post-collisional magmatism

O
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is a top priority for discussing its role in crustal evolution. Although considered a

minor contribution to crustal growth, important contradictions are found within this

hypothesis. This objective can be broken down into the following more specific tasks:

a) Determination of the origin of the mafic-intermediate suite (i.e. sanukitoid
series) and evaluating its role in post-collisional magmatism. Sanukitoid magmas
are considered an exclusively mafic to intermediate series that represent the
involvement of a modified lithospheric mantle in the orogenic process that
underplates the lower crust, but their evolution during differentiation is not
constrained. The crystallization sequence and potential cotectic behaviour of
sanukitoid magmas driving sanukitoid granites can be studied through a meta-
analysis of sanukitoid rocks and petrological experiments.

b) Determination of the origin of the silicic suite. Post-collisional silicic magmatism
is considered to be crustal sourced after mafic mantle magma underplating, a
model that entails several important drawbacks. The feasibility of the lower crust
as a magmatic source and the parental magmas for post-collisional silicic magmas
can also be tested through meta-analysis of post-collisional rocks and
petrological experiments.

c) Determination of the origin of the mafic microgranular enclaves and evaluation
of their relationship with the host silicic magmas. Inference highlights the
potential value of enclaves as globules of quenched magma from the ascent
conduits, thus potentially providing important insights into the petrogenetic
process. An evaluation of their relationship with the host granites and their role
in their petrogenesis can be carried out by field work and geochemical work
(whole-rock major and trace elements and isotopes).

d) Determination of the thermal and water budget of the lower crust during
collision. Lower crust melting models rely on both ultra-high temperatures and
water contents, yet such explanations are not supported by natural observation,
with natural plutonic rocks being relatively dry and yielding limited equilibrium
temperatures. Numerical models are particularly instrumental in testing the
evolution of intensive parameters in a geodynamical context.

2) Determination of the parental magmas to cordilleran magmatism. Strong inference

provided by extensive petrological experiments and numerical models suggest that
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3)

the precursor to Andean-type magmatism is an intermediate magma sourced in a
silicic diapir within the mantle lithosphere, but natural examples matching the model
compositions are yet to be found. Exploring an Andean-type magma mingling zone
by field and geochemical work can be particularly useful for this task.

Evaluation of the role of I-type magmatism in crustal evolution. The dynamic
evolution of the lithosphere is the result of the superposition of crustal growth over
crustal destruction events, each controlled by a vast number of natural processes.
The ultimate goal of this PhD is to provide a conciliatory view between petrological

and numerical evidence to the problem of crustal evolution.
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4.1 High-pressure high-temperature experiments

The characterisation of the phase relations and thermodynamic controls behind I-type
magmatism was performed through high-pressure high-temperature experiments.
Experimental runs were performed in a Boyd and England-type piston cylinder apparatus
(Boyd and England, 1960), available at the Instituto Andaluz de Ciencias de la Tierra
(Granada) and Museo Nacional de Ciencias Naturales (Madrid), both from the Consejo
Superior de Investigaciones Cientificas. The technique consists in simulating crustal and
lithospheric conditions through submitting a small quantity of sample to controlled

pressure and temperature.

Pressurization is achieved through hydraulic load inside a pressure vessel with a tungsten
carbide (WC) core. The apparatus operates by applying mechanical force from two
hydraulic ram pumps (Fig. 4.1). The upper ram applies a load pressure to the system,
keeping all constituent parts of the apparatus assembled. The lower ram is then used to
transmit force to a piston, which, in turn, compresses the experimental assembly loaded
inside the pressure vessel through a pressure-transmitting medium (Fig. 4.1). Pressure is
then monitored with two pressure sensors attached to the pressure circuit, one for the

load ram and one for the piston ram.

The sample is heated by applying a regulated voltage to the experimental assembly.
Temperature is monitored using a Ptioo-Pts7Rhiz type C thermocouple. This
thermocouple is positioned near the experimental capsule using a sillimanite guide (Fig.
4.2). The other end of the thermocouple is wired to Eurotherm 808 controllers for
temperature control and regulation. Potential overheating is controlled using a
refrigeration system, with purified water pumped through the apparatus by an industrial
chiller (Fig. 4.1). The implementation of the refrigeration system was different between
the apparatus from the Instituto Andaluz de Ciencias de la Tierra and the Museo
Nacional de Ciencias Naturales. In the former, water circulates above and below the
pressure vessel through the refrigeration plate and the bridge (Fig. 4.1), while in the

latter, water circulates inside the pressure vessel.
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Figure 4.1: Schematic cartoon of the Boyd-England type piston cylinder apparatus. This
configuration corresponds to that found in the Instituto Andaluz de Ciencias de la Tierra.
1: load hydraulic ram; 2: pressure sensor; 3: hydraulic oil; 4: energy connector; 5: energy
connection plate; 6: load plate; 7: thermocouple; 8: refrigeration plate; 9: pressure
vessel; 10: WC core; 11: experimental load; 12: piston; 13: bridge; 14: piston hydraulic

ram.

Refrigeration induces a small uncertainty in the measured temperature, caused by the
margins of the experimental assembly being slightly colder than the interior. This
phenomenon has been widely studied (Pickering et al., 1998; Schilling and Wunder,
2004; Schmidt and Ulmer, 2004; Watson et al., 2002), resulting in a reasonable
characterisation of the temperature confidence area around the thermocouple (Fig. 4.2).
The presumed effect of the two refrigeration setups is different; water circulating below
and atop of the pressure vessel exerts a vertical cooling effect over the experimental
assembly, while water circulating inside the pressure vessel produces a horizontal
cooling effect of the experimental assembly. This last case is expected to increase the
vertical temperature confidence area, preventing temperature gradients in the
experimental runs. Furthermore, to prevent the effect of vertical thermal gradients,

capsules were handcrafted as tiny as possible and used precise placement near the
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thermocouple. Additionally, water from refrigeration was kept at a relatively high

e

temperature during the runs.
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Figure 4.2: Schematic illustration of an experimental assembly. Temperature confidence

intervals correspond to the refrigeration configuration depicted in figure 4.1.

The experimental assembly consists of half inch, talc-Pyrex-periclase cells inside which
the capsule is loaded (Fig. 4.2). The material of the capsules depends on the goal
temperature of the experimental runs. Experiments below 1050 °C used gold capsules,
while in experiments above 1050 °C a Au—Pd alloy was used. Alloying of Au with Pd
effectively rises the melting point of the capsule, with melting point increasing by
increasing the Pd proportion in the alloy. However, although this process allows for
experimentation at higher temperatures, it creates a rather important problem. That is,
Au-Pd capsules subtract Fe from the experimental load, affecting the synthesized phases
and their composition. Methods to counteract this effect include sample Fe pre-
saturation (Brugier et al., 2015), experimental load isolation using Au inner capsule
(Takahashi and Kushiro, 1983), experimentation on ultra-oxidizing conditions to reduce
Fe exchange due to its dependency in fO, (Kawamoto and Hirose, 1994), or capsule Fe
pre-saturation through the use of double capsules to saturate the inner Au-Pd capsule

from the outside (e.g. Kagi et al., 2005; Kushiro, 1972). Among these, the double capsule
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was the preferred method, given that using an out capsule filled with a Fe-rich sample
has proven successful at minimizing Fe-loss and exert further control on the fO; of the
experimental run. Hence, experiments using 2mm Au—Pd capsules were included in an
outer 3mm Au-Pd capsule loaded with a QFM mix (Fig. 4.3), with oxygen fugacity

expected to be buffered.

Au-Pd outer capsule

|
\

\ Au-Pd inner capsule

| /
.‘ -j
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' material _
I« LY ’I -

-~ o
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Figure 4.3: Representation of the double capsule technique used for some of the
experimental runs. The starting material is loaded into the inner 2 mm capsule and is
subsequently loaded into a 3 mm capsule together with QFM buffer mix or additional

starting material.

An important consideration in petrological experiments is the attainment of equilibrium.
This is achieved through a number of methods, such as homogenization of the samples
in an agate mortar to prevent the existence of relict crystals, using synthetic glasses, and

most importantly, selecting appropriate experiment duration.

Duration on the runs depends on a multitude of factors, such as the goal, composition
and conditions of the experiments. Among them, the most influential is the composition
of the starting material. Prior to experimentation, bulk compositions of the starting

materials were determined by X-ray fluorescence using major pearls routine, analysing
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Si0;,, TiO3, Al20O3, Fe;03", MnO, MgO, Ca0, Na;0, K20, P20s and LOI with a measurement
accuracy superior to 0.2-0.3 wt% relative, in the Instituto Andaluz de Ciencias de la
Tierra (University of Granada — Consejo Superior de Investigaciones Cientificas).
Experiments using natural rocks usually require longer times than those using synthetic
glasses due to the presence of relic crystals. Similarly, experiments using a mix from two
distinct rock compositions usually require higher homogenization times than those using
a single composition, particularly when the two mixers are represented by two natural
rocks. Moreover, temperature is almost as influential as the starting composition, given
the intimate correlation between temperatures and chemical potential. As temperature
rises chemical reactions occur at a faster rate due to the equally increased chemical
kinetics, and so shorter durations are needed for attainment of equilibrium in the
experimental run. For instance, experiments above 1200 °C with a mafic-intermediate
starting material used shorter run times below 24 hours, also helping reduce the Fe-loss
to the Au—Pd alloy. In contrast, experiments around 1000 °C were kept at the objective
conditions for more than 48 hours. Once the experiment has run for the desired amount
of time, the experiment is shut down by turning off the current, effectively quenching
the experimental load. The capsule is then mounted in epoxy resin, polished and

prepared for analysis of the results.

Analyses of the experimental results were performed with electron microprobe at the
University of Huelva. Major elements of mineral phases and glasses were analysed with
a JEOL JXA-8200 Superprobe equipped with four WDS spectrometers. Operation
conditions were 15 kV for accelerating voltage and 20 nA for beam current. Calibration
used a combination of silicates, oxides and pure metals and ZAF correction procedures
(wollastonite for Ca and Si, jadeite for Na, orthoclase for K, corundum for Al, periclase
for Mg, metallic Fe and Ti for Fe and Ti). A defocused beam 10 um in diameter was used
for glass analyses to minimize Na migration. Phase analyses were performed applying a

smaller diameter beam when necessary (1-5 um).

Petrological experiments were used to accomplish several objectives within the research
plan. Each set used its own different starting materials and conditions after careful

consideration. The conception and explicit methodology behind the experimental runs

dedicated for objectives 1-a and 1-b is fully detailed in section 5.1.
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4.2 Numerical modelling

4.2.1 Computational strategy

To constrain the viability of the classic post-orogenic magmatism models through the
evolution of temperature, pressure and volatiles during collision, 2D high-resolution
petrological-thermo-mechanical numerical experiments were performed. All numerical
experiments used the 12VIS code (Gerya and Yuen, 2007, 2003) and were calculated on
the cluster of ETH Zurich. The methodology is thoroughly explained in Gerya, 2019, and
further references for all the concepts summarized in the following sections can be found

therein.

The conceptual foundation of numerical experiments consists in three main partial
differential equations (PDEs), which characterise the time-dependency of physical
properties in a continuous medium. These are the continuity equation (conservation of
mass), the momentum equation (conservation of momentum), the temperature
equation (conservation of heat). The Poisson equation for gravity potential is also solved
to account for the gravitational field. These PDEs are solved by conservative finite
differences in a Eulerian reference frame, with physical properties being transported by
Lagrangian markers by the marker-in-cell technique. Erosion, sedimentation, water
transport and lithospheric mantle grainsize reduction are all accounted for in the
calculations. The models use non-Newtonian visco—plastic rheologies to simulate
multiphase flow and grainsize reduction (as described in Corradino et al., 2022) and are
designed to study the dynamic and thermobarometric evolution of the lithosphere

during continental collision.

The continuity equation

The continuity equation describes the conservation of mass during the displacement of
a continuous medium. Its formulation depends on the observation point and can be
either Eulerian when considering a fixed point in space, or Lagrangian for a moving point
of reference. These are respectively expressed as

9
a—’t’ + div(pd) = 0 (1.1)
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Dp o
Dt + p div(v) = 0 (1.2)

where p is the local density in (kg/m3), t is the time (s), v is the velocity (m/s), d/0t is the
Eulerian time derivative and D/Dt is the Lagrangian time derivative. The relationship

between the Eulerian (1.1) and Lagrangian (1.2) continuity equations is the following:

Dp dp
D= 3t + v grad(p) (1.3)

In this expression, term grad(p) represents the advective transport, which reflects

changes in density in an immobile point due to the existence of density gradients.

The momentum equation
The momentum equation describes the conservation of momentum for a continuous

medium in a gravity field. The respective Eulerian and Lagrangian expressions are as

follows:
GO'U- n _ avi N avi 1.4
ox, T P9I =P\ Gp TGy ) 1Y
aO'ij + _ Dvi 15
0%, pgj =P 5 (1.5)

Where gj is stress, p is density, g is gravity (m/s?), and dv;/dt and Dv;/Dt represent the
time derivative of the velocity of the material passing through the reference point. These
PDEs are solved under the assumption of incompressible materials. As in the continuity
equation, the relationship between the Eulerian and Lagrangian expressions is the

following:

DV _ 9V 4 5 orad(v) (16
Dt = ot v grad(v;) (1.6)

Adding a pressure gradient to the momentum equation using deviatoric stress relations

results in the Navier-Stokes equation:

aO'Il'j E)P+ _ Dvi 17
ox, P9I =P (1.7)
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Solving this equation for highly viscous flows means that term p(Dvi/Dt) is negligible
compared to the value of the left-hand side of the equation, or what is the same, inertia
is almost non-existent. Under such circumstances, this system can be described by the
Stokes equation of slow creeping flow with position and time-dependent gravitational
acceleration:

do';; 0P

-— =0(1.8

The temperature equation
The temperature equation describes the heat conservation in a continuous medium.
Changes in temperature of a given reference point or volume can occur in several forms,
such as heat generation, heat consumption, heat advection or heat conduction. These
are computed in the respective Eulerian and Lagrangian forms of the temperature
equation:

dq;

aT
pCp| =—+vgrad(T) | = —=—+H, + H, + H, + H, (1.9)
ot axi

oCy (D_t) = =gy e+ Ho o Ho t Hy (110)

In this expression Cp is the heat capacity (J), and the product pCp is the volumetric
isobaric heat capacity (J/kg/m3); gi is the heat flux measured in the x; direction (W/m?);
and H, is the radiogenic heat from the disintegration of radioactive elements, Hs is the
shear heat production, H, is the adiabatic heat production, and H; is the latent heat from
phase transformation during rock formation, all together representing the volumetric

heat production or consumption (W/m3).

Heat flux can be described by Fourier’s law of heat conduction:
k or 1.11

where k is the thermal conductivity (W/m/K) and is dependent on the rock type (Clauser
and Huenges, 1995).
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The shear heat production is related to the dissipation of mechanical energy and is
defined as

1
HS = Zo—lij (112)

with n representing viscosity.

The adiabatic heat production is calculated after changes in pressure and can be

calculated as
a Dt ( * )

where DP/Dt is the time derivative of pressure and a is the thermal expansion. Adiabatic

heat can be positive under compressional and negative under decompression.

Derivation of Eg. 1.10 using of the heat flux definition in Eq. 1.11 results in the following
expression:
DT) 0°T

pCp (D_t = kW+Hr +HS+Ha+HL (114)

The Poisson equation
The spatial changes in gravitational potential inside a self-gravitating continuum can be
described by the Poisson equation:

0°d 0%]

ox2 g2 = Hymep(P.T.0) (1.15)

In this expression @ is the gravitational potential, K is a variable that depends on the
geometry of self-gravitating model in 2D, y is the gravitational constant and p is density.
The Poisson equation is solved to calculate the gravity potential that is subsequently

used in eq. 1.8.

Eulerian frame of reference with Lagrangian markers: marker-in-cell method
In continuum mechanics and numerical modelling an important difference between

Eulerian and Lagrangian reference frames must be made, as they condition the basis on
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which the PDEs are solved, and the numerical grid is built upon. As previously
mentioned, Eulerian refers to a fixed point of reference (or constant position), allowing
the observation of the material or physical properties through those stationary points.
Using a Eulerian reference frame (constructed using Eulerian points) grants a non-
deforming grid for evaluating the time-dependant governing equations in which material
properties change over time for each spatial location. In contrast, a Lagrangian approach
tracks individual material particles carrying information of the physical properties as they
move through space. Using a Lagrangian frame of reference (constructed using
Lagrangian points) grants a moving grid that deforms with the material, changing its
position over time while the physical properties measured in the moving point remain

constant.

In numerical modelling advection of physical properties is a determining factor when
configuring the numerical grid, particularly when considering non-diffusive properties
such as lithology. Using Eulerian numerical methods to account for advection often leads
to significant numerical diffusion. In contrast, using a Eulerian—Lagrangian algorithm
prevents numerical diffusion in geodynamic modelling. That is, Lagrangian points or
makers transport the physical properties and advect within an immobile, Eulerian grid
(Fig. 4.4). This is called the marker-in-cell method. Properties are initially distributed in a
vast number of markers and then advect according to the computed velocity field. After
displacement the advected material properties are interpolated back from the markers

to the Eulerian points or nodes using a weighted-distance average linear interpolation:

Ym AmWin(i jy
Xm Win(i, j)

Axm AYm
wmap = (1-5) % (1- %)

In these expressions A represents the material property (density, viscosity...); A; /"4t is the

t+At _
Al,] =

value of the material property in the new time step at the considered Eulerian point or
node; Am is the value of the material property at the old time step on a Lagrangian point

or marker; wp(i,j) is the weighted distance, calculated after Ax, and Aym, which denote
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the distance from the marker m to the j,j nodes, and Ax and Ay, which are the dimensions

in 2D.
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Figure 4.4: Simplified representation of a two-dimensional numerical grid. The reference
frame is built using Eulerian points, also called nodes, thus being non-deformable and
with a fixed position over time. The physical properties are transported using Lagrangian

points, also called markers, and change their position with time.

Once the marker information is computed in the nodes, the subsequent step involves
solving the governing equations of continuity, momentum, temperature and
gravitational potential (eq. 1.1, 1.8, 1.14, 1.15). Since these are partial differential
equations, discretization is necessary for their solution. Finite differences serve this
purpose, and can be expressed in the next general form:

0A AA A,— A,

ax  Ax  x—x
In this expression, the distance Ax between point x2 and x1 represents the resolution of
the numerical grid. That is, the shorter the distance, the higher the resolution. Expressing
the three governing equations using finite differences results in a number of linear
equations that must be solved within each single point of the numerical grid. For 2D

modelling, an accurate solution of the large system of equations is achieved by using

O
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direct numerical methods such as Gaussian eliminations, only hampered by

computational limitations.

Solution of the momentum equation provides updated values for the velocity field in the
Eulerian nodes. Using this newly calculated velocity, subsequent displacement of the
markers is achieved by interpolating the velocity field calculated in the nodes back to the

markers. accurately calculated using a fourth order Rugne-Kutta advection scheme.

Erosion and sedimentation

Surface processes above the crust are implemented as internal free
erosion/sedimentation surface by introducing a low density, low viscosity fluid layer
above the crust. This free-surface boundary condition is implemented using a 12 km
thick air/water layer with low density (1kg m3 above 9 km, 1000 kg m™ below 9 km) and
viscosity (107 Pa s). The surface of the lithosphere evolves due to erosion and

sedimentation after the following Eulerian transport equation:

0es _ . _, Wes
ot Yot ox

— v+ v,

Where yes is a function of the horizontal distance x and defines the vertical position of
the surface, vy and vy are the vertical and horizontal components of the material velocity
field at the surface, vs is the sedimentation rate, and ve is the erosion rate. The

sedimentation and erosion rates are used for air and water:

1

v =0mmyr~tandv, = 0.3mmyr ! wheny < 9km

v, = 0.03mmyr~tandv, = 0mmyr ! wheny > 9 km

Water transport

The determination of magma forming conditions requires a fairly accurate estimation of
the water contents in the source. Consequently, water is computed in the numerical
model, either contained in pores at relatively low lithostatic pressures or in the structure
of water-bearing phases. The implementation of this algorithm is detailed in Corradino

et al., 2022.

Q,
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An initial assumption establishes the decrease of pore water content from 2 wt.% to 0

wt.% at depth of 75 km due to compaction. This is formulated in the following equation:
x(Wt.%) = (1 — 0.013Ay)Xy,0

In this expression, Xu,o(0) is the free water content at surface, yielding a value of 2 wt.%,

and Ay is the depth in km below the surface (0-75 km). Water released by dehydration
reactions is determined by the assumption of thermodynamic equilibrium during the
modelling time, with the stable water content for different lithologies corresponding to
that determined by Gibbs free energy minimization as a function of pressure and
temperature. Liberated water in the continuum moves upwards spontaneously until
reaching a rock capable of assimilating additional amounts of water. This process is

computed according to pressure gradients as:

ap

Ux(water) = Ux — A Ox

ap

Vywater) = Vy — A (a - pfluidg)

vpercolation

A=
g(pmantle - pfluid)

where vyx(water) and v,(water) are the fluid vector velocities in x and y directions, vx and

vy indicate the local velocity of the solid mantle, A is a water percolation constant,

Vpercolation = 10 cm/yr, g is the gravitational acceleration, pmantle and psuid are the density

of the mantle and fluid, respectively.
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4.2.2 Modelling initial setup

The computational domain covers a two-dimensional field of 4000 km wide by 1400 km
deep (Fig. 4.5). The non-uniform rectangular grid consists of 1361 x 351 nodal points in
which markers are randomly distributed, using a high-resolution scheme of 0.5 km x 0.5

km. All boundaries are free slip.

The continental crust has a total thickness of 35 km. It is subdivided into 20 km of upper
continental crust with an average felsic composition, and 15 km of lower continental
crust with an average mafic composition. The upper crust has a wet quartzite weak
rheology and the lower crust has a plagioclase strong rheology (Ranalli, 1995). The
rheology contrast within the crust often results in decoupling of upper and lower crust
(Vogt et al., 2017). The underlying lithospheric mantle is 90 km thick, and uses a dry
olivine rheology, same as the asthenosphere. The oceanic domain comprises an ocean
plate with a variable length of 675 km or 400 km and equally variable thermal age of 90
Ma, 60 Ma and 40 Ma. The oceanic crust consists of 3 km of basalts over a 5 km gabbro
layer for a total of 8 km. The thickness of the oceanic lithosphere is calculated as a
function of the chosen initial age (homogeneous for the whole oceanic plate) and an

oceanic geotherm, resulting in an oceanic lithosphere of simplified thermal structure.

To allow for subduction to initiate, an internal velocity field is prescribed within the
lithosphere, with a variable symmetric convergence rate between the two colliding
plates of 5 cm/y, 3 cm/y and 1 cm/y. The velocity field is maintained until collision, after
which the model is driven exclusively by the slab pull. Subduction initiation is facilitated
by setting up a weak zone with wet olivine rheology in the rightmost limit of the oceanic

plate (Fig. 4.5).

Thermal boundaries are defined by an upper boundary with constant temperature of 0
°C, and no heat flux across the vertical boundaries. Natural inference of Moho
temperatures displaying anomalous high temperatures during oceanic subduction up to
800-900 °C (Goes et al.,, 2020; Schutt et al., 2018). Moho temperatures were
consequently raised to a conservative 660 °C in the upper plate. This temperature rise
serves a dual purpose: on the one hand, it enhances magmatism during the collisional
and post-collisional stage of the orogenic process; and on the other hand, it accounts for

the inability of numerical models to model extensive oceans (>2000 km) that would
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produce such temperature anomalies by pre-setting an already heated Moho. The rest
of the model follows a thermal gradient of 6 °C/km until a temperature of 1330 °C, and
a quasi-adiabatic 0.5 °C/km gradient for the asthenosphere. All material properties are

summarised in Table 4.1.
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Hydrated mantle Molten wet peridotite Serpentinite
I Dry asthenosphere B Molten gabbro Sticky air
I Dty mantle lithosphere [ Molten upper crust I Sediments
Upper crust - Basalt Sea water

| Lower crust I Gabbro

Figure 4.5. Cross section of the initial setup.

It is noteworthy that these numerical simulations cannot account for the complexity of
natural collisional systems. Numerical models are not only hampered by the stability of
the model and the consequent reliability of the results, but also by the irreproducibility
of the heterogeneous rheology and lithology from nature. Likewise, the simulations use
a constant velocity field, while in nature convergence velocity can erratically change over
time, producing unpredictable results. All these factors must be taken into account when

addressing the results of the models and their representativeness of natural orogens.

O
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Upper cont. Lower cont.
Properties Mantle Weak zone Basalt
crust crust
Plagioclase
Flow law Wet quartzite Dry olivine Wet olivine Wet quartzite
(An75)
1/Ab (Pa"s)  1.97 x 10V 4.80 x 102 3.98 x 10% 3.98 x 10 1.97 x 10V
n 2.3 3.2 3.5 2.3 2.3
Ea (kJ) 154 238 532 154 154
Va (J/bar) 0.3 0.8 2.6 1 0.8
sin(¢p) 0.3-0.15 0.6-0.2 0.6-0.2 0.1-0.03 0.1-0.03
p (kg/m3) 2700 2900 3300 3300 3000
Hr
1.8 0.18 0.022 0.022 0.022
(MuW/m3)
(0.64 +807/A)  (1.18+474/A)  (0.73+1293/A) (0.73+1293/A) (1.18 +474/A)
k (W/m/K)

x exp(B) x exp(B) x exp(B) x exp(B) x exp(B)

Table 4.1. Material properties. p is the initial density; Ap is the pre-exponential factor, n
is the stress exponent, Ea is the activation energy, Va is the activation volume, @ is the
friction angle, and Hr is the radioactive heat production. For all rocks: heat capacity Cp =
1000 J/K; coefficient of thermal expansion a = 3*10° 1/K; coefficient of thermal
compressibility B = 1*10 1/MPa; A = T(K) + 77; B = 0.00004 x P(MPa).
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ARTICLE INFO ABSTRACT

Keywords: Sanukitoid (vaugnerites, appinites, durbachites) intrusions have been described in multiple locations around the
High-Mg granitoid world. Initially thought as an only basic-intermediate series, increasing interest in these rocks have pointed to the
Be_“ho“th_ . . conclusion that they represent a whole differentiation series. A distinct geochemistry with high MgO, LILE and
E;f;iz;:jat'on seres LREE (specially K, Ba and Sr) and depletion in CaO differentiates them from the standard calc-alkaline batholiths

they appear associated with. While some of such features may be inherited from the metasomatized mantle
source, no consistent explanation has been given for the singular geochemistry of the series. Accordingly, we
propose two initial hypotheses: (1) the sanukitoid array is due to the existence of a cotectic line that determines
the behaviour of the system; (2) the sanukitoid array does not represent a cotectic series, but the result of a
ubiquitous process that deviates the rocks from their ideal differentiation trend. To test the thermodynamic
behaviour of the system piston cylinder experiments were conducted at different temperatures in two pressure
series appropriate for lower and upper crust differentiation (1.0, 0.3 GPa and 1100 °C, 1050 °C, 1000 "C, 900 °C).
Two starting compositions are used: a sanukitoid enclave from Los Pedroches batholith (SW Spain) and a hydrous
synthetic glass. Experimental results show that, while 1.0 GPa runs follow the calc-alkaline cotectic, 0.3 GPa runs
follow a line that coincides with the sanukitoid series, proving the existence of a low pressure cotectic line.
However, lack of cumulates at shallow depths and low water contents in the fractionated magmas (the granites)
suggest that a complementary mechanism must be involved. The observed geochemical features may also be
accounted for by contamination by entrainment of orthopyroxene from the source or early magmatic cumulates.
This is supported by the showcased crystallization pattern, with orthopyroxene representing the liquidus phase,
the presence of amphibole clots in these rocks, and the presence of autoliths with abundant orthopyroxene in
sanukitoid intrusions. Additionally, the existence of a low pressure cotectic system induces the re-equilibration
and digestion of such entrained orthopyroxene in the liquid when reaching shallow depths, leaving a seemingly
homogeneous liquid. The two discussed mechanisms are valid, compatible, complementary and account for the
geochemical trend shown by the series.

Experimental petrology
Cotectic line

1. Introduction LREE elements (Shirey and Hanson, 1984). However, even if the exact

geochemical definition has been changing throughout time (e.g. Heilimo

Sanukitoid intrusions represent a volumetrically minor yet important
series that has been recognized in multiple places all over the world
(Fig. 1). This series was first described by Shirey and Hanson (1984) as a
particular type of Archean intrusions linked to Tonalite-Trondhjemite-
Granodiorite (TTG) magmatism, which closely resembled the high
magnesium andesites of the Setouchi Volcanic Belt (Tatsumi and Ishi-
zaka, 1982). Since then, they have been recognized as an important
component in most Archean terrains (Martin et al., 2005). Common
properties of the sanukitoid plutons include enrichment in compatible
elements, such as Mg, Cr or Ni, the latest two signifying mantle affinity;
and in large ion litophile elements (LILE), particularly Ba, Sr, K, and

* Corresponding author.
E-mail address: daniel.gomez@csic.es (D. Gomez-Frutos).

https://doi.org/10.1016/j.1ith0s.2022.106632

et al., 2010; Shirey and Hanson, 1984; Stern et al., 1989), there is an
increasing awareness that this magmatism may well represent a broader
series (Heilimo et al., 2010; Martin et al., 2005; Stern and Hanson,
1991).

Similarly, although it was initially considered to be strictly restricted
to Archean environments, recent works by Fowler and Rollinson (2012)
demonstrated that the close similarities between Archean sanukitoid
intrusions and Caledonian high Ba—Sr granites from the Scottish Cale-
donian province, denoting a link between Neoarchean sanukitoid
magmatism and the beginning of Archean subduction. Likewise, Lopez-
Moro and Lépez-Plaza (2004), Moyen et al. (2017) and Castro et al.
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(2013) realized that sanukitic features were also widespread among
monzonitic to ultrapotassic intrusions in the lIberian Variscan, the
French Variscan and the Himalayas, respectively. These may embody
the Phanerozoic analogous of the Archean sanukitoid magmatism and
showcases a potential petrogenetic link with I-type batholiths.

Regarding its origins, it is widely accepted that the origin of these
magmas entails a metasomatized lithospheric mantle probably enriched
by a subducting basaltic slab and sediments (Lobach-Zhuchenko et al.,
2008; Stern and Hanson, 1991). Lead and Nd isotopes are consistent
with the involvement of a crustal component, suggesting that crustal
recycling is a significative process in the generation of magmas (e.g.
Halla, 2005; Heilimo et al., 2013; Stevenson et al., 1999). That is
compatible with sanukitoid magmas being volatile-rich and acting as
water donors for melting of the lower crust (Castro, 2020). The study of
their petrogenesis has also been aborded by experimental petrology. The
study of Archean sanukitoids has led to several experimental works (de
Oliveira etal., 2010, and references therein). A phlogopite and pargasite
bearing lherzolite has also successfully reproduced melt with shosho-
nitic affinity between 1 and 1.5 GPa and temperatures of 1050 to
1150 °C (Conceicéao and Green, 2004). Similarly, a harzburgitic source
has been proposed as the cause of the characteristic high MgO and Mg#
values from the Setouchi original sanukites (\Wood and Turner, 2009).
Nevertheless, there is still uncertainty about whether their origin is due
to a single stage process, in which the melt acquires the sanukitoid
signature in its way to the surface; or a two-stage process, with melting
preceded by a metasomatic event (Martin et al., 2009, and references
therein; Smithies and Champion, 2000).

Whatever the case, there is undeniable evidence that sanukitoids
may represent a significant tracer in crustal recycling processes. Even if
there are significant geological inferences of the importance of these
series, the processes involving their differentiation remain poorly con-
strained. In this paper we show a meta-analysis of the world series and a
set of experiments at 0.3 and 1.0 GPa, simulating upper and lower crust
environments using sanukitoid-like starting materials. Our goal is to
determine their crystallization patterns at different depths and the
reasoning behind their differences with typical calc-alkaline trends.

LITHOS 414-415 (2022) 106632

2. The sanukitoid series

Although sanukitoids are often described as andesitic to dacitic in-
trusions (55-70 wt% SiO,; Heilimo et al., 2010), the possibility that the
‘sanukitoid suite’ define a complete magmatic series was already pro-
posed by Stern and Hanson (1991). Since then, these series have been
described worldwide, yet received several local names. Rocks sharing
the described geochemical properties are called either “sanukitoid” in
the Archean shields, “vaugnerites” in the French Variscan, “durbachites”
or “redwitzites” in the Bohemian Variscan, “appinites” or “high Sr-Ba
granitoids” in the Scottish Caledonian (Moyen et al., 2017, and refer-
ences therein).

Even if LILE and LREE signatures are important constraint regarding
their origins, the likelihood of sanukitoids representing a magmatic
differentiation series also must be evident in their major elements trend.
To further explore this possibility, we elaborated a database from
sanukitoids from all over the world. We included the most basic terms
(<50 wt% SiO,) matching the common geochemical signatures of
sanukitoids (high Mg, K, LILE and LREE). However, there is a remark-
able lack of felsic differentiated rocks in the bibliography since these
series has historically been considered basic-intermediate. All things
considered, we compiled a total of 2465 analyses. The bibliography used
for the elaboration of such database is reported in the Supplementary
Material S1.

Forasmuch as some of the most common referenced attributes of
these magmas are their high Mg and K, it is expectable to find differences
in these elements with respect to the calc-alkaline trend. Complemen-
tarily, while Ca was never a referenced characteristic of the sanukitoid
magmas, we found it is most certainly depleted. Fig. 2 offers an illus-
tration of these attributes using the CaO—MgO and the Or—An-En dia-
grams. The CaO-MgO diagram constitutes a proxy of phase equilibrium
diagrams since these components are alkali-independent and represent
the most outstanding changes in liquid compositions when decreasing
temperature. Thus, this diagram offers a clear view of the deviation of
the sanukitoid rocks, falling below the experimental, Andean-type calc-
alkaline cotectic line (Castro, 2021). This is a consequence of both the
high content in MgO and depletion in CaO. As mentioned before there is

Fig. 1. Global distribution of sanukitoid rocks from which geochemical data have been compiled (Supplementary Material S1). Map symbols represent geological
domains in which sanukitoid rocks have been identified. Digital elevation model from Amante and Eakins (2009).
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Fig. 2. Defining diagrams of the sanukitoid series (Kernel density contour plot) compared to the calc-alkaline series. Calc-alkaline series analyses from Sierra Nevada
(Lackey et al., 2008) and Patagonia (Castro, 2020) batholiths. Calc-alkaline cotectic line experimentally determined by Castro (2021). Starting materials are nor-

malised to sum 100. a) CaO—MgO diagram. b) Or—An—En diagram.

a lack of the most evolved terms, but the series show a tendency to
evolve towards the granite minimum. Complementarily and offering a
more complex view of the system, the Or—An—En diagram illustrates the
same enrichment in Or and En and depletion in An component compared
to Andean-type calc-alkaline magmatism. Overall, these two diagrams
present a detailed view of the irrefutable differences between the
sanukitoid series and the calc-alkaline series. But more interestingly,
they highlight the heterogeneity of the sanukitoid series against the
mostly homogenous calc-alkaline series. This fact offers interesting in-
sights on the petrogenetic process of each system; sanukitoid magmas
must generate in a highly variable source or by a complex, probably
multivariate process that behaves like an open system, while calc-
alkaline magmas have lower variability, and its behaviour is more
similar to that of a closed system. Moreover, a world occurring series
must inherently be a consequence of an intrinsic characteristic within
the system, discarding local assimilation processes as the primary cause.

Once demonstrated that the sanukitoid series apparently do not
follow the calc-alkaline trend, the question of the peculiar nature of the
series becomes even more crucial. We contemplate two possibilities
behind their geochemical signature: (1) The sanukitoid series follow
their own cotectic line. Their differences with the calc-alkaline

batholiths are not only superfluous, but a consequence of the existence
of a yet undetermined thermal valley. This implies they describe a full
series, meaning the existence of sanukitoid granites is theoretically
possible. (2) The sanukitoid series follow the calc-alkaline cotectic, but a
ubiquitous process deviates them from their ideal trend. While not as
fancy as a new cotectic line, the thermodynamical implications of this
possibility are equally huge. Essentially, alkaline series following the
calc-alkaline cotectic, even having significantly different geochemistry,
intrinsically imply the universality of the calc-alkaline cotectic. This
means no matter the bulk composition of a rock is, its differentiated
terms always follow the same differentiation path. An explanation for
the deviated geochemical trend must be explored in this hypothesis. To
assess the problematic of the cotectic or non-cotectic behaviour of the
sanukitoid series, crystallization experiments were performed. The
corresponding P and T values are permissible conditions at which the
crystallization process might have taken place. This experimental work
intends to constrain the differentiation processes, rather than their
genesis.
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3. Experimental set up
3.1. Experimental background

Crystallization of a high-Mg synthetic glass, close in composition to
the high-Mg andesites from the Setouchi Volcanic Belt, in contact with a
thin layer of San Carlos olivine orthopyroxene and olivine, was previ-
ously tested at 0.6 GPa (\Wood and Turner, 2009). This work puts in
value the crucial role of Mg-rich minerals (Ol, Opx) in high-Mg mag-
matism, which accounts for one of the key features of the sanukitoid
magmas. It also proposes a potential harzburgitic nature as the source of
high-Mg magmas, which enlightens one of the most debated topics
regarding these magmas. However, differences of high-Mg and sanuki-
toid magmatism have been remarked (Smithies and Champion, 2000),
being the latest geochemically closer to adakites. Volatiles are also
known to play a major role in this system, with sanukitoid magmas
bearing H,O contents that may be around 3 wt%. Moreover, the influ-
ence of intensive parameters in the differentiation process of the series is
yet to be tested. For these reasons a set of experiments using a hydrated
starting materials was programmed to test the behaviour of the system at
different temperature and pressure values.

3.2. Starting materials

The experimental runs used a sanukitoid enclave from the Pedroches
batholith (Extremadura, Spain) and a hydrous mafic synthetic glass with
3 wt% H,O. Although the two selected starting materials show differ-
ences in their SiO; and Al,O5 values, they share similar characteristic
features of the sanukitoid magmas, namely high MgO and K,O and low
CaO. The bulk composition of the glass was assembled from high purity
elemental oxides by repeated fusion at 1500 ‘C and atmospheric pres-
sure in a vertical oven. An aliquot proportion of Al,O; is added as Al
(OH); after melting to get the desired water content (3 wt%). The
starting compositions were selected using field and meta-analytical
criteria. The enclave is representative of a set of fine-grained sanuki-
toid enclaves from the Pedroches batholith, with modal plagioclase,
amphibole, biotite and oxides, likely representing quenched melts of
monzodioritic composition. Mafic synthetic glass was already used to
successfully produce granodioritic melt in contact with a tonalitic layer
(Lopez et al., 2005). Both the enclave and the glass are close to classic
sanukitoids from the Pilbara Craton and the Superior Province (Canada)
and plot in the sanukitoid series field for all diagrams (Fig. 2), matching
the composition of a hypothetical primary liquid. They also plot
reasonably within the basic-intermediate density maximum of the series
in the CaO-MgO and Or—An-En diagrams, calculated by excluding all
analyses with SiO, < 63 wt%. Particularly, in the Or—An—En diagram a
density maximum that reaches higher MgO concentrations for the
basic-intermediate terms of the series. More mafic compositions were
rejected due to the possibility of representing cumulates.

3.3. Experimental procedures and analytical techniques

Double capsule experiments were performed to minimize Fe loss and
to constrain oxygen fugacity. Inner 2 mm Au;sPds capsules contain 5
mg of sample, and outer 3 mm Pt or AusPdgs buffer capsules are loaded
with 10 mg of a magnetite, fayalite and silicic glass mix and 1 pL of water
added with a mycrosyringe. Capsules were filled, sealed by pressure
folding and introduced in a MgO (crushable magnesia) pressure
container. Experiments were conducted in a Boyd-England piston-cyl-
inder apparatus at Instituto Andaluz de Ciencias de la Tierra (CSIC —
UGR) using half inch, talc-Pyrex assemblies. Each experimental cell was
loaded with two capsules, each filled with a different starting material.
For this reason, each experiment will be named Gl for the synthetic glass
and E for the 5Q-92 enclave. Temperatures were measured and
controlled using Ptie0-Pts7Rh;3 thermocouples wired to Eurotherm 808
controllers. Two pressure series were carried out to 0.3 GPa and 1.0 GPa.
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0.3 GPa runs were performed at temperatures of 1050 °C, 1000 °C and
900 °C, while 1.0 GPa runs reached 1100 °C and 900 “C. All assemblies
were initially pressurized to the objective P and 1200 °C and held for 3 h.
Higher homogenization times were not considered to prevent Fe loss.
Once that time had passed the experiments were cooled to the objective
T at 10 *C/h, although D21-3 run used a faster 30 ‘C/h cooling ramp.
Experiments were held for up to 41 h at the final temperature and then
guenched by switching off the power. A complete list of run conditions
and experimental results is reported in Table 2.

Analyses of major elements of mineral phases and glasses of exper-
imental capsules were performed with a JEOL JXA-8200 Superprobe
equipped with 4 spectrometer WDS at the University of Huelva. Oper-
ation conditions were 15 kV for accelerating voltage and 20 nA for beam
current. A combination of silicates, oxides and pure metals were used for
calibration and ZAF correction procedures (wollastonite for Ca and Si,
jadeite for Na, orthoclase for K, corundum for Al, periclase for Mg,
metallic Fe and Ti for Fe and Ti). A defocused beam 10 um diameter was
used for glass analyses to minimize Na migration. Phase analyses were
performed applying a smaller diameter beam when necessary (1-5 pm).
Bulk compositions of the starting materials (Table 1) were determined
by XRF using major pearls routine, analysing SiO,, TiO,, Al,Os, Fe 3T,
MnO, MgO, CaO, Na,;0, K0, P,Os and LOI with a measurement accu-
racy superior to 0.2-0.3 wt% relative.

4. Experimental results
4.1. Attainment of equilibrium

When performing experiments to test the thermodynamic behaviour
of a system the attainment or close approach to equilibrium is an evident
prerequisite. Samples were heated to near-liquidus temperatures and
held for 3 h to homogenize the melt and eliminate relict crystals of the
5Q-92 enclave. The method was mostly successful except for very few
and small (<10 pm) relict plagioclase cores in D20-8 enclave experi-
ment and some corundum cores in experiments with the synthetic glass.
In addition, even if reversal experiments were not performed, there is
evidence that suggest equilibrium was attained. Most of the experiments
have a large proportion of liquid (up to 80% in the highest temperature
runs) and show a positive corelation between fraction of liquid and
temperature. The evolution of major elements is consistent with varying
intensive parameters, resembling a differentiation trend. In the whole
set of runs silica increases when decreasing temperature, while #Mg and
Ca steadily decrease when decreasing temperature (Fig. 3). Phases are
usually euhedral and manifest well developed mineral faces. They also
showcase standard deviations of less than 2% relative for all the major

Table 1
Composition of the starting materials.

Starting materials Model compositions

Synthetic glass 5Q-92 Pilbara Suite' Superior Province?
SiO2 54.71 60.36 61.86 58.95
TiO2 1.35 0.88 0.51 0.54
Al,0s 20.57 15.59 14.48 17.79
FeOt 7.27 6.03 5.64 5.22
MgO 4.38 4.30 4.17 4.58
MnO 0 0.13 0.08 0.10
CaO 4.85 5.34 4.67 4.94
Na.O 3.28 3.97 3.91 4.21
K20 3.60 217 1.8 31
P20s 0 0.52 0.24 0.30
LOI - 0.7 2 -
Total 100 100 97.36 99.73

Composition recalculated to an anhydrous base. Synthetic glass starting material
contains 3 wt% H20 as Al2(OH)s. Total iron as FeO.

1 Pilbara suite sanukitoid; Smithies and Champion (2000).

2 Roaring River Valley Complex. Canadian Superior Province; Stern et al.
(1989).
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Fig. 3. Variation of the #Mg [= molar MgO/(MgO + FeOT)] with temperature of experimental runs. Regular decrease in #Mg when decreasing T indicates that
thermodynamic equilibrium was achieved. The phase contributing to the increase in #Mg as melting progresses is essentially orthopyroxene.

components and less than 10% for the accessory phases (except D21-3
run, see Section 4.2). As an additional test, experimental conditions
were calculated with orthopyroxene-liquid thermometry (Putirka,
2008). Calculated conditions using this method were accurate, with
temperatures within a range of +10 °C and pressures of +0.1 GPa.
Likewise, we used the same approach to test the existence of thermal
gradients in some experiments by using Opx-liquid pairs of each end of
the capsule. A maximum of 20 °C difference was revealed, which is
negligible for the purpose of testing the cotectic behaviour of a system,
but enough to justify the small variations in the thermo-barometric
calculations. Since double capsule experiments were performed using
QFM buffer, oxygen fugacity was measured at about AQFM #1 using the
Mgt-liquid equilibrium (Aratd  and Audétat, 2017), excepting for
D20-12 that showcases an fO, of nearly ~QFM +3 (Table 2).
Nevertheless, even if there are strong inferences to assume equilib-
rium was attained, there are some other considerations worth
mentioning. Clinopyroxene tend to nucleate around orthopyroxene with
5Q-92 starting composition, resulting in mixed pyroxene aggregates
(Fig. 4). However, most crystals are still euhedral to subhedral, and glass
compositions are consistent with their synthetic glass starting material
counterparts, which never show this kind of crystal zoning. It is also
worth noting this kind of peritectic reaction is also observed in rocks,
where orthopyroxene is commonly being consumed to form

Table 2
Experimental conditions and assemblages.

clinopyroxene around it. For these reasons, it is unlikely that this phe-
nomenon has had any significant effect on the phase equilibria.

4.2. Experimental results

Synthesized products consist of mostly homogenous glass and min-
eral assemblages that include plagioclase and orthopyroxene as ubig-
uitous phases, and varying proportions of clinopyroxene, biotite,
olivine, magnetite, ilmenite, spinel and apatite (Table 2). Relic
corundum left after the addition of AI(OH); as water carrier was
observed in all the synthetic glass runs. However, its proportions are
always lower than 1% and its effects on the bulk composition of the
system may be negligible. Glass and phase proportions were determined
by least-square multiple regression, balancing the bulk chemical
composition of the sample with the optimal proportions of the run
products (Fig. 5). Calculations were performed using the Solver tool of
the Microsoft Excel® spreadsheet MINSQ (Herrmann and Berry, 2002).
For some of the runs, image analysis was the preferred method due to
better accuracy of the modal estimations. Compositional images (back
scattered electron images) and ImageJ software (Rasband, 1997-2018)
were used in the latest case, followed by a final mass balance adjust-
ment. Reliability of the results is supported by standard deviations lower
than unity for most of the product glass compositions for key elements

Run P T Duration Cooling ramp Starting material log fO2 Phase assemblage and proportions (wt%)
(GPa) (C) (h) (°’C/h) (*AQFM)

D21-3 0.3 1050 13 30 5Q-92 Enclave -0.4 Gl (68) + Opx (5) + Cpx (6) + Pl (17) + Ap (<1) Mgt® (4)*
Synthetic glass -0.8 Gl (68) + Opx (6) + Ol (2) + PI (19) + IIm (1) + Mgt® (4)*

D20-6 0.3 1000 29 10 5Q-92 Enclave +0.8 Gl (58) + Opx (9) + Cpx (10) + PI (23) + Ap (<1) + Mgt® (4)*
Synthetic glass +0.1 Gl (65) + Opx (11) + PI (18) + Sp (3) + IIm (3)*

D20-12 0.3 900 29 10 5Q-92 Enclave +2.9° Gl (46) + Opx (6) + Cpx (10) + Ol (2) + P1 (32) + Mgt (3)*
Synthetic glass +2.74 Gl (43) + Opx (2) + Ol (8) + PI (39) + Mgt (3) + Sp (5)*

D20-7 1.0 1100 28 10 5Q-92 Enclave +0.9 Gl (71) + Opx (7) + Cpx (6) + PI (13) + Ap (<1) + Mgt (3)*
Synthetic glass -0.4 Gl (81) + Opx (3) + Ol (1) + Amp (4) + Bt (3) + PI (5) + Sp (2) + lIm (2)°

D20-8 1.0 900 41 10 5Q-92 Enclave +0.3 Gl (44) + Opx (8) + Cpx (10) + PI (34) + Mgt (4)*
Synthetic glass -0.5 Gl (39) + Opx (6) + Bt (14) + Pl (36) + Mgt (5) + Sp (<1)*

Phase abbreviations are as follows: Gl, glass; Opx, orthopyroxene; Cpx, clinopyroxene; Ol, olivine; P, plagioclase; Mgt, magnetite; Sp, spinel; IIm, ilmenite; Ap, apatite.

1 Modal proportion obtained by image analysis via ImageJ software.

2 Modal proportions obtained by MINSQ spreadsheet (Herrmann and Berry, 2002).

2 Fictive magnetite added using the analysis of a magnetite of the other starting material that may be either non-observed magnetite, Fe loss or both. Available
magnetite of closest experiment using the same starting material was used for each case (e.qg. fictive Mgt of D21-3E run used D20-12E Mgt).

4 Glass measurements for fO2 estimation performed in small pools, probably causing the analysis to be contaminated by the surrounding phases.
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bl 0.3 GPa - 1050 °C

Fig. 4. Backscattered electron images of representative sections of each experimental run. Each image is labelled with run number, starting material (E, 5Q-92
enclave; Gl, synthetic glass) and temperature. Phase abbreviations are as follows: GI, glass; Opx, orthopyroxene; Cpx, clinopyroxene; Ol, olivine; Amp, amphi- bole;
Bt, biotite; PI, plagioclase.
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Fig. 5. Variations in modal proportions with temperature in the experi-
mental runs.

such as Ca, Mg or K. Higher standard deviations are an exception for
some of the glasses and mineral phases, and particularly D21-3, which
shows the largest deviations (slightly above 1%). These are the conse-
guence of the existence of a thermal gradient inside the long, double
capsule assemblies. It is worth mentioning that all the measured glass
compositions for each capsule follow a linear trend which resembles a
differentiation trend following the sanukitoid array density maxima
(Fig. 6). Since this experimental work is oriented to determine the
composition of cotectic liquids, the existence of such small thermal
gradient do not invalidate the results, but further support the idea that
the obtained liquids follow a cotectic array. Exact temperature mea-
surement is irrelevant since the purpose is to see whether the quenched
liquids follow a sanukitoid cotectic array or not. The fact that these
variations are systematic with a temperature gradient in a linear path
and the coherence of the most variable results within the whole context
supports the reliability of D21-3. Furthermore, the latest being the
experiment with the largest variability and gradient, and still in agree-
ment with the rest of the results, further supports the consistency of the
experimental results. Extrapolation of the linear trend displayed by the
experimental glasses also intersect the starting materials (Fig. 6).
Regarding mineral phases, most of them are also homogeneous. Higher
standard deviations for oxides are due to analytical uncertainties given
the small size of the crystals. The high Al,O; of orthopyroxene can be
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partially explained by the high alumina content of the starting materials,
particularly the synthetic glass (similar to that of a high alumina basalt),
and partially explained by heterogeneous nucleation of orthopyroxene
over high-Al spinel. Nevertheless, differences in the alumina content do
not affect the orthopyroxene/liquid Fe/Mg partitioning, evidenced by
the constant #Mg of the orthopyroxene when comparing runs at the
same temperature (compare for instance Opx of D20-8; Fig. 3).

Due to the presence of magnetite in some of the experiments, precise
calculations using mass balance is not a reliable method for estimating
the exact Fe loss. Mass balance using magnetite cannot differentiate Fe
redox state. Since +1% of modal magnetite has an amount of Fe equal to
a hypothetical +10 wt% relative of Fe loss, mass balance can over-
estimate magnetite to compensate the actual Fe loss. Contrarily, calcu-
lations with experiments with no observed magnetite may result in Fe
loss maximums of ~30 wt% relative that partially can be unobserved
magnetite. Excluding a few cases, mass balance calculations improve
when a fictive magnetite is added, including elements that are not
present in the magnetite, leading to residuals near unity. For this reason,
a fictive magnetite phase using the composition of the closest temper-
ature run using the same starting material is utilized for the mass bal-
ance calculations in experiments that lack such phase and show such Fe
loss maximums, regardless of it being non-observed magnetite, Fe loss or
both. This uncertainty cannot be quantitatively solved. However, ex-
periments with analysed magnetite suggest that, even if part of that low
percentage was Fe loss, it would not exceed ~15 wit% relative. It is only
expectable that the rest of the experiments using the same methodology
will have roughly similar Fe loss. Moreover, preventive methods were
performed to minimize Fe loss. For these reasons, inferences suggest Fe
loss was not significant regarding phase equilibria.

Major element compositions of the experimental glasses and phases
are given in Table 3. Modifying temperature only induces different melt
compositions along the cotectic line. However, differences between the
two pressure series products are more remarkable. 1.0 GPa pressure
series perfectly fall in the calc-alkaline experimental cotectic, but more
interestingly, all experimental liquids from 0.3 GPa pressure series fit
into a logarithmic curve that represents the main sanukitoid cotectic
array in the CaO—MgO diagram (Fig. 6). 0.3 GPa experimental liquids
fall within the ranges of sanukitoid series density maximum for CaO—
MgO diagram, and follow their tendency shown in the Or—-An-En
diagram. D20-12 is the lowest temperature experiment, and thus pro-
duced a granitic melt (SiO, > 63 wt%) which is distant from the density
maximum but follow the sanukitoid array. The rest of the melts for the
0.3 GPa pressure series are mostly andesitic (SiO, = ~60%) but show
some variation due to the temperature gradient in the assemblies. It is
also worth noting that the adjusted logarithmic curve perfectly follows
the density maximum in the CaO—MgO diagram for the whole world
series.

5. Discussion

Results from this study put in value the role of pressure in the ther-
modynamic behaviour of the sanukitoid system. 1.0 GPa pressures,
proxying the conditions of the lower crust, produce standard, Andean-
type calc-alkaline differentiates. However, 0.3 GPa runs provide unde-
niable evidence of the existence of a low pressure sanukitoid cotectic
liquid line of descent. Relatively similar experimental compositions
between 1000 °C and 1050 °C are coherent with the crystallinity curve
of the system, with a drastic increase in crystallinity of >20% below
1000 °C. Likewise, crystallization of clinopyroxene at expense of
orthopyroxene not only is not a sign of disequilibrium, but an observed
common feature of sanukitoid rocks. Orthopyroxene-clinopyroxene
peritectic reaction likely starts at 1100 °C, nearly 100 ‘C below the
estimated liquidus of the system. Clinopyroxene has crystallized only in
experiments using 5Q-92 enclave, probably due to the higher proportion
of CaO compared to that in the synthetic glass. Instead, biotite is only
present in the 1.0 GPa synthetic glass runs. An explanation may be
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Fig. 6. Comparison of sanukitoids and Andean-type calc-alkaline series with experimental liquids. a) and b) individual glass measurements; c) and d) average for
each temperature run. Dashed line represents the tendency curve of the glasses fitted to a logarithmic fit. Note the curve follows the maxima of the sanukitoid Kernel
density diagram (background). Extrapolation of the tendency curve also intersect the starting materials.

synthetic glass has higher abundance of FeO and Al,Os, and its experi-
ments are characterized by higher Al,O3; contents in all phases regard-
less of the pressure, the only exception being D20-7 E, that also displays

Initially, two hypotheses were established concerning the sanukitoid
distinct series geochemistry. The series may either be the result of (1)
cotectic differentiation or (2) calc-alkaline differentiation deviated by a
ubiquitous process. Since low pressure differentiation has been proved
to consistently segregate high-Mg and low-Ca sanukitoid-type melts, it
can be in principle assumed that this as a potential cause for such
geochemical features. However, even if the results seem to point in a
single direction, shallow emplacement and differentiation, as the only
mechanism responsible for the sanukitoid series, has some drawbacks

worth discussing. For this reason, both initial hypotheses will be
reviewed in the following lines.

5.1. Hypothesis 1: differentiation at low pressure

The first possibility for sanukitoid signature is also the most imme-
diate regarding the results of the experiments, in which, sanukitoid se-
ries are controlled by low-pressure differentiation. That is, the
behaviour of the system is thermodynamically fixed by a cotectic liquid
line of descent (Fig. 7). Moreover, obtained granitic melt from D20-12
run provides significant evidence that the series can produce granites.
This is of special value considering that a mantle-derived andesitic
system can be responsible for the generation of volumetrically
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Table 3
Electron microprobe analyses of the experimental products.
Run P (GPa) T(C) Phase n SiO, TiO, Al,03 FeO” MnO MgO Ca0 Na0 K0 P20s F/LOI Total #Mg
5Q-92 Enclave
21-3E 0.3 1050 Gl 10  63.12 1.17 16.42 1.68 0.09 1.82 3.36 4.22 3.60 0.61 96.23 0.66
2.58 0.16 0.52 1.00 0.04 0.78 1.33 0.14 0.55 0.25 0.52
Opx 11 55.71 0.35 2.93 6.36 0.36 31.68 2.20 99.59 0.90
0.69 0.06 0.76 0.24 0.04 1.02 0.54 0.46
Cpx 9 51.89 1.10 4.20 4.04 0.33 18.42 19.37 0.34 0.11 99.98 0.89
1.19 0.40 1.27 0.53 0.03 1.34 1.44 0.04 0.07 0.46
ol 1 39.25  0.03 0.08 10.28 0.33 48.34 0.17 0.03 1.24 99.84 0.89
PI 6 56.91 0.13 27.35 0.29 0.02 0.13 9.50 5.63 0.49 0.09 100.75 0.44
0.51 0.03 0.37 0.03 0.01 0.04 0.36 0.28 0.04 0.04 0.46
Ap 2 29.26 054 7.71 0.63 0.06 0.94 31.71 0.57 1.17 24.78 2.87 99.05 0.72
6.69 0.08 1.99 0.09 0.02 0.01 6.00 0.21 0.19 4.51 0.08 1.33
20-6 E 0.3 1000 Gl 13 61.29 1.66 16.46 2.67 0.09 141 2.73 3.69 4.11 94.57 0.48
1.04 0.20 0.45 0.52 0.02 0.33 0.39 0.12 0.08 0.51
Opx 12 52.88 0.43 2.36 13.82 0.42 26.94 2.20 99.07 0.78
0.71 0.11 0.52 0.98 0.04 0.60 0.48 0.84
Cpx 2 51.82 0.49 2.92 6.80 0.38 19.81 15.32 0.52 98.06 0.84
0.17 0.08 0.22 0.80 0.01 0.06 1.23 0.05 0.30
PI 9 56.74  0.07 26.34 0.21 7.73 6.31 0.77 98.15 0.00
1.26 0.03 0.87 0.08 0.89 0.47 0.31 0.32
Ap 3 0.47 0.07 0.04 0.35 0.06 0.08 54.79 0.07 0.11 4091 453 99.57 0.28
0.08 0.04 0.02 0.13 0.01 0.05 0.86 0.02 0.05 0.26 1.09 0.89
20-12 E 0.3 900 Gl 8 69.08 1.12 14.25 1.70 0.05 0.57 1.14 3.54 5.72 0.41 97.90 0.37
0.42 0.07 0.13 0.13 0.02 0.12 0.18 0.38 0.09 0.10 0.51
Opx 6 53.35 0.41 3.60 10.86 0.42 29.48 1.98 100.11 0.83
0.94 0.09 1.01 0.78 0.11 0.70 0.30 0.60
Cpx 13 48.43 1.46 5.42 9.07 0.36 15.37 18.80 0.47 0.15 99.54 0.75
1.05 0.32 1.01 0.34 0.07 1.07 1.08 0.05 0.07 0.24
ol 10  39.17 0.02 0.06 14.72 0.52 44.83 0.16 0.68 100.15 0.84
0.27 0.01 0.02 0.45 0.08 0.39 0.01 0.16 0.41
PI 9 57.29 0.12 26.18 1.16 9.00 5.90 0.63 0.06 0.02 100.35 0.00
0.49 0.03 0.37 0.09 0.48 0.20 0.05 0.01 0.33
Mgt 7 0.22 8.42 2.47 73.28 0.82 5.21 0.12 0.04 0.08 0.02 0.04 91.10 0.11
0.10 0.43 0.13 0.65 0.12 0.18 0.03 0.05 0.01 0.02 0.04 0.80
D20-7 E 1.0 1100 Glass 17 56.51 1.02 19.82 2.79 0.11 2.24 4.50 2.44 1.81 91.25 0.59
0.77 0.09 0.58 0.08 0.03 0.33 0.33 0.14 0.11 0.76
Opx 9 49.70  0.61 10.12 9.33 0.33 28.46 0.81 99.36 0.84
0.87 0.07 1.03 0.44 0.04 0.62 0.14 0.71
Bt 5 36.92 4.32 16.83 7.23 0.06 19.45 0.06 1.07 8.07 94.01 0.83
1.35 0.38 0.59 0.62 0.03 1.05 0.02 0.08 0.46 1.10
Pl 8 53.11 0.06 29.65 0.25 10.94 4.82 0.34 99.17 0.00
0.52 0.04 0.18 0.05 0.42 0.23 0.03 0.41
1im 2 20.91 64.32 7.53 1.68 0.04 0.52 1.61 0.72 0.38 97.71 0.36
8.62 14.61 1.84 0.24 0.01 0.24 0.07 0.26 0.12 3.73
Sp 2 3.97 0.35 53.02 15.11 0.24 16.32 0.53 0.12 0.17 97.35 0.66
4.25 0.12 3.01 0.26 0.01 2.29 0.69 0.14 0.22 5.23
D20-8 E 1.0 900 Glass 11 68.67 0.20 13.33 1.10 0.07 0.18 0.90 2.56 5.03 92.16 0.22
0.59 0.02 0.32 0.07 0.02 0.03 0.08 0.13 0.16 0.43
Opx 10 51.58 0.35 3.79 13.04 0.39 27.12 2.04 98.30 0.79
0.93 0.08 0.82 1.57 0.07 1.04 0.27 1.20
Cpx 9 4999 072 3.86 9.26 0.40 16.69 16.74 053 0.05 98.33 0.76
0.83 0.19 0.87 0.52 0.04 1.23 0.93 0.06 0.02 0.63
PI 20 56.15 0.06 26.86 0.41 8.23 6.12 0.77 98.60 0.00
2.05 0.04 111 0.14 1.33 0.65 0.26 0.66
Mgt 5 0.77 29.85 0.59 60.36 0.58 1.27 0.38 0.04 0.13 93.99 0.04
0.48 1.77 0.07 1.50 0.08 0.21 0.41 0.02 0.02 0.43
Synthetic glass
21-3 Gl 0.3 1050 Gl 7 60.10 1.24 17.42 4.75 2.20 2.83 271 4.47 95.83 0.45
3.30 0.30 0.62 1.43 0.79 1.02 0.15 0.73 0.46
Opx 11 49.30 0.90 9.63 14.11 25.52 0.67 0.09 0.06 100.36 0.76
0.67 0.19 0.95 112 0.95 0.10 0.15 0.05 0.33
ol 4 38.01 0.06 0.07 22.55 39.28 0.12 100.09 0.76
0.43 0.02 0.05 0.86 0.60 0.02 0.68
Pl 7 51.31 0.13 30.80 0.84 0.18 12.96 3.52 0.54 100.00 0.41
0.45 0.07 0.36 0.11 0.10 0.62 0.08 0.11 0.63
1im 2 6.34 48.39 2.58 34.60 7.51 0.42 0.27 0.49 100.67 0.27
2.09 0.92 0.18 4.74 2.03 0.013 0.20 0.15 0.92
20-6 Gl 0.3 1000 Glass 18  58.15 1.38 18.82 4.11 173 291 2.85 4.53 94.47 0.43
1.50 0.42 0.43 0.35 0.45 0.48 0.07 0.12 0.58
Opx 12 49.01 0.60 8.72 13.23 26.92 0.92 99.40 0.78
1.43 0.15 2.03 0.97 1.08 0.21 0.60
Pl 8 52.02 0.08 29.38 0.45 11.33 4.30 0.77 98.33 0.00
0.57 0.02 0.50 0.07 0.37 0.28 0.08 0.27

(continued on next page)
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Run P (GPa) T(C) Phase n SiO, TiO2 AlOs FeOT MnO MgO CaO Na0O K20 P20s F/LOI Total #Mg
1Im 1 1.62 43.93 1.90 40.49 5.70 0.38 0.09 0.32 94.43 0.20
Sp 2 0.75 0.50 59.21 21.47 16.23 0.09 0.05 0.09 98.39 0.57
0.59 0.05 0.33 0.75 0.22 0.01 0.05 0.02 0.24

20-12 Gl 0.3 900 Gl 9 67.66 1.09 16.02 2.09 0.62 0.89 3.04 7.32 98.72 0.34
0.94 0.18 0.40 0.20 0.08 0.12 0.09 0.16 0.42

Opx 5 48.89 0.89 8.70 13.99 26.43 0.68 99.58 0.77
0.50 0.20 0.33 1.07 0.51 0.07 0.47

ol 9 37.93 0.09 0.19 23.86 38.32 0.13 100.52 0.74
0.57 0.09 0.12 0.45 0.79 0.02 0.52

PI 7 53.68 0.12 28.69 0.67 11.20 452 0.88 99.76 0.00
1.02 0.02 1.08 0.07 1.04 0.44 0.23 0.45

Sp 4 0.84 2.20 43.68 36.42 12.42 0.08 0.03 0.08 95.74 0.38
0.89 0.56 4.18 4.48 1.99 0.03 0.01 0.04 1.34

Mgt 8 0.56 10.48 11.41 64.81 5.69 0.13 0.05 0.12 0.07 93.23 0.14
0.46 211 3.59 5.73 0.96 0.09 0.05 0.03 0.03 1.82

D20-7 Gl 1.0 1100 Glass 17 56.10 1.06 19.47 3.36 1.88 4.82 312 3.07 92.87 0.50
1.37 0.20 0.38 0.19 0.44 0.56 0.34 0.41 0.78

Opx 8 49.21 0.80 9.13 11.49 27.11 1.26 98.99 0.81
0.50 0.16 0.71 0.65 0.79 0.36 0.47

ol 3 38.79 0.03 0.05 16.45 44.54 0.11 99.96 0.83
0.63 0.02 0.01 1.18 0.16 0.00 0.53

Amp 8 39.68 3.63 16.58 9.81 13.30 10.73 2.15 1.16 97.05 0.71
0.66 0.59 0.59 0.62 0.41 0.36 0.10 0.17 0.60

Bt 10 36.81 4.83 17.79 9.13 16.76 0.10 0.83 9.01 95.26 0.77
0.98 0.48 0.46 1.46 1.25 0.12 0.10 0.29 0.86

PI 10 55.01 0.05 28.28 0.46 10.33 511 0.58 99.82 0.00
0.67 0.03 0.51 0.03 0.26 0.18 0.05 0.43

Sp 7 0.18 0.37 62.17 15.51 19.43 0.06 0.02 0.03 97.75 0.69
0.08 0.04 2.01 0.75 0.78 0.02 0.01 0.01 2.07

1Im 1 411 48.40 1.98 36.53 7.22 0.47 0.20 0.24 99.17 0.26

D20-8 Gl 1.0 900 Glass 10 64.38 0.20 14.97 1.41 0.41 1.41 3.08 4.36 90.21 0.34
1.06 0.09 0.45 0.08 0.03 0.11 0.11 0.07 0.64

Opx 9 48.10 0.67 9.76 13.16 26.62 1.15 99.46 0.78
0.70 0.09 0.92 0.27 0.48 0.20 0.41

Bt 12 36.23 5.04 17.12 11.13 16.37 0.04 0.66 9.17 95.76 0.72
0.37 0.59 0.65 0.72 0.58 0.03 0.03 0.15 0.48

PI 10 53.36 0.07 28.98 0.49 10.52 4.89 0.68 98.99 0.00
1.17 0.03 0.67 0.08 0.83 0.51 0.06 0.29

Mgt 7 0.37 15.50 5.47 70.16 2.12 0.15 0.07 0.07 93.88 0.05
0.32 11.49 4.40 6.75 119 0.11 0.07 0.02 0.77

Sp 1 0.47 0.54 53.92 32.17 10.92 0.05 0.03 0.08 99.27 0.38

n, number of analyses. Numbers in italics below each wt% are standard deviations. Higher standard deviations in oxides are due to the small size of the crystals.

meaningful granitic bodies. Considering the tendency shown by the
experiments we can also assume the series will match the granite min-
imum at lower temperatures, sharing a eutectic composition with calc-
alkaline batholiths. A eutectic fixed composition for the differentiation
products of two different parental magmas implies well-known granites
may have resulted from either of them. Further criteria must be devel-
oped to distinguish between calc-alkaline granites and sanukitoid
granites.

Nevertheless, while shallow depth differentiation will most likely
account for some of the cases, there are strong arguments against this
being the principal cause of the whole series. Even where large in-
trusions are described (e.g. those in the Karelian province, the Caledo-
nian province or the French Massif Central), ultra-mafic rocks
potentially representing cumulates are scarce. Only a few local ultra-
mafic dikes and small plutons are described in some specific places,
such as the Karelian province in the Baltic Shield (Lobach-Zhuchenko
et al., 2005, 2008), Caledonian province (Fortey et al., 1994) and the
Iberian Massif of Spain (Galan and Suarez, 1989). They are referenced to as
‘cortlandtites’ (Bender et al., 1982), and are described as olivine,
orthopyroxene and amphibole-rich rocks, with little to no plagioclase.
Note that the occurrence of these ultra-mafic bodies is anecdotic
compared to the volume of sanukitoid plutons, and the latest being a
consequence of low-pressure differentiation inherently implies more
abundant cumulates. Moreover, since residues are colinear with the
differentiation path, a Ca-richer composition is invoked for the cumu-
lates (see 0.3 GPa experimental residues having CaO = 10 wt% in CaO —
MgO diagram in Fig. 7). Cortlandtites are mainly constituted by Mg-rich

minerals and have plagioclase in accessory proportions at best, not
matching this hypothetical composition.

Another fundamental problem with differentiation of sanukitoids to
produce granites is their initial water contents. Intermediate rocks are a
common feature in Andean-type batholiths, mostly characterized by
having euhedral amphibole. This denotes high initial water contents for
the parental magma of these rocks of up to 6 wt%, as such is required for
a near-liquidus precipitation of amphibole. Fractionation of such
parental magma implies that the produced granodiorite, tonalites or
granites must showcase water contents higher than 10 wt%, which is
totally unrealistic (Castro, 2020).

For these reasons, even if thermodynamics supports the sanukitoid
series being the result of differentiation, including granitic terms, there
is a severe lack of natural inferences for this hypothesis to be single-
handedly responsible for most of the series.

5.2. Hypothesis 2: restite/cumulate self-contamination

The second hypothesis explores the sanukitoid series being the result
of contamination of magmas that initially had standard calc-alkaline
features. There are two considerations to be made in this regard. First,
since a local assimilation process cannot account for a homogeneous and
worldwide occurring series, a potential contamination process must be a
consequence of an intrinsic characteristic of the sanukitoid system.
Thus, contamination with cogenetic solid material (cumulates or resti-
tes) can be responsible of the observed geochemical variations. And
second, the abundance of cumulates from the sanukitoid array at
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shallow depth is trivial compared to the volume of the batholiths or even
the sanukitoid plutons, hence the contamination must occur well before
the emplacement of the melt. Experimental results proved that a sanu-
kitoid system produce calc-alkaline differentiates at 1.0 GPa. Differen-
tiation of andesitic mantle magmas at such pressure leaves a refractory
residue in the lower crust, which is supported by the mafic nature of the
lower crust. This also contributes to the CaO depletion of the series via
plagioclase fractionation, since granulitic lower crust is mostly CaO
enriched. All in all, these factors lead to a unique conclusion: the hy-
pothetical contamination takes place in the source of the melt before
and/or during extraction.

When discussing the material that the contamination process took

place with, varied accidental rocks from the lower crust are discarded
due to the worldwide common and homogeneous features of the series.
The only non-variable, intrinsic process to the series that may account
for the observed trend is self-contamination. The initially calc-alkaline-
like magma mixes with a Mg-rich, Ca-poor material at the early stages of
differentiation. Calc-alkaline differentiation residues are colinear with
their products as shown by Castro (2021). Thus, mixing lines between
calc-alkaline magmas and their residues should follow the calc-alkaline
cotectic and cannot account for the trend observed in the sanukitoid
series. Given these considerations we find two possibilities for the nature
of the contaminating agent.
Assuming a classic model of lower crust melting (Annen et al., 2006),



5. Results

D. Gémez-Frutos and A. Castro

a melt generated in the lower crust can contaminate with the sanukitoid
parental magma to produce high-Mg melts. A potential mix of end
members, one being the sanukitoid parental magma and the other being
an intermediate melt that falls in the granite minimum, lead to
sanukitoid-like compositions. Different proportions between the two
may lead to the variability observed in the series. Nevertheless, that
hypothetical crustal melt must be at temperatures of around 800 °C to
have granitic composition in this system. Assuming a contamination
with a sanukitoid parental magma, it must have occurred at the early
stages of magma generation since that is the only stage in which the
availability of such magma is abundant. In the early stages of magma
segregation within this context, temperatures of 800 °C are unlikely to
produce a significant volume of crustal melt in the absence of unreal-
istically high amounts of water. If such proportions of volatiles reached
the lower crust and melt it, there will be evidence of euhedral amphibole
in rocks from the lower crust and differentiates may be even more water-
rich than the parental magma. Contrary to that, most batholiths register
low water contents. Thermo-mechanical behaviour of two magma
bodies with contrasting temperatures (crustal magma at ~800 °C,
sanukitoid magma at ~1150 °C) also stands out as a problem for this
model. Thermal diffusion is significantly higher than ionic diffusion
(Sparks and Marshall, 1986), and if the two mentioned magmas are in
contact sanukitoid may quickly suffer undercooling and drastically rise
its crystallinity degree, experimentally proved to happen between 1100
and 1000 °C. This leads to ineffective magma mixing, and magma
mingling relations will be abundant. However, evidence point to an
effective process, with a variable series that ranges from the most basic
terms to the most acid.

According to experimental results and thermodynamic criteria,
orthopyroxene is likely the liquidus phase in the sanukitoid system.
Experiments have also proved that it is the only ever-present mafic
phase. It is plausible to assume that the residues from earliest stages of
differentiation are mainly constituted by orthopyroxene, and their
abundancy in the lower crust must be high since there is little evidence
of them in shallow depths. The already proposed harzburgitic source
(Wood and Turner, 2009) further supports the idea of a Mg-rich envi-
ronment for the early differentiation of this system and is also consistent
with the observed CaO depletion of the series. High availability of Mg in
the source, especially in the form of orthopyroxene-rich cumulates, is
coherent with a self-contamination leading to an apparently Mg-rich
liquid line of descent. Concisely, the parental magma carries orthopyr-
oxene cumulates via self-contamination before it even starts to differ-
entiate, geochemically conditioning the future differentiation from the
very beginning. Another possibility is the contamination with biotite, an
also Mg-rich phase present in metasomatized mantle sources. The effi-
ciency of this contamination process may be quantitatively tested in
comparison with that of the orthopyroxene. Using a model composition
following calc-alkaline cotectic (e.g. D20-7 Gl run liquid), a contami-
nation with ~10% of average biotite (~13 wt% MgO) is required for the
initial composition to move into the sanukitoid cotectic array. More
phlogopitic compositions would lead to more efficient reproduction of
the high-Mg series with less amount but would also produce excess K,O.
The same operation may be performed using the average composition of
experimental orthopyroxene obtained in this work (~28 wt% MgO),
testing this way the self-contamination process with residues of the own
system. Unsurprisingly this calculation leads to a significantly more
efficient contamination process, only requiring a ~ 2% of average
orthopyroxene to reproduce the high-Mg signature (Fig. 7). For these
reasons, while the contamination with biotite is most certainly occurring
given the K,O abundancy of the series, we find orthopyroxene
contamination to be the most efficient process to account for the high-
Mg signature. Petrography observations also support this interpreta-
tion. Most sanukitoid rocks exhibit abundant amphibole clots (Castro
and Stephens, 1992) that likely were initially orthopyroxene aggregates.
Likewise, orthopyroxene-rich autoliths abundance agrees with these
considerations, being the non-digested remanent of the initial
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contaminating agent and having the same composition as the sanukitoid
magmas.

5.3. Compatibility of the models

The above-discussed hypotheses are by no means incompatible since
experimental results prove that fractional crystallization of a sanukitoid
mafic magma segregates high-Mg differentiates which follow a cotectic
path. The mixing proportion with cumulates determines the degree of
deviation of the melt from the Andean-type, calc-alkaline trend.
Furthermore, if a fast extraction of a nearly uncontaminated melt takes
place and it evolves in shallower depths, the apparent trend observed
would be the same as a cumulate contaminated sanukitoid melt,
although the main cause of its geochemistry would be drastically
different.

The thermodynamic value of a low-pressure cotectic line is beyond
the origin of the sanukitoid series. This experimental work puts in value
the importance of low-pressure cotectic systems as re-equilibration
agents during magma emplacement. When a supposedly restite
contaminated magma from a metasomatized mantle reaches shallow
depths, no matter how much excess MgO in the form of orthopyroxene it
brings from the source, the low-pressure system will re-equilibrate the
liquid into a Mg-rich cotectic composition, thus dissolving all restitic
phases into the liquid. Note this process is not utterly efficient since it
would take ideal emplacement conditions and a long period of time to
wholly homogenize such melt. It is only expectable for it to have
remnant restitic orthopyroxene, which will constitute the amphibole
clots in the future. Such incongruent process would produce observable
geochemical variations in the emplaced magma. This, together with the
already highly variable restite contamination process ultimately ac-
counts for the high heterogeneity of the series. The significant aspect of
this argumentation is an initially heterogenous melt is capable of ideally
re-homogenize and re-equilibrate in shallow depth during magma
emplacement due to the existence of the low-pressure sanukitoid
cotectic system.

6. Concluding remarks

Experiments with sanukitoid-like starting materials undeniably
prove the cotectic behaviour of the sanukitoid system at 0.3 GPa, suc-
cessfully reproducing high-Mg and low-CaO differentiates. Products
obtained in the experimental runs are mostly homogenous, with ubiq-
uitous orthopyroxene, plagioclase and oxides across all the experiments,
but differences in the rest of the solid assemblages with the two starting
materials proves the high sensibility of the system to composition.

Shallow depth emplacement and differentiation can account for local
sanukitoid plutons in which cumulates are observed, but lack of cu-
mulates in most of the sanukitoid batholiths evidences this process
cannot explain the series alone. An alternative, complementary process
is required to account for the volume of sanukitoid bodies described, and
the worldwide occurrence of the series immediately excludes any pro-
cess linked to any kind local assimilation. The explanation must involve
an intrinsic feature of the magmatic system. We find this characteristic
to be either one of the next two possibilities: (1) a relatively low tem-
perature, granitic, crustal melt mixes with sanukitoid parental magma.
However, we find this possibility unlikely due to the difference in
temperatures between the two mixing components and the water
required to generate a significant amount of melt to satisfy the process.
(2) Sanukitoid self-contamination with orthopyroxene-rich cumulates
from the earliest stages of differentiation, that likely remains in the
lower crust after only a small portion of the sanukitoid melt have
extracted. This agrees with field observations and is compatible with
low-pressure differentiation. For these reasons this is the most plausible
explanation for a significant volume of the series.

Experimental work performed here shows two compatible ways in
which, the abundant sanukitoid intrusions may develop their
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characteristic geochemical affinity, one being low pressure differentia-
tion and the other one orthopyroxene-rich restite contamination. Both
models explain the high-Mg content observed in the series, even if one of
them is clearly favoured to be the most efficient one. Regarding the low
CaO and high K,0O tendency shown by the series, the role of a meta-
somatized mantle source of harzburgitic nature has already been put in
value by previous works. Plagioclase fractionation in the lower crust
may complementarily contribute to the CaO depletion. Moreover, the
existence of a low-pressure cotectic sanukitoid system conditions the re-
equilibration of previously heterogeneous melts during emplacement.
New experiments will be proposed to further tie in the insights of a series
closely linked to crustal recycling processes.
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Post-collisional voluminous silicic magmatism is represented in most orogens across the world in the
form of large granodiorite batholiths and minor intermediate and mafic intrusions, postdating 5-30 Ma
the age of the collisional paroxysm responsible of the main mountain building events. Post-collisional
mafic intrusions are acknowledged as a mechanism that contributes to long-term yet minor continental
growth. The silicic magmas forming the large batholiths, however, have been dismissed from the
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lower crustal igneous rocks. Contrary to this, geochemical and isotopic relations together with new
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intermediate and silicic. That is, both suites can be derived from a metasomatized mantle source, thus
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batholith contextualized within the supercontinent cycle, showing that the timing of post-collisional magmatism
atholl

accounts for the generation and preservation rates predicted by the existing models, since both reach
maximum values in the amalgamation-collisional stage of the supercontinent cycle, rather than in
the subduction stage. All together these inferences lead to think that post-Archean, post-collisional
magmatism has been significantly underestimated when computing continental crustal growth through

time.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The existence of continental crust is one of the main differences
in the evolution of the geosphere of the Earth, contrasting other
planets in the Solar system. Its formation and evolution remain a
fundamental discussion topic in Earth Sciences, leading to several
attempts to constrain the main continental crust formation mech-
anisms (e.g. Arndt and Goldstein, 1987; Arndt, 2013; Condie et al,
2011; Hawkesworth et al,, 2010; Rudnick, 1995). When stablishing
the mechanisms by which crustal growth takes place, three requi-
sites must be satisfied regardless of the geological setting: (1) the
segregation and differentiation of igneous material from the man-
tle, (2) the incorporation of such material into pre-existing conti-
nental crust, and (3) its preservation in the form of large igneous
bodies (Condie et al,, 2011; Couzinié et al., 2016; Hawkesworth et
al, 2009). Thus, since crustal growth can be fully understood by
an igneous process it is safe to assert that igneous rocks constitute

* Corresponding author.
E-mail address: daniel.gomez@csic.es (D. Gémez-Frutos).
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the best tracers to understand the processes involved in crustal
growth.

The recent advance of new microanalytical techniques has al-
lowed the development of models based on zircon isotopic com-
position. Particularly, Lu-Hf isotopes in zircon crystals have signifi-
cantly different behaviour during partial melting in the mantle (Lu
tends to concentrate in the mantle, producing higher 176Hf/177Hf
ratios than those present in zircon crystals of a crustal source),
and this system has been the most successful approach to discern
crustal and mantle sources (e.g. Griffin et al, 2000; Kemp et al,
2006). Measurements in single zircon grains by in-situ analytical
techniques (SIMS and LA-(MC)ICP-MS) have led to the elaboration
of large datasets that illustrate the age when the igneous protolith
separated from the mantle (Payne et al, 2016). As a result, this
method has enabled the elaboration of several crustal growth mod-
els that constitute an essential contribution to the understanding
of crustal growth over time (Cawood et al, 2013; Dhuime et al,
2011; Hawkesworth et al,, 2010, 2019).

However, some limitations on the use of this technique have
been recently pointed out. Model ages using Lu-Hf systematics suf-
fer from similar problems to Sm-Nd system (Arndt and Goldstein,

0012-821X/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1987), being affected by entrainment of magmas from different
sources and thus representing a hybrid age (Belousova et al, 2010;
Payne et al,, 2016; Roberts and Spencer, 2015). While this may be
partially compensated by comparison with O isotopes, this prob-
lem is further aggravated by the reliance of these models on the
number of sampled zircon grains (Hawkesworth et al,, 2019; Voice
et al, 2011), potentially producing fictitious density maxima, and
their representativity of periods of enhanced preservation rather
than crystallization (Arndt, 2013; Condie et al.,, 2011). Moreover, Lu-
Hf systematics are unable to discriminate between largely recy- cled
magmas from juvenile post-collisional magmatism, with the later
representing the addition of new continental crust yet being invisible
in the zircon record (Couzinié et al.,, 2016). Due to these limitations,
the crustal growth estimations obtained through the use of Lu-Hf
isotope systematics entail an important paradox: for being the
continental crust destruction rates significantly higher in post-
Archean (< 3 Ga) times due to the creation of active mar- gins,
zircon-based models predict stable low continental growth rates
and low net growth (e.g. Dhuime et al., 2012, 2018; Voice et al,,
2011). Furthermore, all the mentioned models rely on the
equilibrium between net continental crustal growth based in crust
generation in subduction related magmatic arcs and arc destruc-
tion through tectonic erosion, being the latter significantly higher
in oceanic arcs than in continental arcs (Spencer et al, 2017).
These models only consider collision related magmatism as a mi-
nor crustal input. That is, it is generally considered that collisional
and post-collisional magmatism only recycles former igneous rocks
without adding new material to the crustal budget or adding little
amounts which are prone to be subsequently volumetrically com-
pensated through lithospheric delamination and/or dripping. These
observations point to a mass deficit in the continental crust that is
among the most important unresolved facts in Earth Sciences.

An interesting approach to this problem that is often over-
looked is the study of magmas themselves. The Earth’s continents
are mostly composed of igneous and meta-igneous rocks, with a
bulk composition that is andesitic on average and hence classi-
cally associated with subduction (e.g. Dewey and Windley, 1981;
Rudnick and Fountain, 1995). That is, continents are on average
more silicic and less magnesian than basalts (SiO2 = 65.2 wt.%;
MgO = 2.5%), representing a system that is not in equilibrium
with the peridotite mantle (Hacker et al,, 2011; Rudnick and Foun-
tain, 1995; Rudnick et al,, 2003). The discussion about their ori-
gins has been historically focussed on the magmatic processes di-
rectly related to the subduction setting. In this regard, the most
voluminous type of granite magmatism, namely I-type (Chappell
and White, 2001; Pitcher, 1987), has been accountable for conti-
nental crust generation (Jagoutz and Kelemen, 2015; Rudnick and
Fountain, 1995). Particularly, the subduction related I-type mag-
mas, also named Cordilleran-type or Andean-type, are thought to
be the main source of new continental crust (Barth et al, 2000;
Dewey and Windley, 1981). This widely accepted statement has
led to neglect the role of the more voluminous Caledonian I-type
batholiths, generated in collisional orogens, especially during the
post-collisional stages (Barbarin, 1999; Fowler and Henney, 1996;
Pitcher, 1987), and their role in continental growth.

In this work we review the role of post-collisional magmatism
as a potential continental growth mechanism using the magmas
as the starting point, and not only models based in zircon crys-
tals. We consider post-collisional batholiths as those large igneous
silicic bodies emplaced substantially later (5-30 Ma) than the after-
math of the orogenic edifice building and its subsequent collapse.
Analyses of published geochemical data are used to establish key
differences between subduction-related (Andean-type) and post-
collisional (Caledonian-type) batholiths, providing evidence that
the latter have a distinct geochemical signature that departs from
the subduction process. This geochemistry is put in contrast with
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isotopic ratios and new experimental data to unravel the contro-
versy around the origin of post-collisional batholiths, pointing to
the conclusion that crustal growth via post-collisional magmatism
may have been severely underestimated. How the provided data
and arguments affect the existing models or crustal growth rate
estimations is out of the scope of this paper, being rather focused
on the process itself.

2. The duality of I-type batholiths

The formation of I-type batholiths is known to involve crustal
scale processes in two main and contrasting tectonic environ-
ments, namely subduction zones at active continental margins and
post-collisional orogens in supercontinent forming orogenic belts.
While the former is believed to supply enough igneous material
to account for the continental growth according to volume bal-
ance (Jagoutz and Kelemen, 2015), inference based on present day
outcropping magmatic rocks highlights the potential relevance of
the also abundant post-collisional magmas. These are widely rep-
resented in orogenic collisional belts that have led to the amal-
gamation of the last four known supercontinents happening in post-
Archean times, namely Nuna-Columbia, Rodinia, Pannotia and Pangea
(Fig. 1).

Regarding their composition, an intriguing observation is the
subtle differences between post-collisional and Andean-type mag-
mas (Castro, 2020), even if most of these batholiths share roughly
similar major oxides concentrations (SiOz, 63-70 wt.%; FeOT, 2-5
wt.%; MgO, 1-3 wt.%; CaO, 3-5 wt.%; Naz0, 2-4 wt.%; and K:O,
2-4 wt.%). This is an interesting fact considering their sources are
believed to be so different, specifically partial melting of mantle-
derived underplated basalts with contribution from oceanic crust
in the case of Andean-type, and partial melting of old igneous
lower crust with a small contribution from the mantle in the case
of post-collisional type (Pitcher, 1987). Hence, it is expectable that
such different settings leave a rather distinct geochemical finger-
print in the magmas.

To identify the post-collisional geochemical signature a prelim-
inary discrimination must be made between their two character-
istic suites: (1) a metaluminous (ASI<1) to slightly peraluminous
silicic suite (ASI>1.0) [ASI (Alumina Saturation Index) = molar
Al203/Na20+K20+(Ca0-3.3*P20s)], mostly represented by granodi-
orites and the volumetrically largest of the two; and (2) a metalu-
minous high-K calc-alkaline suite that ranges from mafic to felsic,
and is embodied by smaller intrusions (Bonin, 2004; Moyen et
al, 2017). While the mafic suite has been the subject of varied
studies (e.g. Couzinié et al., 2016; Fowler and Rollinson, 2012; Ore-
jana et al., 2009), revealing particularities that will be discussed
ahead, the silicic suite has historically received less attention. In
this sense, we compiled a total of 2552 major element analyses
that belong to the silicic suite from the most studied and well
known post-collisional batholiths in the world, namely (1) the
Caledonian batholiths in the northern British Isles (ca. 400 Ma),
(2) the European Variscan belt, including the Iberian Massif, the
French Massif Central and the Bohemian Massif (ca. 300 Ma), and
(3) the Central Asian Orogenic Belt (CAOB; ca. 550-150 Ma) (Fig. 1).
Compared to Andean-type rocks, post-collisional granites (s.l.) are
always enriched in MgO and K:0 and depleted in CaO. Anoma-
lous enrichment in MgO is mainly displayed by the most mafic
terms of the series, while the high KO and low CaO values are
widespread among the whole series. Trace elements also show
an enriched signature in LILE and LREE compared to Andean-type
batholiths, particularly Sr and Ba, making these rocks known as
high Ba-Sr granitoids in the Caledonian belt (Fowler and Henney,
1996; Fowler and Rollinson, 2012). Nevertheless, even if trace el-
ements provide useful information regarding the source due to its
enriched nature, the systematic distinction of two magmatic se-
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Fig. 1. Collisional belt schematic world map. Most of these collisional belts are characterized by the presence of post-collisional I-type batholiths, independently of their age.

Present-day subduction related orogenic belts and recent collisional belts are also represented, in which in some cases no post-collisional batholiths are present (either they

have not formed yet, or the erosion level is not deep enough yet). Compiled isotopic data locations are marked (see Fig. 3 for further details). Colour contours represent Nuna-
Columbia (2.0 - 1.5 Ga), Rodinia (1.3 - 1.0 Ga); Pannotia (0.7 - 0.54 Ga); Pangea, including Caledonian, Variscan-Appalachian, Uralian and part of the Central AsianOrogenic Belt

(0.4 - 0.25 Ga); and Archean. References used to the elaboration of this map can be found in the Supplementary Material 6.

ries must be established using major elements, as they record melt
compositions and potential phase equilibria at the source.

The key geochemical features of post-collisional magmas may
be found in Fig. 2. Samples from the characteristic Andean
batholiths of Sierra Nevada and Patagonia are also plotted for com-
parison, showcasing the differences between the two types of I-
type magmatism. The selected diagrams are the CaO-MgO plot and
the Or-An-En projected space. The CaO-MgO diagram constitutes
a proxy of phase equilibria since both CaO and MgO represent
the most outstanding changes in liquid composition in equilibrium
with a solid saturation assemblage of orthopyroxene clinopyrox-
ene plagioclase amphibole, when decreasing temperature in calc-
alkaline systems. This diagram shows the deviation of post-
collisional batholiths, represented by Kernel density contour plots,
with the three sample groups (Fig. 2a, 2b and 2c) falling under-
neath the plot of the Sierra Nevada and Patagonia batholiths and
the Andean-type experimental cotectic line (Castro, 2021). This is
due to both their depletion in CaO and enrichment in MgO. The
Variscan group shows two different trends due to higher MgO val-
ues found in the French Massif Central data. Complementarily, Or-
An-En diagram is a more complex representation of the system. In
this diagram differences can be found in the three sample groups;
Caledonian and CAOB series show density maxima towards a more
intermediate composition (comparatively higher Mg0O), while Eu-
ropean Variscan showcase higher K:0 concentrations. Likewise,
Iberian, Bohemian and French massifs display differences, with the

latter having higher MgO. Nevertheless, the most relevant aspect
illustrated by this diagram is that although the composition of post-
collisional batholiths is heterogeneous, there is a systematic
difference respecting to Andean-type batholiths. Additional Harker
diagrams can be found in Supplementary Material 1. The compiled
data can be found in Supplementary Material 2.

Another key feature of post-collisional magmas is the ubiqui-
tous occurrence of small mafic intrusions scattered around the
extensive granodioritic bodies, representing the mafic end mem-
ber of the high-K calc-alkaline post-collisional suite. These are
usually volumetrically small compared to the large granodioritic
bodies they are associated with. Due to their singular geochem-
istry, they have historically received several names, such as sanuk-
itoids, vaugnerites, appinites, durbachites... (e.g. Fowler and Hen-
ney, 1996; Fowler and Rollinson, 2012; Shirey and Hanson, 1984;
Smithies and Champion, 2000). This post-collisional mafic magma-
tism will be referred to as sanukitoids in this paper. Sanukitoids
have a particular geochemical signature that sets them apart from
calc-alkaline mafic magmas related with subduction settings. That
is, they are enriched in MgO and K:0 and depleted in CaO com-
pared to Andean-type magmas. Interestingly, such features are co-
incident with the geochemical signature displayed by the granitic
terms of post-collisional batholiths. This suggests that the two
suites may be related by magmatic differentiation from a common
mafic magma (Fowler et al,, 2001, 2008; G6mez-Frutos and Castro,
2022; Moyen et al., 2017).
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Fig. 2. Geochemical diagrams comparing three representative series of post-collisional magmatism (Kernel density contour plot) and Andean-type magmatism (red circles). (a)
Caledonian series, (b) European Variscan, (c) Central Asian Orogenic Belt (CAOB). CaO-MgO diagram: post-collisional magmas are both more magnesian and less calcic than
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figure(s), the reader is referred to the web version of this article.)

The close geochemical similarity between the peraluminous
silicic suite and the sanukitoids is twofold: on one hand the dis-
tinction between the two suites becomes arbitrary when exploring
the geochemistry of the full series, and on the other hand, the pet-
rogenetic relationship between the felsic and mafic endmember is
conspicuous. Since the mafic endmember is widely accepted to be
sourced from a metasomatized mantle source, a felsic endmem-
ber that shares most of its geochemical features must be related

to that same metasomatized mantle source in some way. This ob-
servation is central to this paper.

3. The recycled isotopic signatures
The study of radiogenic isotopes systematics has provided im-

portant observations to the crustal growth discussion and granite
sensu lato petrogenesis. Most recent studies used Hf-O systemat-
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Fig. 3. Initial Sr and Nd model age against crystallization age diagrams. Detrital zircon numbers represented for comparison (Condie, 2014), providing a correlation between
crustal growth predicted by number of detrital zircons and the age of the post-collisional batholiths. Initial Sr diagram shows post-collisional batholiths plot below the
average crust model and towards the CHUR/DM model, suggesting a juvenile (mantle) component even when only considering granitic magmas. Model ages diagram shows
that the batholiths plot following neither an only-recycling model nor an only-growth model represented by the 1:1 line. In both diagrams, the batholiths fit perfectly to
the metasomatized mantle (MM) model line, pointing to a roughly similar source for both granites and mafic magmas. The MM line a linear regression of sanukitoid rocks

around the world (Pearson correlation coefficient = -0.82; r?2 = 0.67). Abbreviations are as follows: CAOB, Central Asian Orogenic Belt; CHUR, Chondritic Uniform Reservoir;

DM, Depleted Mantle; MM, Metasomatized Mantle. The compiled isotope data can be found in Supplementary Material 3.

ics to discuss crustal growth and estimate crustal growth rates
(see references above). But even if these studies are of special
use for a global approach to the problematic, the compilations are
often referred to detrital zircon grains. This implies an inherent
assumption that these zircon grains are sourced from weathering
and transport of previously formed igneous rocks, and it is diffi-
cult to know for certain if the magmatic rocks that produced those
detrital zircon grains were granitic or not. In contrast, the use of
whole-rock isotopic ratios from granitic rocks is more informative
about the processes of new crust generation and/or recycling, com-
plimenting the existing Hf-O data.

When discussing post-collisional batholiths one of the most ob-
served facts is that they always display older Sm-Nd model ages
than their crystallization ages, classically interpreted to be caused
by the presence of an old crust recycled component. However, it
remains unclear whether the involvement of such old crust took
place during mantle metasomatism, by assimilation of continental
rocks during ascent or by direct batch melting of the crust to pro-
duce the magmas. In order to set this problem, we have compiled
a database (768 Nd and 633 Sr analyses) of whole rock isotope
data from post-collisional batholiths around the world. Pericratonic
batholiths formed at the end of the Archean are also included. The
compilation can be found in Supplementary Material 3.

The compiled isotope data are represented in Fig. 3. Sr initial
ratios against crystallization time diagram shows that the former
increase over time for post-collisional granite batholiths. These in-
creasing ratios do not follow the ‘average crustal ratio’, which is
otherwise followed by a fully recycled crustal material. Interest-
ingly, most batholiths plot between the two main models, the aver-
age crust and the mantle (CHUR), implying that significant juvenile
material is being supplied to generate the post-collisional magma-
tism, even when only granitic magmas are considered. In other

words, based in the Sr isotopic signature, post-collisional gran-
ites contain a mantle (juvenile) component. On the other hand,
Nd model ages plotted against crystallization time (Fig. 3) indicate
that model ages (age of lithospheric residence) also increase with
time. This increase has, however, a shallower slope than the de-
pleted mantle model, implying that the model age of the batholiths
is older than their age of generation. That is, a recycled (crustal
and/or lithospheric mantle) component is present in the magmas.
This means that part of the mass of the magmas was residing in
the crust either in the form of sediments or older granitic rocks
and was incorporated to the source of batholiths when they were
generated at a given time, or that they represent melting of the
subcontinental lithospheric mantle. These observations limit the
viability of two models: (1) if granites formed following an ‘only-
recycling model’ that affects a primitive (Archean) granitic crust,
they must follow a flat time evolution with a constant model
age through time. (2) If, by contrast, granite magmatism repre-
sents a net addition of magma to the crust from a depleted sub-
lithospheric mantle, the batholiths will plot on the 1:1 line, repre-
senting an ‘only-growth model’, since model ages and crystalliza-
tion ages should be identical. None of these models are satisfied
due to the mixed signature displayed by the Sm-Nd data from
post-collisional batholiths.

Nevertheless, a third possibility is that the magmas originate
in a metasomatized mantle source. By being sourced in an en-
riched mantle, the batholiths will plot along an intermediate line.
A model line of metasomatized mantle post-collisional magma-
tism is plotted for comparison. This line is a linear regression of
sanukitoid data (rocks with mafic-intermediate compositions, SiO2
< 63 wt%) from several different batholiths (Supplementary Ma-
terial 3). Interestingly, the model line overlaps the trend of the
studied batholiths. This observation tallies with the common ma-
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jor element signature displayed by post-collisional granites (s.l.)
and associated sanukitoids, and it can only be explained if the two
types of magmas originate in closely similar processes. This is of
special interest when considering the controversial origin of the post-
collisional magmatism.

4. Origin of post-collisional batholiths

Holding post-collisional magmatism responsible for the gener-
ation of new continental crust implies a deep understanding of
the origin of such magmas, since crustal growth entails the en-
trainment of juvenile mantle material to the continental crust.
While some existing models do propose a mantle origin for post-
collisional batholiths (Fowler and Henney, 1996; Fowler et al,
2001; Hildebrand and Whalen, 2017), several other models to ex-
plain the origin of these magmas are based on the initial premise
that significant volumes of magma are produced by lower crust
melting (e.g. Annen et al, 2006; Aranovich et al., 2014; Petford
and Gallagher, 2001). However, there are significant variables that
are commonly dismissed in the continental crust melting models:

(1) The lower crust is mafic on average (Rudnick and Fountain,
1995). A hypothetical basalt precursor in the lower crust for
the batholiths entails the need for the elimination of an ul-
tramafic residue from the lower crust in order to produce the
observed bulk composition. In contrast, implication of an al-
ready fractionated andesitic precursor will provide the needed
composition to form the continental crust skipping the prob-
lem of a missing ultramafic residue.

(2) The lower crust is essentially depleted. Simple melting of the
lower crust cannot reproduce the enriched signature of post-
collisional batholiths. An additional element in the process
needs to be involved.

(3) The crust showcases unrealistically high solidus temperatures
(>850°C) that are incapable of producing significant amounts
of liquids even when periodic influx of mafic magma is in-
voked (Bonin, 2004). Thus, water is a necessary addition to
lower the solidus even more (e.g. Aranovich et al, 2014; Cas-
tro, 2020; Collins et al,, 2016; Weinberg and Hasalova, 2015).

(4) However, this consideration entails yet another problem, since
even with the most conservative estimation of 4 wt.% H:0 dis-
solved in the parental magma (Plank et al, 2013) the water
content in a residual granitic liquid that represents a 0.2 melt
fraction will have 20 wt.% H20. This water amount in resid-
ual liquid is unrealistic and is not supported neither by the
observed igneous textures in the rocks nor by the scarcity of
pegmatitic dykes in the plutons.

(5) Fully recycled lower crust inherently implies a recycled iso-
topic signature. Nevertheless, as shown in the previous epi-
graph the rocks show an important mantle component in their
Sr and Nd isotopes.

While these issues represent an ongoing debate, they have
highlighted the importance of sanukitoid as heat and water donors
for water-fluxed melting. Additionally, they are also capable of re-
supplying incompatible elements to the lower crust, particularly
K20, Sr and Ba (Smithies et al.,, 2021). In summary, all the afore-
mentioned arguments are consistent with a petrogenetic relation-
ship between metasomatized mantle magma and post-collisional
granites. Accidental phenomena such as magma mixing and/or
crustal assimilation cannot account for the world-wide uniform
geochemistry, the cotectic patterns followed by the rock series and
the trends displayed by their isotopic signatures.

Taking sanukitoid rocks into account, previous experiments
have attempted to constrain their role in the process. Results pro-
vide key insights on the topic, such as the importance of a dom-
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Table 1
Composition of the starting materials.

Starting materials Model compositions

A208-22 5Q-92 Middle crust Pilbara Superior
average' Suite? Province?

SiO:2 70.22 60.36 69.4 61.86 58.95
TiO2 0.44 0.88 0.33 0.51 0.54
Al203 15.15 15.59 16.21 14.48 17.79
FeOt 3.11 6.03 2.72 5.64 5.22
MgO 1.00 4.30 1.27 4.17 4.58
MnO 0.07 0.13 0.03 0.08 0.10
CaO 3.17 5.34 2.96 4.67 494
Naz0 3.42 3.97 3.55 3.91 4.21
K20 2.39 2.18 3.36 1.8 3.1
P20s 0.13 0.52 0.15 0.24 0.30
Lol 0.91 0.7 - 2 -
Total 100 100 99.98 97.36 99.73

Composition recalculated to an anhydrous base. Total iron as FeO.

1 Middle crust average; Rudnick et al. (2003).

2 Pilbara suite sanukitoid; Smithies and Champion (2000).

3 Roaring River Valley Complex sanukitoid. Canadian Superior Province;
Stern et al. (1989).

inant harzburgitic source (Wood and Turner, 2009), and the in-
ability to reproduce the post-collisional signature by melting of a
mixed sanukitoid and granulitic compound representative of the
lower crust (Castro, 2020) or by sheer differentiation (Gémez-
Frutos and Castro, 2022), with the latest work providing evi-
dence that differentiation at shallow depth do reproduce the post-
collisional geochemical signature, and that lower crustal pressures
(c.a. >1.0 GPa) produces Ca-depleted melts. With this background
and following the common conception that the crust is involved
in the process, we performed a new set of experiments to test the
importance of varying sanukitoid-crust proportions and its impact
on the liquid composition. Selected pressures were 1.0 GPa and

0.5 GPa to simulate differentiation at the crust-lithospheric mantle
boundary and at emplacement level.

4.1 Experimental approach

The process was tested using representative compositions for
both components (Table 1), namely a mafic enclave (5Q-92) from
Los Pedroches batholith in the Variscan complex Iberian Massif
in SW Iberia as the sanukitoid component, and a granodiorite (A208-
22) from the Andes volcanic arc that also resembles the av- erage
composition of the middle crust (Rudnick et al., 2003). 5Q-92 mafic
enclave was already used in former experimental work andis
already justified to be representative of the common nature of
sanukitoids after comparing it with the sanukitoid world series
(Gémez-Frutos and Castro, 2022). A208-22 granodiorite exhaustive
description can be found in previous works (Castro et al,, 2011).

Prior to the interaction experiments the mafic enclave was hy-
drated with 3 wt.% H:0 and melted at 1200°C to produce a natural
glass and minimize the existence of relict crystals. The resulting
hydrated glass was grounded to a fine powder and mixed with the
A208-22 granodiorite into different proportions 1:1, 1:3, 3:1. The
mixtures were milled and homogenized to enhance the process
by simulating grain-to-grain interactions, and then used for six
experimental runs. Additionally, four more runs were performed
only with the granodiorite, two of them with an additional 3 wt.%
H20 (experiments are labelled as w, standing for water-bearing;
and nw, standing for no water in Table 2). Sanukitoid-only ex-
periments were also performed, in this case with a varying range
of temperature due to the system being mafic-intermediate and
thus having higher liquidus temperatures. Granodiorite and mix-
tures runs were carried to temperatures of 1000°C and pressures
of 1.0 GPa and 0.5 GPa. Correspondingly, the three runs using only
sanukitoid were carried to 1000, 1050 and 1100°C and 1.0 GPa.
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Table 2
Experimental glasses.
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Run Duration Mix T P n SiOz TiO2 Al;03 Feo” MgO MnO CaO Nap 0 K>0 P05 F Total
(hours) (A208-22:5Q-92) °0) (GPa)
D21-19 50 1:3 1000 1.0 14 65.41 0.57 14.90 2.47 0.95 0.07 2.57 2.82 2.94 0.32 0.28 93.13
1.42 0.05 0.40 0.22 0.19 0.02 0.31 027 0.30 0.11 0.12 0.60
D21-19 50 1:1 1000 1.0 13 67.82 0.46 13.63 2.01 0.72 0.07 1.98 2.83 3.30 0.29 0.18 93.14
0.97 0.06 0.61 0.11 0.22 0.02 0.46 0.28 0.19 0.13 0.12 0.53
D21-19 50 3:1 1000 1.0 14 69.20 0.42 13.09 1.70 0.47 0.05 1.41 2.78 3.57 0.19 0.13 92.90
0.75 0.10 0.31 0.07 0.03 0.02 0.05 0.19 0.15 0.12 0.07 0.84
D21-20 95 1:3 1000 0.5 5 66.12 0.65 15.05 245 1.29 0.09 2.90 2.69 2.71 0.44 0.20 94.41
0.46 0.07 0.40 0.09 0.04 0.02 0.06 0.47 0.30 0.09 0.02 0.39
D21-20 95 1:1 1000 0.5 11 70.11 0.55 13.94 2.10 0.70 0.05 1.87 3.05 3.47 0.28 0.10 96.09
0.66 0.05 0.31 0.15 0.05 0.02 0.09 0.22 0.09 0.14 0.03 0.64
D21-20 95 3:1 1000 0.5 3 72.96 0.80 12.75 211 0.38 0.03 0.59 2.72 3.75 0.29 0.07 96.30
1.11 0.03 0.55 0.05 0.04 0.01 0.06 0.35 0.55 0.14 0.02 0.64
D21-23w 69 1:0 1000 1.0 5 66.55 0.33 14.35 1.58 1.03 0.07 2.35 3.19 2.19 0.06 0.14 91.78
0.97 0.03 0.45 0.11 0.09 0.03 0.14 0.41 0.05 0.02 0.03 0.69
D21-23nw 69 1:0 1000 1.0 5 69.13 0.37 13.10 1.28 0.42 0.05 091 272 4.00 0.18 0.08 92.15
0.38 0.02 023 0.06 0.02 0.01 0.02 0.12 0.05 0.12 0.04 0.63
D21-24w 50 1:0 1000 0.5 6 66.05 0.41 14.82 1.89 1.08 0.06 2.44 3.41 2.23 0.12 0.12 92.55
1.40 0.05 0.77 0.25 0.19 0.01 0.34 0.07 0.08 0.06 0.04 0.46
D21-24nw 50 1:0 1000 0.5 5 69.82 0.38 12.96 1.43 0.43 0.05 0.88 3.40 3.90 0.13 0.08 93.40
0.71 0.08 0.33 017 0.06 0.02 0.14 0.04 0.08 0.05 0.02 0.53
D22-1 70 0:1 1000 1.0 21 66.71 0.58 15.16 231 0.72 0.06 1.77 3.15 4.6 0.14 0.29 95.22
1.06 0.08 0.41 0.16 0.10 0.02 0.20 0.33 0.35 0.02 0.03 0.69
D22-2 50 0:1 1050 1.0 7 65.03 0.80 16.33 3.77 0.94 0.09 2.37 3.17 3.40 0.23 0.27 96.13
0.66 0.08 0.53 0.24 0.16 0.03 0.18 0.22 0.34 0.04 0.02 0.71
D22-10 44 0:1 1100 1.0 11 59.66 1.25 17.07 343 2.23 0.10 4.18 3.90 3.19 0.63 0.17 95.65
1.43 017 0.55 0.34 0.43 0.02 0.56 0.25 0.16 0.15 0.02 0.70

n, number of analyses. Numbers in italics below each wt.% are standard deviations.

A total of thirteen experimental runs were performed. Run dura-
tions exceeded two days in most cases and are reported in Table 2.
Results will allow to compare liquid compositions in four case
scenarios: (1) heat triggered melting of the granodiorite, (2) fluid-
fluxed melting when water is added directly into the granodiorite,
(3) fluid-fluxed melting when water is supplied by a mafic magma,
and (4) sanukitoid only melting. A detailed description of the ex-
perimental and analytical techniques can be found in Supplemen-
tary Material 4.

4.2 Experimental results

Synthesized products consist of homogeneous glass and mineral
assemblages. Glass major element measurements display standard
deviations lower than unity. Solid phases are mostly constituted
by variable proportions of orthopyroxene, clinopyroxene, amphi-
bole, plagioclase and quartz as the main phases, and magnetite
and apatite as common accessory phases. Relict crystal prevention
with the formerly described method was mostly successful, with
the exception of traces of relict albite-rich plagioclase cores that
may be found in the assemblages. Modal proportion calculations
performed with MINSQ spreadsheet (Herrmann and Berry, 2002)
result in residual values lower than two. Additionally, glass modal
proportion and Mg# [=molar MgO/(MgO+FeO™)] increases with in-
creasing the fraction of 5Q-92 in the mixtures (Fig. 4). All these
considerations together suggest that equilibrium was successfully
attained. It is also worth noting that sanukitoid only run at 1050°C
(D22-2) display anomalously high FeO contents in the synthesized
glass in comparison with the 1000° C and 1100° C runs (D22-1 and
D22-10, respectively).

Glass measurements for all experimental runs with their re-
spective standard deviations are displayed in Table 2. Major ele-
ment and glass modal abundance are plotted in comparison with
post-collisional granodiorites (63 < SiO2 < 70; Fig. 4). The sil-
ica interval is restricted after the natural observation that gran-
odiorites embody the largest volumes of intrusive rocks within
post-collisional batholiths. The plotted experimental glasses sug-
gest that increasing Andean-type component (A208-22) deviates
the composition from the observed natural trend, the only excep-
tion being K:0. The synthesized glasses are also plotted in the two

selected classification diagrams and additional Harker diagrams
(Fig. 5). Regardless of the mix proportions all synthesized glasses
using A208-22 (crustal component) fall within the error intervals
of the Andean experimental cotectic line (Castro, 2021), and on
top of the Andean-type calc-alkaline array. Increasing proportions
in the mafic component when the crustal component is present
only pushes the resulting liquid into a more mafic yet typical Andean-
type composition. Granodiorite-only runs also fall in the same area,
with the water-bearing runs being constituted mainly by liquid
and thus falling near the starting material composition.
Comparatively, runs using only sanukitoid successfully reproduce
the post-collisional geochemical signature, being depleted in CaO,
enriched in K20 and within the expected MgO density range for
their respective silica values. Phase analyses and modal proportions
can be found in Supplementary Material 5.

5. Discussion
5.1 Continental crust melting

The classical works on I-type magmatism defined the origin
of post-collisional magmas as ‘infracrustal’, or ‘below the crust’
(Chappell and Stephens, 1988). Contrarily to this genetical def-
inition, several works containing the term ‘infracrustal’ have at-
tempted to unravel the crustal source of post-collisional batholiths
(e.g. Bonin, 2004; Pitcher, 1987). This is paradoxical considering
the several problems entailed by lower crust melting models (see
above). And more importantly, they are contrary to the insights
provided by the experimental results.

First, the most important implication of our experimental re-
sults is that the post-collisional geochemical signature can be re-
produced by using only sanukitoid (metasomatized mantle) start-
ing material (Fig. 5). Contrarily, experimental runs using a crustal
component depart from the post-collisional signature, suggesting
that the geochemical features of the melts are fully controlled by
the Andean liquid line of descent rather than by the varying pro-
portion of mafic mantle magma supplied to the crust. In other
words, melting of an Andean-type granodioritic source and further
contamination with a mafic end-member push the magma towards
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Fig. 4. Sanukitoid (sk = 5Q-92) mixture proportion against major element concentrations in experimental glass and modal glass fraction. Each circle represents an experimental

run. Experimental glasses using 100% sanukitoid at 1000°C, 1050°C and 1100°C show coherent major element patters, increasing MgO and CaO and decreasing K20 and
SiO2 when increasing temperature. Run at 1050° C show anomalously high FeO content and low Mg#. Kernel density plots post-collisional granodiorites (63 < SiO2 < 70) for
comparison. Restricted silica interval is selected after natural inference of the most voluminous bodies found in post-collisional batholiths being granodioritic. Major elements

of experimental glass suggest that increasing the Andean-type component (A208-22) deviates the composition from the observed natural trend, the only exception being
K20. Both glass proportion and Mg# increase with increasing sanukitoid component in the mix runs (and thus the H20 content). Sanukitoid only runs show a decrease in

glass proportion, coherent with a fully intermediate-mafic system having higher liquidus temperatures. Pressure does not seem to have a significant effect on neither of the

parameters represented.

more mafic compositions (black circles, Fig. 5), but does not repro-
duce the low Ca and high Mg and K contents of post-collisional
batholiths. Previous experimental studies performed with gran-
ulitic starting materials resembling a mafic lower crust have not
successfully reproduced the post-collisional geochemical signature
either (Castro, 2020).

The inherent implication of these observations is that the major
element geochemistry of post-collisional batholiths is satisfied only
when the crust is excluded from the process, thus granitic (s.l.)
magmas representing fractionates from an intermediate magma
that generated in a metasomatized mantle source (Fig. 6). This
conclusion eliminates several problems entailed by the lower crust
melting model. By coming from the mantle, temperature and wa-
ter are no longer a limitation when considering the high solidus
of this system. Moreover, the solid residue of the sanukitoid sys-
tem is mainly constituted of plagioclase and pyroxene, and thus is
compatible with the noritic composition of the lower continental
crust (Meissner et al,, 1986).

Besides, the hypothesis that a trachiandesitic (sanukitoid)
magma from a metasomatized mantle source is the precursor of
the granitic batholiths is also supported by the isotopic arguments
provided in this paper (Fig. 3). Whole-rock isotopes show not only

that the batholiths do not follow an only-crustal array, but also
the exact overlap between isotopes from sanukitoid and granitic
rocks, the former represented by the metasomatized-mantle (MM)
model line. The fact that evolved isotopic signatures are present
in the more mafic terms of the series makes crustal processes of
contamination and magma mixing unlikely, since no correlation is
observed with characteristic crustal contaminants such as Si and

K. Hence, the only plausible explanation that satisfies all observa-
tions is that the recycled signature was already present in a mantle
source.

Nevertheless, even if all collected evidence points to a man-
tle source for the post-collisional magmatism, some drawbacks of
the model must be addressed. Previous experimental results us-
ing sanukitoid-only starting material (5Q-92) at 0.3 GPa provide
interesting insights on the problem. While the geochemical signa-
ture is indeed reproduced by 0.3 GPa differentiation of a sanukitoid
parental magma (0.3 GPa sanukitoid experimental cotectic, Fig. 5),
shallow depth differentiation for the mantle magmas implies the
generation of a solid residue that is absent in the batholiths at
the level of final emplacement and crystallization. On the other
hand, 1.0 GPa differentiation eliminates the problem of the shallow
residue, since it stays in the lower crust and accounts for its gran-
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showing no deviation towards post-collisional signature when increasing the mafic component. Liquids from using only Andean granodiorite (A208-22) also have Andean-

type geochemistry, regardless of the water content. Sanukitoid (5Q-92) only runs have post-collisional geochemical signature, following the post-collisional density maxima
in CaO and K20 Harker diagrams. Mixing of sanukitoid liquids with 15% of the experimental solid residue improves the MgO values, resulting in a composition that fully

matches the post-collisional geochemical signature.

ulitic nature (Fig. 6), but slightly higher MgO values are observed
in the rocks than in the synthesized products (blue squares, Fig. 5).
Further explanations must be provided to account for this ambi-
guity. In this regard, we find of special interest the widespread
presence of amphibole aggregates (clots) that represent relic py-
roxene crystals (Stephens, 2001), together with relic plagioclase
cores, in many post-collisional plutons. These observations point to
the conclusion that the rocks represent a system that was not 100%
liquid, with the magmas most likely dragging suspended solid ma-
terial either from the source or from a putative magma cham-
ber. Experimental results suggest that the incorporation of crustal
material (granite) pushes the composition towards Andean-type
affinity, thus excluding the interaction with a crustal contaminant
as the cause of post-collisional magmatism. Moreover, to account
for a ubiquitous feature of magmas, namely the off-Andean post-
collisional array (Fig. 2), the incorporated material must be avail-
able regardless of the specific setting. This is only explained if the
contaminant is an intrinsic characteristic of the system and not
an accidental contaminant. We propose that mafic contaminants
are represented by minerals as pyroxene or amphibole entrained
within the magmas as either early crystalized cumulates or restitic
phases from a mantle ultramafic source (Fig. 6). To test this hy-

pothesis, the sanukitoid experimental liquids were mixed with 15%
of the experimental residue. This value is calculated after check-
ing different mix proportions and testing which one satisfies the
post-collisional geochemistry best. Interestingly, the resulting com-
position falls in the post-collisional array (red squares, Fig. 5). This
estimation is also supported by the relatively common reaction
textures that are observed on the rocks. Specifically, relict cores
of anortite-rich plagioclase are common in granodiorites and en-
claves. Also, amphibole clots are widely present in the rocks of the
series. This can be explained by shallow depth re-equilibration of
the liquids, as shown by the 0.3 GPa sanukitoid experimental co-
tectic (Gémez-Frutos and Castro, 2022). Furthermore, a geochem-
ical signature partially caused by a variable self-contamination
process that behaves like an open system is coherent with the
heterogeneity displayed by post-collisional rocks. While this con-
tamination mechanism can also occur in the Andean-type system,
the scarcity of orthopyroxene causes the whole composition of the
residue to be colinear with the cotectic. Thus, the contaminated
liquids are displaced along mixing lines close to the cotectic line
(Castro, 2021, his Fig. 3). Furthermore, a high residence time in the
crust while slowly cooling is expected to re-equilibrate the mag-
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Fig. 6. Schematic petrogenetic model for post-collisional magmatism. Asthenosphere
upwelling heats the pre-existing metasomatized mantle, potentially triggering melt-
ing. Subsequent sanukitoid melts ascend and underplate in the high rheology con-
trast surface between the crust and the lithospheric mantle. Due to density contrast
differentiated liquids rise and cumulates sink. Extracted melts drag cumulate phases
due to their high availability, resulting in the heterogeneous geochemistry displayed
by post-collisional batholiths. After all melt extraction has occurred leftover cumu-
late material joins the lower crust, accounting for its depleted nature. This whole
process represents the addition of a considerable amount of igneous material to the
continental crust from the underlying metasomatized mantle.

mas into the low-Ca and high-Mg observed signature, erasing any
former evidence of disequilibrium.

In summary, our experimental results support an origin of post-
collisional batholiths in which the continental crust is not involved
directly in the process. This consideration, together with the iso-
topic and physical evidence, points to the conclusion that the post-
collisional granites share a common source with the mafic magmas
they appear associated with. That is, they both come from a meta-
somatized mantle source.

On a final note, the origin of this metasomatized mantle
and geodynamic processes leading to mantle melting and post-
collisional magma generation are a topic that need of further
discussion. It has been argued in arc related environments that
melts and/or fluids from a subducted slab are unable to transport
the trace element budget that characterize intermediate magma-
tism, being necessary the whole material present in subducted
mélanges of oceanic crust sediments (Castro et al., 2013; Nielsen
and Marschall, 2017). This metasomatism may be the result of
multiple subduction events, and not only the most recent one,
as shown by the wide range of model ages in post-collisional
magmas (Fig. 3). Moreover, the preferred mechanism to trigger
melting is a combination of decompression and heating due to
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mantle upwelling (Fig. 6). This is a plausible scenario according to
thermomechanical models in collisional orogens (e.g. Faccenda et
al, 2008; Ueda et al, 2012). Although post-collisional magmatism
differs from arc magmatism (see above), the interaction between
mantle and subducted materials is needed in both cases. However,
note that these considerations are merely speculative and depict-
ing an accurate model is beyond the scope of this paper. Hence,
this topic should and will be the subject of future works, most
preferably combining the information given by new experiments
and thermomechanical models.

5.2 Implications for crustal growth

Data provided in the former epigraphs aimed to unravel the
origin of the batholiths, pointing to the conclusion that they were
originated in the mantle. This premise has direct consequences
in the crustal growth discussion in several different aspects. Evi-
dence of granodioritic magmas sourced in the mantle represents
a major issue when addressing the origin of continents, since thepost-
Archean continental crust is estimated to be constituted by andesites
or granitoids of granodioritic affinity (Hacker et al,, 2011; Rudnick et
al., 2003). Crustal growth for a given time interval is calculated by the
volume of continental crust generated from the mantle minus the
amount immersed and assimilated back into the mantle (Condie and
Aster, 2010). In other words, two main points must be addressed
when discussing crustal growth over a given process, namely
generation of the magmas and preservation rates. In this regard,
the timing of the magmatic process is of special relevance, since it has
a direct impact on both aforementioned fac- tors.

Work on zircon large datasets has recently been the focus of
crustal growth studies, allowing for a global view of the super-
continent cycle and crustal growth intervals (Dhuime et al, 2018).
While Hf-O systematics have limitations, specifically when used
on detrital zircon grains for petrogenetic purposes, they trace the
occurrence of big magmatic events and their timing within the
supercontinent cycle. If post-collisional magmatism produces new
continental crust, the assembly of supercontinents and their re-
lated orogenic process must be correlated with maxima in the
continental crust production. In this regard, accretionary orogens
have been active continuously throughout a major part of the
Earth history and constitute major sites of continental growth (Ca-
wood et al,, 2006). Accordingly, the peak of crustal growth for each
supercontinent cycle is coincident with the post-collisional stage
(Condie and Aster, 2010; Hawkesworth et al, 2010; Hildebrand
and Whalen, 2017). This observation makes no sense other than
the batholiths representing juvenile injections to the continental
crust.

Equally important, preservation is widely known to be a key
factor when considering the net growth of the continental crust.
Not only that, but recent work has also even considered that
preservation is more relevant than magma generation for crustal
net growth, with peaks in crystallization ages reflecting biases
in preservation rather than magma production (Hawkesworth et
al, 2009). Appropriately, the estimated preservation rates agree
with the post-collisional batholiths playing a major role in crustal
growth, since the preservation potential of new igneous rocks
reaches a maximum in the post-collisional stage of the super-
continent cycle (Condie et al., 2011; Hawkesworth et al, 2009).
This enhanced preservation potential is due to the rocks being
shielded in the new orogens produced in each supercontinent cycle
and mostly located towards its core. This results in an important
contribution to the creation of long-term lived continental crust
(Couzinié et al., 2016; Hawkesworth et al,, 2010).

The two described factors support the role of post-collisional
magmatism as a crustal growth mechanism. Both the generation
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and preservation rates are explained by holding post-collisional
magmas partially responsible for crustal growth. Additionally, nat-
ural evidence provided by outcropping rocks shows that this mag-
matism has been present throughout most of the history of the
planet, associated with large scale orogenic process and super-
continent assembly. However, it has been particularly abundant in
post-Archean times, producing a significant magmatic input dur-
ing the most recent supercontinents formation. If this magma is
mantle derived the stablished crustal growth paradigms must be
revised, since the crustal growth associated with it may have been
severely underestimated.

6. Conclusions

While the post-collisional mafic suite has recently been demon-
strated to be a limited crustal growth mechanism, the more volu-
minous silicic suite has historically been dismissed in the crustal
growth discussion due to bias imposed by the notion that it de-
rives from a mostly recycled crustal source. However, the data
presented in this paper points to the different conclusion that
post-collisional granitic magmas indeed represent crustal growth.

If the post-collisional magmas come from a fully recycled
crustal source, they should display crustal isotopic signatures.
However, provided data shows that all the presented batholiths
have a significant mantle component, coincident with a meta-
somatized mantle model line calculated using the mafic magma
associated to these intrusions. Furthermore, experimental data pro-
vides a mechanism for the generation of the granitic suites and
reproduction of the post-collisional geochemical signature (high
MgO and KO, low CaO, and high LILE and LREE) by only using
a mantle derived parental magma. That is, differentiation from a
sanukitoid (post-collisional mafic magma) parental magma repro-
duces the post-collisional geochemical signature, with additional
contamination with its own residue further enhancing the high-
Mg signature and accounting for the heterogeneity of the series.
Therefore, the crustal component is ultimately not necessary for
the reproduction of the post-collisional granitic batholiths during
batholith generation and emplacement, being the continental-like
signature already present in the mantle source. This petrological
argument points to the conclusion that post-collisional magmas
represent the addition of juvenile material to the continental crust.
The generation of continental crust by post-collisional magma-
tism is also coherent with the observed generation and preserva-
tion rates within each supercontinent cycle. The existing models
reveal the overlap between peaks in the continental crust pro-
duction and orogenic to post-orogenic processes, correlating the
post-collisional stage with the largest mantle derived magmatic in-
put to the crust. Additionally, the preservation rates of magmas
also reach maxima in the post-collisional stage, with the magmas
shielded in the core of the orogens that amalgamated the super-
continents.

All presented arguments stablish a mechanism that can gen-
erate new continental crust in the most appropriate moment to
allow its long-term preservation. Existing models must be revisited
considering the given evidence, since post-Archean crustal growth
may have been severely underestimated.
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ABSTRACT

Mafic microgranular enclaves (MMES) are a ubiquitous feature of post-collisional mag-
matism, receiving much attention among earth scientists over the last decades. While recent
advances point to the large-scale involvement of the lithospheric mantle in granite petrogen-
esis, MMEs have received less attention in such discussion. Because MMESs are commonly
acknowledged to represent the mafic end member with a mantle affinity that is related to
early-stage batholith petrogenesis, they constitute a good proxy for the mantle role in the
process. Using MME data from Los Pedroches batholith in southwestern Iberia, we conduct
a geochemical comparative study between MMESs and the mafic-intermediate (sanukitoid)
suite of post-collisional batholiths. An accurate overlap between the two groups is revealed,
implying a potential genetic link between MMEs and the sanukitoid suite. Together with
evidence from experimental cotectic liquids, the link between the high-Mg signature of post-
collisional magmas and the predominance of amphibole in the studied MME samples is used
to account for the composition of post-collisional magmatism. Implications for post-collisional
batholith petrogenesis is then discussed in a qualitative manner, suggesting a heterogeneous
yet common two-stage origin for all post-collisional magmatism in which the relationship
between MMEs, sanukitoid, and the host felsic magmas is a differentiation process, thus

representing a major input of juvenile magma into the crust.

INTRODUCTION

Fine-grained and dark mafic microgranular
enclaves (MMESs) are a characteristic feature
of post-collisional granodiorites and granites,
together with the characteristic mafic-interme-
diate and felsic suites of post-collisional mag-
matism (e.g., Couzinié et al., 2016; Gémez-Fru-
tos et al., 2023; Moyen et al., 2017). Although
they share many geochemical features with their
host granitic magmas, MMEs have a stronger
mantle affinity (Clemens et al., 2017; Holden
et al., 1987), implying extensive mantle-crust
interaction in the petrogenesis of the granite
magmas. However, even though the petroge-
netic significance of MMEs has been studied for
several decades (e.g., Barbarin, 2005; Barbarin
and Didier, 1992; Paterson et al., 2004; Vernon,
1984; Wiebe, 2016), a satisfactory explanation
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that meets all observations for such mantle-crust
interaction and for their relationship with host
granites remains elusive (see Clemens et al.,
2017, for a review). While different interpreta-
tions for the petrogenesis of MMEs exist (Bar-
bey et al., 2008; Rodriguez and Castro, 2019;
Vernon et al., 1988; Zak and Paterson, 2010),
it is widely accepted that MMESs were involved
in the earliest stages of magma generation,
constituting direct evidence of the mechanism
that formed the batholiths. Moreover, if MMEs
represent melt generated in the mantle as com-
monly inferred, exploring their relationship with
the modified mantle-sourced mafic-intermediate
suite, also called sanukitoid, can provide useful
insights. Sanukitoid magmas (including appin-
ites and vaugnerites) have been described all
around the world as minor mafic-intermedi-
ate intrusions associated with post-collisional
granite batholiths, displaying a heterogeneous
yet consistent geochemistry (e.g., Fowler and
Rollinson, 2012; Heilimo et al., 2010). In this

paper, we investigate the genetic link between
post-collisional MMEs and host granitic rocks
by comparing new data from the Los Pedro-
ches batholith (southwestern Iberia) with a large
sanukitoid magma database and existing experi-
mental data. The potential significance of MMEs
regarding the origin of post-collisional batho-
liths as fractionated liquids from an intermediate
parental magma is established.

MMES FROM LOS PEDROCHES

The Los Pedroches batholith is an aligned
group of intrusions located in the southernmost
sector of the Central Iberian Zone in the Iberian
Massif. It is hosted mainly by low-grade Car-
boniferous strata, with only the northern part of
the batholith intruding older metapelites of early
Cambrian to Neoproterozoic age. The batho-
lith comprises two large groups of intrusions
(Fig. 1): (1) an elongated massif referred to as
Los Pedroches granodiorite, in which abundant
MMEs can be found, and (2) a peraluminous
monzogranitic unit, occurring as small discon-
tinuous intrusions that crosscut the granodioritic
massif and are much scarcer in MMEs (Car-
racedo et al., 2009). The current study is focused
on the granodiorite suite, which shows evidence
of limited assimilation of crustal material during
emplacement given the scarcity of host xeno-
liths, low values in alumina saturation index
(ASI), and the isotopic equilibrium between
the studied MMEs. A representative number of
new enclaves was collected for this study and
complemented with existing data from the bib-
liography (for further details see Table S1 in the
Supplemental Material®).

The collected MME samples display varia-
tions in grain size, texture, and modal abundance
but have a consistent assemblage of plagioclase
(PI), biotite (Bt), amphibole (Amp), quartz (Qz),
and K-feldspar (Kfs) with accessory apatite,

‘Supplemental Material. Rock analyses, sample photographs, sampling and analytical methods, additional Harker diagrams, and extended discussion for geochemical
modeling. Please visit https://doi.org/10.1130/GEOL.S.23063099 to access the supplemental material, and contact editing@geosociety.org with any questions.
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allanite, zircon, titanite, and oxides, the same
assemblage as the host granodiorite. Moreover,
MMEs are devoid of chilled margins but show
magmatic quenching textures affecting the whole
enclaves and no evidence of reaction with the
host granodiorite (Castro and Stephens, 1992;
Fig. S2). Because mingling between two mag-
mas results in chilled margins, these observa-
tions are explained only if MMEs and host rocks
are two systems in chemical equilibrium, with
MMEs being autoliths (Rodriguez and Castro,
2019). Two types of MMEs are distinguished:
MME1 and MME2. Mesocratic and porphyritic
textures characterize MMEL, with phenocrysts
of Pl and Amp clots as much as 5 mm in length,
enclosed in a fine-grained groundmass of PlI,
Qz, Kfs, Bt, and Amp. By contrast, MME2 is
rich in Amp and shows varied textures from
equigranular hypidiomorphic to porphyritic,
with phenocrysts of Pl and Amp aggregates
(clots). Transitional enclaves between the two
groups are common. Amphibole (hornblende to
locally subsolidus actinolite) clots are the most
outstanding feature of both groups, a charac-
teristic that is also common in post-collisional
Caledonian-type plutons (Castro and Stephens,
1992). Considering their potential relevance as
possible remnants of an ultramafic end member
or magmatic cumulates, sampling focused on
collecting enclaves containing variable amounts
of Amp clots. Collected samples were analyzed
for major and trace elements. A selected group
was analyzed for isotopic ratios of the Sr and Nd
systematics (rock analyses and analytical meth-
ods can be found in Table S1 and Supplemental
Text S3 [see footnote 1]).

COMPARATIVE PETROLOGY

Comparative classification diagrams for
the Los Pedroches MMEs, their granodiorite
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host, and sanukitoid series are represented in
Figure 2. World sanukitoid series are repre-
sented in a kernel density diagram (Figs. 2A—
2D) and an average line (Fig. 2E) incorporating
a database of 2557 analyses. In most diagrams,
a clear overlap between all Los Pedroches
samples and the maximum density areas of
the sanukitoid series is evident. Compared to
the Sierra Nevada (western USA) and Patago-
nian Andean-type batholiths (dashed red line
and gray circles; compilations are available
in Gomez-Frutos et al., 2023), significant dif-
ferences can be observed in the geochemistry
of MMEs and host granodiorites. A high-Mg#
(Mg# = molar MgO/[MgO + FeOr], where
T indicates total iron) signature is evident in
the Fe*-silica diagram (Fe* = wt% FeOt/
[FeOr + MgO]) (Fig. 2A), a common feature
of the sanukitoid series. The ASI (ASI = Al20a/
[Na20 + K20 + {CaO — 3.3 X P20s}]) dia-
gram shows an overlap in the metaluminous
field between all the plotted series (Fig. 2B).
Most interestingly, a consistently depleted CaO
but enriched K20 and MgO signature in all plot-
ted groups of the the MME-granodiorite asso-
ciation and the sanukitoid series is evidenced in
the modified alkali-lime index (MALI = wt%
[Na20 + K20 — Ca0]) (Fig. 2C) and CaO-
MgO diagrams (Fig. 2D), coherent with the
post-collisional geochemical signature (Gomez-
Frutos et al., 2023). Furthermore, Los Pedro-
ches MMEs also display the characteristic trace
element enrichment of sanukitoid magmas,
namely in Cr and Ni, and in contents of large-
ion lithophile elements (LILES), such as Rb,
Sr, and Ba (Fig. 2E). Major and trace element
resemblance between MMEs and sanukitoid
series supports that the two groups are analo-
gous, implying that they share a common origin
and that a modified mantle played an essential

Cantabrian

Ossa Morena
Zone

Figure 1. Geological set-
ting of the study area. Los
Pedroches batholith is in
the Central Iberian Zone,

Losedroch in the Iberian Massif.
Obehrl(_’ch €S Surrounding rocks are
atholit mainly  Carboniferous

metasediments. Bt—bio-
tite;  Amp—amphibole.
Map modified from Insti-
tuto Geoldgico y Minero
de Espafia, cartografia
geoldgica digital con-
tinua  (http://info.igme
.es /cartografiadigital /
geologica /geodezona
.aspx?ld = Z2500).

role in the origin of MMEs. See Figure S4 (see
footnote 1) for additional Harker diagrams.

COMPARISON WITH EXPERIMENTAL
COTECTIC LIQUIDS

If derivation from a modified mantle accounts
for the origin of the sanukitoid suite (Rapp
et al., 2010), conditions during three stages in
the evolution of the magmas will be the most
influential in constraining magma crystalliza-
tion conditions: (1) conditions in the mantle
during segregation, (2) conditions at boundar-
ies with large rheology contrasts (Moho), and
(3) conditions at the final emplacement level.
Among them, residence time in the Moho and
at emplacement level is expected to be sub-
stantially higher than in the source, being the
most significant when addressing crystallization
conditions. Consequently, pressures of ~1.0 and
0.3 GPa have the most compositional effect in
the magmas (de Oliveira et al., 2010). Previous
experimental work using Los Pedroches MMEs
as a starting material attempted to constrain the
geochemical evolution of the sanukitoid series
(Gémez-Frutos and Castro, 2022; Gémez-Fru-
tosetal., 2023). Experimental liquids at 1.0 and
0.3 GPa follow a cotectic linear path in the CaO-
MgO diagram (Fig. 2D), different from that fol-
lowed by Andean-type batholiths (Castro, 2021).
The implication of the existence of a common
cotectic trend is that the composition of both
sanukitoids and MMEs is thermodynamically
constrained instead of resulting from magma
mixing processes. Furthermore, their composi-
tional similarity supports that they share the same
origin and are controlled by a common thermo-
dynamic system, following the same liquid line
of descent (LLD). In other words, altogether,
MMEs and sanukitoid represent the mantle com-
ponent in post-collisional magma generation.
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Figure 2. Classification diagrams for post-collisional Los Pedroches batholith samples show-

ing an overlap between mafic microgranular

enclaves (MMEs), host rocks, and sanukitoid

series (kernel contour plot and average line). (A) Fe* versus SiO, diagram. T indicates total
iron. (B) Alumina saturation index (ASI = Al,O3/[Na,O + K;O + {CaO — 3.3 x P,Os}]) versus SiO,
diagram. (C) Modified alkali-lime index (MALI) versus SiO, diagram. A-C are from Frost et al.
(2001). (D) CaO versus MgO diagram. (E) Primitive mantle-normalized trace element spider
diagram. Data sources: comparative Andean-type and sanukitoid series from compilation in
Gomez-Frutos et al., 2023; cotectic experimental liquids from Gémez-Frutos and Castro, 2022;
sources from Los Pedroches data available in Table S1 (see text footnote 1).

MMES AND THE ROLE OF
ORTHOPYROXENE IN THE
POST-COLLISIONAL SIGNATURE
Cotectic differentiated liquids reproduce
most of the geochemical features of granitic
(sensu lato) post-collisional magmas (Fig. 2).
Nevertheless, they do not fully reproduce the
high MgO contents of the series. While Mg# is
indeed enriched compared to that of Andean-
type rocks, experimental liquids still have
slightly lower MgO contents than typical post-
collisional rocks. We attribute MgO enrich-
ment to the entrainment of ultramafic material,
also likely related to the heterogeneity of the
series. However, MgO enrichment is a ubiqui-
tous feature of the magmas, with previous work
concluding MMEs obtained their geochemical

signature at depth, prior to being incorporated
into their host magmas (Clemens et al., 2017,
and references therein). Moreover, Sm-Nd iso-
topes from Los Pedroches batholith indicate that
MMEs, sanukitoids, and granites (sensu lato)
originated from a common parental magma and
that they evolved along a LLD in a mostly closed
system where crustal contamination was lim-
ited. These considerations exclude contamina-
tion during ascent as a potential mechanism to
account for the high-MgO signature, suggesting
that, instead, it is an intrinsic characteristic of
the system.

Experimental evidence highlights how the
products from melting of a metasomatized
mantle are subjected to the nature of the pre-
metasomatism mantle (Rapp et al., 2010), point-

Geological Society of America | GEOLOGY | Volume 51 | Number 8 | www.gsapubs.org

ing to a dominantly harzburgitic mantle when
addressing the high-Mg signature (Wood and
Turner, 2009). More specifically, orthopyroxene
(Opx) was identified as the liquidus phase of the
sanukitoid system (Gémez-Frutos and Castro,
2022). Orthopyroxene constitutes both an avail-
able phase in the source and a potential cumulate
in a putative crustal magma chamber. Moreover,
entrainment of residual Opx in the magmas can
account for the high-Mg signature and does not
modify the apparently closed system Sm-Nd sig-
nature. These inferences point directly to the
Amp clots, assumed to come from Opx altera-
tion by rehydration during crystallization (Beard
etal., 2005). In Los Pedroches MMEs, the most
mafic type (MME?2) has the largest abundance
of Amp clots and plots toward the Mg pole in
the CaO-MgO diagram, showcasing the larg-
est scatter and accounting for the high-Mg sig-
nature (Fig. 2D). Textural variations in MME2
are representative of such self-contamination
process, with the most equigranular enclaves
resembling cumulates and the most porphyritic
resembling parental liquids. Together with Opx,
crystal accumulation of accessory phases is also
plausible, accounting for the observed devia-
tions in Los Pedroches MMEs compared to the
sanukitoid array (e.g., accumulation of titanite
produces excess of TiO2). Potential resulting dis-
equilibrium textures are likely masked by the
magmas re-equilibrating during emplacement,
as given by the low-pressure cotectic predicted
in the experiments.

RELATIONSHIP BETWEEN MMES AND
THE HOST MAGMAS

On the relationship between MMEs and
host magmas, the most common explanation
is that MMEs are the result of hybridization
between a mantle-sourced material and melt
generated by heating of the lower crust during
magma emplacement (e.g., Barbey et al., 2008;
Perugini et al., 2003). This hybridization model,
however, cannot explain the lack of composi-
tional modifications in the host granitic rocks
due to the presence of MMEs, field relation-
ships pointing to independent petrogenetic pro-
cesses between MMEs and their granitic hosts
(Clemens et al., 2017), equilibrium textures
between systems that presumably come from
two contrasting sources (mantle and crust), or
the clear resemblance in major and trace ele-
ments between MMEs and mantle magmatism
revealed by this study. If instead differentia-
tion is invoked, most of these contradictions
are immediately discarded. Inferences from
other post-collisional batholiths have already
pointed to a common origin for the mafic and
felsic magmas (Fowler et al., 2008; Fowler and
Henney, 1996; Moyen et al., 2017). Experimen-
tal cotectic liquids and the geochemical link
between all post-collisional rocks (Figs. 2 and
3) provide consistent evidence that a mantle-
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derived parental magma can differentiate grano-
diorites, excluding both the crust in the process
and the two-end-member model. This interpre-
tation is supported by horizontal patterns in the
14N d/*Nd-Hf/Nd diagram, indicating partial
melting followed by magmatic differentiation
(Fig. 3A), whereas mixing between two dif-
ferent end members would result in vertical
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patterns (Nielsen and Marschall, 2017). Close
similarities for all samples in Nd and Sr initial
isotopic ratios (Donaire et al., 1999) support
the idea that these magmas are part of the same
system, regardless of the whole-rock composi-
tion. Minor differences in Sri (where i means
initial) are due to local assimilation processes
that have been previously described for the

Autoliths dragged from
the chilled margins

Figure 4. Petrogenetic
model for post-collisional
magmatism. Ascended lig-
uids from orthopyroxene
(Opx)-bearing modified
mantle underplate lower
crust. Differentiation
produces solid phases
(mainly  the liquidus
phase of the system—
Opx), and some of them
are dragged by fraction-
ated liquid during ascent.
First pulse is mafic and
generates chilled margins,
accounting for quenching
textures. Further pulses of
more differentiated liquids
drag even more cumulate
material and fragments
of ascent conduit,
resulting in mafic micro-
granular enclaves (MMESs)
and amphibole clots.

Lower crust

Scottish Caledonian (Holden et al., 1987, 1991).
Further evidence provided by Sr/Y-Y relations
support a two-stage magma fractionation model
(Fig. 3B), likely resembling source and lower
crust underplating conditions (Fig. 4). Quench-
ing textures in MMEs and MMES representing
fragments of ascent conduits support such con-
clusions, given that mafic-intermediate magma
is the first to rise due to density contrast and
lower viscosity and undercooling is expected
to happen during ascent (Rodriguez and Castro,
2019), resulting in the observed quenching tex-
tures. Quenching also precludes contamination
in the enclaves, pointing to pristine trace ele-
ments and isotopic relations. Subsequent pulses
of more differentiated magma (the granodio-
rites) are then able to extract fragments from
the ascent conduit during ascent, transporting
them in suspension and ultimately resulting in
the observed autolithic MMEs (Fig. 4). In con-
clusion, based on the studied MMEs from Los
Pedroches batholith, we propose that post-col-
lisional granite petrogenesis can be explained
by partial melting and/or differentiation from
an intermediate parental magma sourced in the
lithospheric mantle, excluding the crust as a
potential source.
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Intermediate magma compositions have been postulated to be parental to Andeantype magmatism
in the recent years. Geochemical and experimental methods have allowed the modelling of a
hypothetical parental composition that accounts for the major element trends displayed by Andean:
type batholiths. However, natural plutonic examples matching the modelled composition remain
lacking, likely due to the predominance of fractionated liquids and cumulates in the batholiths after
protracted and large:scale differentiation. Contrary to this, magma mingling zones, a common feature
in Andeantype batholiths, are characterised by quenching phenomena, minimising differentiation.
In this paper, we present data from intermediate magmatism in the world-class Gerena magma
mingling zone in the Seville Sierra Norte batholith (southern Iberia), compositionally equivalent to
Andeantype magmatic series. Geochemical data from quenched dark globules of variable scale and
the corresponding host granodiorites are contrasted with the bimodal trends displayed by the host
batholith. Results suggest that the smallerscale dark globules have not undergone any significant
fractionation. Furthermore, after conducting geochemical modelling we conclude the dark globules
represent a composition that could be parental to Andeantype magmas. We propose that magma
mingling zones are an optimal place to probe for parental magmas of Andeantype magmatism,
particularly those represented in pristine melanocratic, intermediate globules.

Intermediate composition volcanic rocks and magmas are volumetrically dominant over basalts in active conti-
nental margins'. Similarly, diorites and Qz-diorites, the plutonic equivalents of erupted andesites, dominate over
gabbros. Intermediate magma compositions (SiO2=53-63 wt%; MgO =2-8 wt%) have been extensively used
as parental magma systems for experimental modelling of the compositional trends of batholiths®*. However,
unambiguous identification of intermediate plutonic rocks matching the model compositions remains elusive.

This problem relates to one of the main features displayed by Andean-type batholiths, namely the existence
of compositional gaps*>*®. Commonly known as the Bunsen-Daly gap***5, these refer to two compositional
groups (low silica and high silica) separated by a silica interval (around 55-60 wt% SiO2) with scarce repre-
sentation from natural samples. Different plausible explanations include that compositional gaps result when
a hot, mantle-sourced basalt intrudes the lower crust and partially melts it to produce a silicic magma+16.7;
large-scale magma immiscibility®8; or continuous differentiation that gives rise to cumulates and fractionated
liquids®®. Whatever the case, these processes preclude the identification of rocks as parental magmas, highlighting
the relevance of identifying zones where fractionation was limited or non-existent. Moreover, all these models
entail the coexistence of different magma types in the same chamber, producing local yet pervasive mingling
phenomena in the batholiths?2L,

In this sense, magma mingling zones (MMZ), a common feature of Andean-type batholiths, drew the atten-
tion of volcanologists because they represent snapshots of the complex dynamic processes that occurred in
response to magma chamber replenishment??. Quenching phenomena, a characteristic feature of MMZ due
to the thermal contrast between different types of magmas, minimise magmatic differentiation, mixing and
contamination with the host crust. Thus, quenching maintains almost intact the pristine composition of the
magmas invading shallow felsic magma chambers by replenishment. Building on this foundation, we conducted
a geochemical study of mingled Andean-type intermediate magmas in the world-class example of Gerena MMZ

*Museo Nacional de Ciencias Naturales (MNCN), Consejo Superior de Investigaciones Cientificas (CSIC),
C. José Gutiérrez Abascal 2, 28006 Madrid, Spain. 2Centro de Investigacion CIQSO, Universidad de Huelva, Huelva,
Spain. “email: daniel.gomez@csic.es
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(Seville Sierra Norte batholith, Southern Spain), where details of magma mingling were reported years ago®. A
preliminary comparison between Gerena, the Variscan Seville Sierra Norte batholith and the Jurassic Guadalupe
Igneous Complex (California) is used to establish the Andean-type affinity of Gerena MMZ. Subsequent geo-
chemical criteria are then used for the identification of samples with limited fractionation. After geochemical
modelling comprising existing data from the Seville Sierra Norte batholith, the results will provide insights into
the identification of pristine, parental intermediate magmatism in Andean-type settings. Although this work
is referred to plutonic systems, the geochemical equivalence between arc plutonic and volcanic rocks has been
vastly addressed in the existing literature?#25, thus making the results of this work applicable to volcanic set-
tings. We contend that the application of the same criteria to other MMZs around the world could be relevant
in addressing petrogenetic studies of batholiths and silicic volcanism.

Geological setting, field relations and sampling

The Gerena MMZ is part of a major intrusive body of the Seville Sierra Norte batholith, emplaced during the
Lower Carboniferous at the South Portuguese zone of the Iberian massif (Fig. 1). The Seville Sierra Norte
batholith was emplaced at ca. 340 Ma® into a low-grade metasedimentary pile formed by Devonian siliciclastic
metasediments and metavolcanics and Lower Carboniferous volcano-clastic successions of the Iberian Pyrite belt.
The whole batholith has been interpreted as Andean-type in terms of rock compositions, resulting by subduction
and further oblique collision of the Laurussia and Gondwana supercontinents during the Carboniferous?’. The
Gerena MMZ is exceptionally exposed at the Guadalquivir fault, containing well preserved relations of magma-
in-magma injections and quenching. Two main types of magmatism can be found, namely net-veined felsic
complexes that intruded a consolidated tonalite, and intermediate globular intrusions and synplutonic dykes
that intruded a felsic magma chamber?. A representative number of samples were collected from both the felsic
complexes and the intermediate globules. However, since the felsic complexes expectedly represent differentiated
magma, the present study mainly revolves around the melanocratic, intermediate globules.

Diorites and Qz-diorites manifest as distinct, dark fine-grained globules that exhibit diverse sizes and shapes,
spanning from a few centimetres to several meters. These globules can display angular or rounded forms and are
readily identifiable by their overall fine-grained textures, occasionally porphyritic, and non-crenulated contacts.
They are found within a matrix of medium-grained biotite-granodiorite (Fig. 2a,b). Dark globules occasion-
ally display discrete and discontinuous chilled margins with finer grain size than the core, and lobate contacts
against the host granodiorite (Fig. 2c). Some dark globules contain pegmatitic ocelli aligned in bands parallel
to the chilled margins (Fig. 2d) and represent fragments from the external rigid carapace of magma injections.
Larger dark globules also found in the Gerena MMZ appear as meter-sized dismembered bodies, displaying a
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Figure 1. Geological map of the Seville Sierra Norte batholith showing the location of the Gerena magma
mingling zone. Map modified from Instituto Geoldgico y Minero de Espafia, mapa geoldgico digital continuo
GEODE (accessed in 2023, available for public access in http://info.igme.es/cartografiadigital/geologica/geode
zona.aspx?1d=21500). The map and the rest of the figures were created using Adobe Illustrator 27.9 under a
license from the Museo Nacional de Ciencias Naturales (Consejo Superior de Investigaciones Cientificas).
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Figure 2. Representative field relations of dark globules and synplutonic dykes of the Gerena magma mingling
zone. (A, B) General view of one of the breccia-like zones with dark magmatic globules of variable shape and
size enclosed in a medium-grained biotite granodiorite. (C) Details of homogeneous dark globules with rounded
shapes and devoid of continuous chilled margins. (D) Large and elongated globule showing pegmatitic vesicles
concentrated along a zone close to the chilled margin on one side. The other side shows irregular contacts with
dispersed fragments around. (E) Transversal section of a large dark globule from the chilled margin to the
interior. Fragments from the chilled margin are observed as inclusions (autoliths) in the interior of the globule.
(F) Partially molten hornfels xenolith from metasedimentary country rocks. These xenoliths supply evidence for
local contamination of the host granodiorite.

tabular geometry and chilled margins (Fig. 2e). Hornfels xenoliths from the host rocks are found scattered in
the granodiorites, showing small degree of migmatization (Fig. 2f).

Short-range differentiation by in-situ crystallization, in conjunction with the formation of chilled margins in
ascent conduits and dykes?®, may imply small variations in silica ranges in larger dark globules. Thus, in order
to identify undifferentiated magma compositions, we test the presence of minor variations in globules of vari-
able scale. A set of samples was collected across a large dark globule showing a chilled margin at one of the sides
(Fig. 2e). Other samples were collected from smaller dark globules. A few samples from the host granodiorites
were also collected for reference. The dark globules appear as fine-grained, slightly porphyritic rocks constituted
by plagioclase, amphibole and quartz as the main phases, and biotite, apatite, K-feldspar, titanite, zircon and
opaque minerals as accessory phases. On the other hand, the host granodiorites are characterised by a medium-
grain, locally granophyric texture, and are mainly composed of quartz, K-feldspar and plagioclase, and allanite,
apatite, hornblende, and zircon as common accessory minerals. An exhaustive description of the Gerena rocks
and mineral compositions can be found in previous works?.

Samples were crushed, milled, and analysed for major and trace elements using standard XRF and ICP-MS
techniques, respectively. A selection of samples from dark globules were analysed for trace elements and Sr and
Nd isotopes. The complete set of results can be found in the Supplementary Material S1, and the analytical details
are given in the Supplementary Material S2.

Whole rock geochemistry

Comparative classification diagrams for Gerena MMZ samples, the Sevilla Sierra Norte batholith and experi-
mental cotectic liquids are available in Figs. 3 and 4. Data from previous studies in the Gerena MMZ? and the
GAP model for Andean-type magmas parental* were also plotted in the figures. A database from the Guadalupe
Igneous Complex?® was represented for comparative purposes as a reference of a well-known Andean-type
batholith (kernel density plot, Figs. 3, 4). Composition of the average bulk continental crust is available for
further reference®. The exact overlap between the Sevilla Sierra Norte batholith and the Guadalupe Igneous
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Figure 3. Harker diagrams for the Gerena samples. Comparative series from Sevilla Sierra Norte batholith?”
and Guadalupe Igneous Complex?®. Dashed points are additional Gerena analyses reported years ago?, from
which the dark globules show an exact overlap with the new analyses. Points with thicker contours represent the
compositions used for geochemical model in Fig. 6.

Complex provides an immediate depiction of the Andean-type affinity of Gerena MMZ. Consistent with this
pattern, all Gerena samples follow the trend displayed by the Guadalupe Igneous Complex in Harker diagrams,
only diverging with slightly smaller CaO and MgO, and larger Al203 contents for their respective silica values
(Fig. 3). Noticeable differences are observed between the dark globules and the larger dark globule, with the for-
mer clustering within a narrow silica interval (5660 wt% SiO2) compared to the linear trend displayed by large
dark globule. In the CaO-MgO (Fig. 4a), despite their lower CaO and MgO respective to silica contents, Gerena
samples follow the experimental cotectic path of calc-alkaline rocks®, coherent with the patterns of Andean-type
batholiths?. The A-B diagram (A =molar [Al-Na-K-2 x Ca] x 1000; B=molar [Fe + Mg+ Ti] x 1000) presents
a similar situation, although the large dark globule exhibit a scattered distribution instead of a linear pattern
(Fig. 4b). Notably, the average bulk continental crust composition matches the dark globules from Gerena MMZ,
with the only deviations found in MgO contents (Figs. 3, 4). Moreover, major element patterns in Figs. 3 and 4
showcase Gerena samples falling in the compositional gap of the Seville Sierra Norte batholith.
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Figure 4. Classification diagrams for the Gerena samples and geochemical profile of the large dark globule.
Reference GAP model is added for comparison*. Comparative series and colour codes are the same as in Fig. 3.
(A) CaO-MgO diagram. All collected samples fall in the gap between liquids and residues. Most fractionated
samples follow the trend displayed by the Andean main cotectic array (black line*). (B) A-B diagram. (C)

Mg# against SiO2 diagram. (D) Compositional profile across the dyke shows the variations in major elements
(numbers are wt%) resulting from differentiation by in-situ crystallization from the walls to inside. Shaded area
represents samples matching the composition of the average of dark globules.

A geochemical profile of the large dark globule is shown in Fig. 4d, offering an enhanced visualization of
the inner compositional zoning of the meter-sized dark globule. The average composition of the smaller dark
globules is offered for comparison. Enrichment in SiO2 and depletions in FeO, MgO and CaO are observed in
the edges of the profile. Contamination with the host granodiorite (yellow diamonds, Fig. 4d) is observed near
the contact. However, composition remains unmodified over a wide zone of large globule (grey zone, Fig. 4d),
most prominently showed by the constant Mg#, and close to the average composition of smaller dark globules
(purple squares, Fig. 4d). Such geochemical homogeneity strongly suggests that there is no significant differ-
entiation among the globules, with only small variations found in the rims. Plagioclase phenocrysts are mostly
concentrated at the central part of the globule, giving rise to Ca and Al enrichment with respect to the chilled
margins. Samples from the central zone overlap the composition of the smaller dark globules.

Regarding trace elements, all analysed samples show relatively similar patterns, with typical arc signatures.
Notably, dark globules exhibit roughly similar patterns to those from the host granodiorites (Fig. 5a,b). Whole
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rock Sr and Nd isotopes were determined in a selected range of representative samples from both the dark
globules and host granodiorites (Fig. 5¢). A majority of the examined samples exhibit a consistent pattern, with
the host granodiorites displaying higher crustal affinity. Only one of them (A423-18) stands apart from the rest,
showing a stronger mantle affinity. The trend followed by the Gerena samples parallels that seen in the North
Patagonian batholith, exemplified by Aysén and Bariloche®!, and further highlighting the similitudes between
the Gerena MMZ and other Andean-type batholiths.

Discussion

Unfractionated magmatism in the Gerena magma mingling zone

Intermediate magmatism from the Gerena MMZ showcases a compositional range between larger and smaller
dark globules. Samples from the central part of the large dark globule overlap the composition of the smaller
dark globules, while the geochemical patterns displayed by the edges of the large dark globule are more similar
to the granodiorite (Fig. 2f). Observed differences within the large dark globule are coherent with those pre-
dicted experimentally by in-situ crystallization at the sidewalls of magma channels?. These differences are due
to fractional crystallization occurring in the edges caused by temperature contrast with the host, further physi-
cally enhanced by the more viscous mushes accumulating towards the edges. Given these considerations it can
be argued that larger globules are suboptimal places to sample unfractionated rocks, due to the small variations
at the rims of the globules after intrinsic in-situ crystallization.

Although fractionation is possible at the level of emplacement, as it was identified in the large dark globule, the
composition of dark globules remains almost identical among varied shapes, pointing to negligible fractionation.
Dark globules are comparable in textures and compositions to mafic microgranular enclaves (MMES), a ubiqui-
tous feature of granite batholiths in Andean-type settings®2. Mafic microgranular enclaves have been interpreted
as fragments of synplutonic magma injections or to represent the input of mafic magma from the mantle that
triggered crustal melting and granite melt generation®*34, Nevertheless, dark globules display clear differences
with larger dark globules that could represent magma injections found in Gerena MMZ, the latter characterised
by angular edges and size of meters. Only a narrow range of variation is found in Sr and Nd isotopes, in which the
granodiorite samples are richer in evolved components. This points to a possible crustal contaminant, enriched
in radiogenic Sr and depleted in radiogenic Nd (Fig. 5c). The implication is that dark globules, on being coge-
netic with the host granodiorites, were protected of contamination by their solid state and the surrounding felsic
granodiorite during ascent and cooling. Thus, the evolved geochemical features such as the high silica content,
low-MgO or isotopic values that characterise dark globules can be considered inherited from the source. How-
ever, it is noteworthy that trace element patterns (Fig. 5a,b) show clear similarities between dark globules and
the comparatively more evolved granites. This observation is apparently contradictory when considering the
differences in major elements between the two groups and can only be explained by the strong control imposed
by accessory phases in granitic systems. Such issue is well-documented in granite petrogenesis, where processes
like entrainment, fractionation or dissolution of common accessory phases such as zircon, monazite and apatite,
can exert a strong influence on the resulting trace element signature®>*, These phenomena are rather unpredict-
able, hindering the use of trace element for petrogenetic interpretations in the Gerena MMZ. For this reason,
we rely on the other evidence, namely the overlap between the Gerena dark globules, the parental experimental
models and the compositional gap, and conclude that dark globules (or the equivalent MMEs) from MMZ are
optimal places to probe for magmas with limited fractionation.

Relationship with the Seville Sierra Norte batholith
Once the dark globules have been identified as undifferentiated magma, the next logical step is to test their
genetic relationship with the granites and mafic rocks of the Seville Sierra Norte batholith. For this purpose, a
binary difference test was conducted to assess the reproducibility of a parental composition from its respective
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differentiate and residue. In other words, this method conducts a regression model through binary differences to
test the likelihood of two selected compositions, representing a fractionated rock and a differentiation residue,
resulting from fractionating a parental composition. The regression accuracy is represented by R-squared values
and embodies the likelihood of the three chosen compositions being related by differentiation (details on this
method can be found in the Data Repository). Three representative dark globule and granite pairs were selected
for geochemical modelling (points with thicker contours in Figs. 3, 4). These samples were intendedly collected
in adjacent areas for this specific purpose. Regarding the residue, it is important to note that while the use of
granite compositions for this purpose is relatively straightforward given their relative homogeneity due to their
cotectic behaviour, the use of residue compositions is more challenging. This is mainly because the geochemistry
of cumulate rocks, which likely result from multiple differentiation processes, is practically undistinguishable
from that of differentiation residues. Additionally, olivine-rich cumulate rocks may be present in the Seville
Sierra Norte batholith as a result of minor basaltic intrusions?’. Since this model aims for a composition in
equilibrium with a dioritic precursor represented by the dark globules (i.e., compositions resulting from a single
differentiation process), selecting an accurate cumulate composition is a critical prerequisite. Taking these fac-
tors into account, we selected a composition that is coherent with the rest of the Seville Sierra Norte data, and
close to the density maxima from the comparative series after the Guadalupe Igneous Complex in most of the
diagrams. For comparison purposes, we also tested a reported cumulate from the literature?® (Figs. 3, 4, grey
points with black contours).

Results of the modelling are available in Fig. 6. Regardless of the used compositions, all tests yielded an
excellent correlation with R-squared values of >0.96. Tests using cumulate composition yields worse correlations
for Fe and Al (Fig. 6a—c), likely due to accumulation of spinel. This can also be explained by small degrees of
assimilation of host hornfels, supported by the presence of migmatization (Fig. 2f) and the slightly higher crustal
affinity displayed by the granodiorites (Fig. 5¢). Comparatively, a small improvement is observed in the selected
residue composition (Fig. 6d—f). This observation is coherent with a parental melt of circa 60 wt% SiO2 resulting
in a residue with basaltic-like composition (SiO2 =~ 50 wt%). Moreover, variations among residual compositions
having effect in the order of centesimals supports the strong genetic relation between the dark globules and the
granodiorites. Although this test can be applied to trace element values, results may be unreliable for the reasons
exposed above. Furthermore, while assimilation of small batches of host rocks may not have a significant effect
in major elements (Figs. 3, 4), trace element and isotopes are a lot more sensible, with the latter showcasing slight
deviations that are coherent with a contaminant (Fig. 4d).

An intermediate precursor to Andean-type magmatism

Arc magmatism generation has been classically associated with basalt production from the peridotite mantle®"%,
resulting in the felsic arc rocks by a number of processes, such as magma mixing and contamination® or dif-
ferentiation from a hydrous basaltic parental*®4t, These models, however, entail important drawbacks that limit
their viability, such as the elimination of an unseen ultramafic residue from the continents®*2, or their inability
to account for the andesitic average composition of the continental crust®® without invoking complex multi-
stage differentiation processes®’. Not only that, but previous experimental work has also evidenced the inability
to differentiate andesites from primary basalts, leading to inaccurate differentiate compositions*. Contrary to
this, the use of an intermediate parental composition offers a solution to most of these challenges that, on top of
it, is supported by existing experimental work (see references above). In this sense, dark globules from magma
mingling zones can represent natural rocks matching the intermediate experimental models.

Even so, since a purely peridotitic mantle source is unable to produce intermediate magmatism?®43, a modi-
fication by either magma mixing or assimilation and fractional crystallization must be assumed*’. Accordingly,
pristine magmas of andesitic composition can be generated by melting of silicic diapirs coming from subducted
mélanges of oceanic crust and sediments*-“ and their reaction with the peridotite mantle*’-%°. This consideration
agrees with the data set showing the participation of evolved components even in the dark globules, a charac-
teristic feature shared with diorites and granodiorites of various ages. Notably, similar patterns can be observed
in Aysén and Bariloche in the North Patagonian batholith®!, which were interpreted as resulting from melting
of subducted mélanges incorporated by subduction and diapiric upwelling to hot zones of the suprasubduction
mantle wedge. Consequently, major element geochemical trends of Andean-type batholiths follow cotectic lines
that are reproduced experimentally by using a non-basaltic, dioritic (= andesitic) starting composition®. For those
experiments, the composition of the parental diorite was modelled after the composition of the gap observed
between granodiorites and diorites in the Patagonian batholith, following inference that large-scale fractionation
is the cause of the gap®#®%. Large-scale fractionation causes the parental magma to be the less represented by
rocks, as these are mostly fractionated into liquids and residues. The same gap is observed in the whole Seville
Sierra Norte batholith, in which dark globules represent the less abundant rocks of a general bimodal distribu-
tion (Fig. 3a,b), uncoincidentally plotting in the compositional gap between residues and differentiates. Note
this is a common feature displayed by Andean-type magmatism, as shown by the comparative series (Fig. 3).
Moreover, alternatives like magma mixing are unlikely due to the non-linear trends displayed by the Seville Sierra
Norte batholith (Fig. 3). In contrast, differentiation is supported by the compositional correlation between the
residues and differentiates and the dark globules as the potential parental magma (Fig. 6). These observations
are further supported by the close match between the dark globules and the average bulk continental crust in
most available diagrams (Figs. 3, 4), reinforcing the notion of continental growth in active margins through
intermediate magmatism?*%2,

A cogenetic relation between enclaves and host granodiorites (sensu lato) in Andean-type and post-collisional
batholiths around the world is widely accepted®°3%*, The lack of reaction rims around MMEs, the compatibility
of mineral assemblages between enclaves and host and the geochemical and isotopic similarities®®*%® support a
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Figure 6. Binary difference test between the Gerena dark globules, differentiates and residual rocks from
the Seville Sierra Norte batholith. Selected samples for each test are available in each diagram. Tests (A-C)
are conducted with a cumulate composition, while tests (D—F) are conducted with a residual composition
presumably with less cumulate affinity. All tests yield excellent correlations between the selected samples,
implying that the dark globules can reproduce the fractionated and residual compositions through
differentiation.

common magmatic origin. On top of that, most recent work on post-collisional MMEs show that enclaves may
indeed represent the quenched parental magma of granite batholiths®®. However, when probing for pristine
parental magma in MMEs it is important to note that not all of them represent parental magmas. A study of min-
eral relations and whole chemical compositions of enclaves from the Tuolumne intrusive complex concluded that
the most mafic MMEs represent cumulates that lost up to 50% liquid, yielding an estimated dioritic composition
for the parental magmas of SiO2 =60-62 wt%; CaO = 5.2 wt%?3. Such values are almost coincident with the model
diorite composition (GAP model in Fig. 4) and the average values of the Gerena dark globules. Furthermore,
the comparison with the diorites of the Kuna Crest lobe that represent the initiation of the Tuolumne batholith
in Sierra Nevada (California) and, hence, the less fractionated pulse of magma®’. In particular, the Zone I of the
zoned lobe is the most primitive in terms of Sr—Nd isotopic ratios and has a major element composition that
fairly matches that of the Gerena dark globules. Implication of these inferences is that mingling zones are a result
of new pulses of parental magma intruding their own differentiates and residues.

Concluding remarks

The Gerena magma mingling zone, located in the Sevilla Sierra Norte batholith, constitutes a world-class example
featuring all typical characteristics of Andean-type magmatism. The host granodiorite is intruded by abundant
intermediate magmas that appear in the form of dark globules of variable size. While larger dark globules hint
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to have undergone local fractionation, inference suggest that dark globules represent pristine magmas that
have not undergone any significant differentiation. After modelling their correlation with differentiated rocks
and cumulates from the Seville Sierra Norte batholith, further comparison with experimental and geochemical
evidence suggests that these commonly occurring dark globules are, in turn, the parental to Andean-type batho-
liths. Altogether, we conclude that magma mingling zones and microgranular enclaves, both typical features of
Andean-type batholiths, constitute optimal settings to probe for the unfractionated magmas, in which a pristine
diorite (or andesite) composition can be identified as the parental magma of the system.

Data availability
All data generated or analysed during this study are included in this published article, available in its Supple-
mentary Files.
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5.2 Numerical modelling

A total of eighteen numerical experiments were performed to investigate the dynamics
and evolution of physical parameters such as temperature, pressure and water during
subduction and collision, as well as the potential sources for melting. For this purpose, a
sensitivity study was performed covering a range of different parameters, such as the
length of the oceanic plate (400 — 675 km), the thermal age of the oceanic crust (40 Myr,
60 Myr, 90 Myr) and the convergence rate of the continental plates (1 cm/yr, 3 cm/yr
and 5 cm/yr). Results from the numerical models are summarised in figure 5.1 and table

5.1.

Convergence rate (cm/yr) Convergence rate (cm/yr)
1 3 5 1 3 5
| 1 | | | 1
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Mantle lithosphere melting
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. Asthenosphere upwelling -=:|  Asthenosphere melting

Figure 5.1. Parameters and results of conducted numerical experiments. Sources of
melting represent both the initial and predominant source of magmatism in the model.
All mantle magmatism occurs as a consequence of hydration from the subducting slab.
Each studied parameter exerts a strong control over the dynamic and magmatic regime

of the model: the oceanic plate length conditions the dominance of lithospheric mantle
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or relaminated crust magmas; the age of the oceanic crust influences the likelihood of

slab break-off; and the convergence rate the duration and volume of magmatism.

Three major regimes of long-term development post-dating collision can be identified
within the results, namely (1) subducted continental crust relamination, (2) slab break-
off, and (3) asthenosphere upwelling. Among them, continental crust relamination is the
most widespread result of the numerical study, with slab break-off occurring only in
experiments using the youngest oceanic crust and asthenosphere upwelling in

experiments using a shorter oceanic plate and high convergence velocities.

A majority of the numerical experiments resulted in significant magmatism during the
collisional and post-collisional stages. Two main sources of magmas can be identified: (1)
the mantle lithosphere from the upper plate, melting as a result of hydration from the
oceanic plate and post-collisional extension; and (2) the relaminated crust from the
subducting plate, melting after relamination and subsequent intrusion of the
relaminated crust in the upper plate lithospheric mantle. These two melting
endmembers usually occur at different stages within the orogenic process, causing
transitional scenarios to be the most common. It is noteworthy that the occurrence of
each type of magma is highly dependent on the length of the oceanic plate, with
lithospheric mantle magmatism being favoured by a larger ocean and relaminated crust
magmatism being favoured by a shorter ocean. Besides, lack of magmatism is
characteristic of subduction with slower convergence velocities, particularly when using

a larger oceanic plate.

To properly constrain the controls on magmatism during collision, model 1 was chosen
for reference as the most observed scenario within the experimental results. This
reference model shows the development of the physical controls on magmatic sources
during collision and registers a change in magma sources, from an initial syn-collisional
to early post-collisional stage featuring lithospheric mantle magmatism, to a fully post-
collisional stage characterised by relaminated crust magmatism after relamination
initiation. Furthermore, models 6 and 26 were chosen to be representative of the two
end-member settings for magmatism, dominated respectively by lithospheric mantle
magmatism and relaminated crust magmatism respectively. All the models follow very

similar dynamics prior to continental collision: the oceanic subduction takes place and is
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followed by slab roll back. Continental subduction then begins, with a progressive yet
sharp decrease in the subduction velocity, after which the evolution of the models starts

to differ. No arc magmatism was registered in any of the tested numerical models.

Model Length of the Convergence ﬁf:a(:lfizt?ust Result Melting

oceanic crust (km) rate cm/yr

(Myr)

1 675 3 60 Relamination Mantle lithosphere
2 675 5 60 Relamination Mantle lithosphere
3 675 3 40 Break-off No melting
4 675 5 40 Break-off Mantle lithosphere
5 675 3 90 Relamination Mantle lithosphere
6 675 5 90 Relamination Mantle lithosphere
13 400 3 60 Relamination Relaminated crust
14 400 5 60 ﬁ;t::gﬁ;;phere Asthenosphere
15 400 3 40 Break-off Relaminated crust
16 400 5 40 Break-off Asthenosphere
17 400 3 90 Relamination Relaminated crust
18 400 5 90 Relamination  Asthenosphere
25 400 1 60 Relamination Relaminated crust
26 400 1 40 Relamination Relaminated crust
27 400 1 90 Relamination No melting
31 675 1 60 Relamination No melting
32 675 1 40 Relamination No melting
33 675 1 90 Relamination No melting

Table 5.1. Summary of the parameters and results from the numerical experiments.
Although most models present magmatism from different sources, melting column refers

to the dominating source within each model.

5.2.1 Reference model

The reference model (model 1, Table 5.1) features a symmetrical convergence rate of 3
cm/y between two identical continental lithospheres, separated by a 60 Myr old and 675
km wide ocean. Available figures show the evolution of lithology (Fig. 5.2), temperature
(Fig. 5.3), pressure (Fig. 5.4), second strain rate invariant and velocity field (Fig. 5.5) and

water contents (Fig. 5.6).

During the oceanic subduction dehydration from the subducted ocean ascends through

the asthenosphere, and an incipient thermal anomaly is formed in the mantle wedge.
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Once the ocean is closed and collision begins after ca. 10 Myr, mantle velocity field starts
pushing the mantle towards the subducting plate, initiating a small upwelling and
slowing the subducting plate, which in turn is now exclusively driven by the slab pull.
During this stage, deformation is characterised by the development of faulting in the
overriding plate as a result of the compression stress, mainly located near the foreland

basin (Fig. 5.5).

Oceanic subduction is followed by continental subduction, with the entrainment of the
lower plate into the asthenosphere. Continental subduction enhances mantle flow in the
wedge, causing more intense deformation in the foreland and a progressively larger
thermal anomaly. The gradual heating and hydration of the lithospheric mantle from the
overriding plate triggers magmatism after ca. 17 Myr (Fig. 5.2 and 5.3). During this stage,
the leading edge of the subducting plate reaches the transition zone at 660 km and

becomes positively buoyant, ultimately ceasing continental subduction.

During the following 10 Myr in the evolution of the model the mantle wedge continues
to increase its thermal anomaly and the intensity of the mantle velocity. These factors
facilitate the weakening of the subducting continental crust, resulting in the detachment
of the upper crust and relamination initiation. At ca. 28 Myr a significant portion of the
subducted upper crust has relaminated. At this point in the evolution of the model, the
strong vertical component in the mantle velocity field and rollback force causes the
incorporation of the relaminated upper continental crust into the overriding plate
lithospheric mantle. By ca. 34 Myr the relaminated crust interacts with the hydrated
lithospheric mantle, initiating partial melting of the relaminated crust. At this stage, the
overriding plate undergoes post-collisional extension, which conditions the appearance
of normal faults throughout the continental crust. Nevertheless, most of the
deformation is accommodated in the plates interface through the formation of new
structures verging to the subducting plate after the large volume of relaminated upper

crust.

Pullback forces continue in the following million years, ending in the relamination of a
minor volume of lower continental crust that is incorporated to the mantle wedge. In

this case, the temperature regime is insufficient to trigger magmatism from such a mafic
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source. Throughout the whole model evolution the pressure regime (Fig. 5.4) registers

variations of £5 kbar in the lithospheric mantle.



5. Results

100 [
150 B =
200

250
300

50

100

150

200

250

300

50

100

150

200

250
300

100
150
200

250
300

50
100 [ -
150
200

250

300 : \
km 1800 1900 2000 2100 2200 2300 2400 2500 2600

Figure 5.2. Development of the reference model (model 1, Table 5.1). Colour scheme is
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5.2.2 Comparison with the magmatic endmember models

The endmember for lithospheric mantle magmatism features a higher convergence rate
than the reference model with 5 cm/y, with an ocean length of 675 km and 90 Myr age.
Alternatively, the endmember for relaminated crust magmatism uses a slower
convergence rate of 1 cm/y and a shorter ocean of 400 km and 60 Myr age. The two
endmember models for magmatism share roughly similar geodynamic evolution with

the reference model, as both are dominated by crustal relamination (Fig. 5.1, Table 5.1).

The endmember for lithospheric mantle magmatism is characterised by more prominent
partial melting from the hydrated lithosphere. Available figures show the evolution of
lithology (Fig. 5.7), temperature and pressure (Fig. 5.8), and second strain rate invariant,
velocity field and water contents (Fig. 5.9). The higher convergence velocity (5 cm/y
compared to 3 cm/y from the reference model) leads to a more intense mantle flux,
facilitating an equally more intense thermal anomaly in the mantle wedge, and to the
subducting slab reaching the transition zone after 9 Myr. Similarly, the comparatively
increased convergence rate produces a more intense deformation during oceanic
subduction, with the development of faulting systems associated to compressive forces

in the upper plate.

The endmember for relaminated crust magmatism features a more volumetrically
significant partial melting from the relaminated crust. Relevant figures show the
evolution of lithology (Fig. 5.10), temperature and pressure (Fig. 5.11), and second strain
rate invariant, velocity field and water contents (Fig. 5.12). Mantle velocities in the
mantle wedge have a more notable vertical component in the mantle wedge, facilitating
relamination and the introduction of the relaminated material in the lithosphere.
Hydration is comparatively less effective due to the shorter ocean, reaching the
lithosphere after a significant volume of continental crust has already been relaminated.
The shorter ocean also allows for a slightly steeper subduction, with the subducting slab

reaching the transition zone at 36 Myr.
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Figure 5.8. Temperature and pressure evolution of the end-member model for

lithospheric mantle dominated magmatism (model 6, Table 5.1).
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Figure 5.9. Second strain rate invariant and water content evolution of the end-member
model for lithospheric mantle dominated magmatism (model 6, Table 5.1). Arrows

represent the velocity field at each given timestep.



5. Results

50

100

150

200

250

300

50

100

150

200

250

300

50
100
150
200 7

250

300
0

50 §
100
150 |
200

250

300
km 1800 1900 2000 2100 2200 2300 2400 2500 2600

Figure 5.10. Development of the end-member model for relaminated crust dominated

magmatism (model 26, Table 5.1). Colour scheme is the same as in fig. 4.5.
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Figure 5.11. Temperature and pressure evolution of the end-member model for

lithospheric mantle dominated magmatism (model 6, Table 5.1).
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6. Discussion

6.1 Evidence from numerical models

6.1.1 Sensitivity to model parameters

The experimental results from the numerical study suggest that the convergence rate,
length and thermal age of the oceanic crust exert a strong control over the geodynamic
regime of subduction and subsequent collision. Among them, the length of the oceanic
plate is the most influential in the style of magmatism during collision. Nevertheless,
physical parameters of particular petrological relevance such as temperature, pressure
and water content remain notably similar regardless of the varying model parameters.
The numerical models show a consistent variety of magmatic sources in a limited range
of geodynamic settings, potentially highlighting the robustness of the initial setup and

selected model parameters.

6.1.1.1 Influence of the length of the oceanic lithosphere

The ocean width has been recognised as a significant variable in determining the
different variations in orogenic style (Andrié et al., 2018; Dymkova et al., 2016). Shorter
oceans facilitate a more efficient migration of deformation towards the foreland,
resulting not only in more intense deformation (Fig. 5.12), but also in larger volumes of
relamination from the subducted continental crust (Fig. 5.10). This geodynamic constrain
makes the width of the oceanic lithosphere the most influential parameter in
determining the style of magmatism. Specifically, numerical experiments using a longer
oceanic plate allow for more prolonged and consequently larger thermal anomaly in the
lithospheric mantle. A larger thermal anomaly allows for a comparatively more

prominent activation of the mantle lithosphere as a magmatic source.

Besides, the length of the oceanic lithosphere dictates the order of activation for each
magmatic source. A larger (675 km) ocean enables the production of lithospheric
magmatism before crustal relamination initiation. In contrast, experiments using a
shorter ocean tend to generate smaller batches of lithospheric mantle magmas,

compared to the earlier and larger production of magmatism from the relaminated

@

continental crust.
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6.2.1.2 Influence of the convergence rate

Convergence rate has proven to be one of the most influential parameters in the style of
post-subduction collisional orogeny, having a direct effect in the rheological coupling of
the lithosphere (Faccenda et al., 2008) and the efficiency of slab dehydration (Dymkova
et al., 2016). Notably, the newly obtained numerical models do not show significant
variations among different convergence velocities in the rheological coupling of the
lithosphere (Figs. 5.2, 5.7, 5.10). Upper crust consistently decouples from the lower crust
after relamination initiation, suggesting that decoupling is a result of the rheological
contrast between the weak upper crust (wet quartzite flow law) and strong lower crust
(plagioclase Anss flow law). Likewise, no significant differences are found in the hydration
and resulting water content of the lithospheric mantle from the overriding plate among
the models. Water contents reach a consistent maximum of 2-3 wt. % in the hydrated

upper plate regardless of the convergence velocity (Figs. 5.6, 5.9, 5.12).

Nevertheless, convergence velocity has a direct impact on the magmatism style of the
numerical models. Particularly, in experiments using a larger (675 km) ocean higher
convergence velocities appear to be favourable for a higher mantle flux and thermal
anomaly in the mantle wedge, enhancing magmatic production from the lithospheric
mantle. The opposite is also true, with slower convergence velocities precluding this
phenomenon and limiting magmatism from the hydrated lithosphere. Instead, slow
convergence velocities facilitate the gradual entrainment of larger portions of
relaminated crust in the lithosphere, allowing for a more effective hybridisation.
Comparatively, models using a shorter (400 km) oceanic plate and high (5 cm/yr)
convergence velocity were the only resulting in a high thermal anomaly in the mantle

wedge and subsequent melting of the asthenosphere.

6.1.1.3 Influence of the age of the oceanic lithosphere

The age of the oceanic lithosphere defines both the temperature distribution within the
slab as well as its density (Turcotte and Schubert, 2002). The temperature distribution of
the subducting ocean has a direct effect both on the geodynamic and magmatic regime
of the model. Experiments using a younger (40 Myr) ocean use a weaker oceanic crust,
being a lot more sensible to grainsize reduction and commonly resulting in detachment

(Fig. 5.1). Likewise, a younger ocean is hotter and less negatively buoyant, resulting in a
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weaker slab pull and ultimately favouring slab failure once the initial imposed
convergence velocity disappears. Comparatively, an older and denser ocean favours the
subducting lithosphere to sink into the asthenosphere, precluding slab detachment. In
combination with faster convergence rates, experiments using an older oceanic plate
favoured trench retreat and extension in the overriding plate, allowing for a larger
production of magmatism. This model parameter is however influential only when

considered in conjunction with the width of the oceanic plate and convergence rate.

6.1.2 Constrains from numerical models to post-collisional magmas

Magma production is dominated by the progressive modification of the magmatic
source, most commonly caused by crustal relamination (Fig. 6.1). Subduction is
ultimately the main driver of magmatism, causing an increasingly larger thermal
anomaly in the mantle lithosphere. The gradual entrainment of oceanic crust into the
asthenosphere liberates water to enhance melting, and further mantle lithosphere
modification is driven after collision by fragments of relaminated crust. However, the
influence of the width of the oceanic lithosphere has proven to be an important factor
in determining vastly different styles of magmatism. The resemblance with nature of
each endmember and transitional scenarios must be addressed prior to further

discussion.

An important constrain arising from post-collisional magmas is the age distribution from
different intrusions within the same batholith. More specifically, the age differences
between felsic and mafic intrusions have been commonly overlooked due to the biased
interpretation of a dual origin for post-collisional magmas. That is, a crustal and mantle
origin for the felsic and mafic-intermediate suites, respectively. According to the
previously presented results, the felsic magmatism results from differentiation of
mantle-derived mafic to intermediate magmas (Gémez-Frutos et al., 2023; Gémez-
Frutos and Castro, 2023, 2022), implying that the age differences can be representative
of the petrogenetic process. Appropriately, mafic rocks consistently yield older ages than
the more differentiated granitic intrusions in places where ages from both types have
been calculated (e.g. Carracedo et al., 2009; Couzinié et al., 2016; Williamson et al.,

1992).
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Although these observations can be considered preliminary and should be the focus of
future works, they help to constrain the numerical results. Models featuring a larger
ocean produce juvenile lithospheric mantle magmatism prior to the recycled magmas
from the relaminated crust, expected to produce mafic and more felsic magmas,
respectively. Furthermore, models using a short ocean and high convergence velocities
(models 14, 16 and 18, Table 5.1) resulted in significant asthenosphere melting. As
already noted, the subsequent large volumes of mantle picrites are unaccounted for in
natural orogens. Although these observations are a simplification since they do not
account for different degrees of partial melting, inference suggest that the use of larger
oceans reproduce a scenario more similar to nature. These inferences suggest that
models using shorter oceanic lithosphere are not a reliable source of information for

magmatism in collisional settings.

Collision allows for an appropriate scenario for partial melting, producing a considerable
thermal anomaly in the mantle. However, shortening is mostly accommodated along the
weak plate interface, resulting in minor deformation in the upper plate, with the early
development of fault systems due to compression (Fig. 5.5, 5.9, 5.12). The thermal
anomaly neither affects the lower crust from the upper plate nor the Moho
temperatures in any of the obtained numerical models. Upwelling scenarios only cause
isotherms to tighten near the Moho, resulting in significantly increased temperature
gradients in the mantle lithosphere. In contrast, the overlying continental crust remains
at relatively constant temperatures (Fig. 5.3, 5.8, 5.11). That is, the mantle thermal
anomaly never affects the continental crust, and collision have a limited effect on the

thermal budget of the lower crust.

These considerations serve as another significant limitation to the deep crustal hot zone
model for post-collisional magma generation (Annen et al., 2008, 2006; Hawkesworth
and Kemp, 2006; Solano et al., 2012), previously addressed through petrological
experiments (Gomez-Frutos et al., 2023). The resulting Moho conditions yield a limited
range of 700 — 800 °C for partial melting of the lower crust. Existing numerical models
suggest that thinner and weaker overriding plates enhance mantle flow and produce
comparatively larger thermal anomalies (Hertgen et al., 2020). However, the resulting

temperatures are in any case insufficient to produce voluminous magmatism from a

)



granulitic source (Castro, 2020; Patifio Douce, 1999). Although periodic influx of basaltic
magma from the mantle is usually invoked to justify a sufficient thermal anomaly in the
lower crust for magma generation (Annen et al., 2006), the abundant magmatism from
the mantle obtained in the numerical results is expected to have a much larger volume
expression that any potential crustal partial melt. For these reasons, numerical
modelling evidence matches petrological evidence at dismissing the lower crust as an

unlikely source for the main granite (s./.) post-collisional batholiths.

On the potential source conditions for post-collisional magmas, the numerical models
yield consistent values for temperature and pressure in molten areas. The thermal
budget for such process is limited to a range of c.a. 1000 — 1200 °C (Fig. 5.3, 5.8, 5.11),
and pressures of 15 — 25 kbar (Fig. 5.4, 5.8, 5.11). These conditions are supported by
petrological experiments, in which a hybrid peridotite — silicic contaminant source has
successfully reproduced liquids with I-type affinity under such conditions (Codillo et al.,
2018). Moreover, numerical works on arc settings are in agreement with the obtained
temperature and pressure ranges, resulting in significant partial melting of the
contaminated lithospheric mantle (Castro et al., 2013b; Vogt et al., 2012). All these
factors not only support the reliability of the numerical results, but also further depict a

limited range for the conditions of post-collisional magma production.

The water content is another important issue when discussing the source for post-
collisional magmas. Numerical models estimate around 2 wt. % H,0 in molten hydrated
mantle and relaminated crust (Fig. 5.6, 5.9, 5.12), a significantly lower amount than
previous estimations. Existing estimations of water contents in |-type magmas offer
vastly different ranges, with the most conservative estimations pointing to an average of
4 wt. % H,0 in mafic magmas (Plank et al., 2013), water-rich silicic magma reservoirs
bearing 6 — 12 wt. % H,0 (Collins et al., 2021, and references therein), and up to 16 — 20
wt. % H,0 in super-hydrous arc magmas (Urann et al., 2022). Such estimations attempt
to support the production of crustal magmas through water-fluxed melting, effectively
reducing the solidus temperatures of the lower crust (e.g. Collins et al., 2020, 2016;
Weinberg and Hasalova, 2015). However, these water contents are notably high when
compared with the low water contents stored in natural rocks, rarely exceeding 1 wt. %

H,0 (measured as LOI — loss on ignition) stored in primary minerals. Although the water
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distribution in numerical experiments results from preset parameters in the subducting
oceanic crust, limited amounts of water resulted in the production of large volumes of
magmatism from the mantle lithosphere. Such reduced water budget eliminates the
problem of the high-water requirement for fluid-fluxed melting of the lower crust, a

vastly discussed topic in literature (see references above).

The entrainment of water and foreign silicic material into the mantle lithosphere brings
the spotlight into another significant transversal topic, namely the mantle
metasomatism. A metasomatized mantle has been invoked for the generation of the
mafic-intermediate suite of post-collisional magmas (see references above). More
specifically, to account for the enriched nature of orogenic magmatism a mantle source
enriched in LILE, LREE and water is required. Nevertheless, water transport in the mantle
is believed to occur mainly through crack propagation (O’Reilly and Griffin, 2013, and
references therein), limiting the transportation of the required trace element budget to
the mantle lithosphere. Moreover, mantle xenoliths dragged in basaltic lavas rarely
display hydrous metasomatic features, and when present these are limited to accessory
proportions of amphibole and phlogopite (e.g. lonov et al., 2002; Kopylova et al., 2019).
Not only do these considerations support lower water contents in the mantle lithosphere
than the available estimations, but also highlight the need for an additional mechanism

to account for large-scale mantle modification and subsequent magma production.

In this regard, crustal relamination serves as an alternative to the exposed problematic.
According to the numerical results, the introduction of silicic crustal material in the
mantle is a likely phenomenon in the evolution of an orogen, triggered after the upper
continental crust becoming positively buoyant in the asthenosphere. The combination
of an average silicic crustal material (c.a. 63 wt. % SiO; as described in Rudnick and Gao,
2003) from the relaminated crust and a peridotite from the mantle lithosphere results
in a silicic hybrid mantle reservoir similar to those described for arc magmatism (Castro
et al., 2013b). By the time the relaminated crust interacts with the mantle lithosphere,
the thermal anomaly in the mantle wedge is sufficient to allow for magma production,
likely of intermediate composition. Consequently, according to the presented contrasted

numerical and petrological evidence a low-water hybrid peridotite-crustal silicic



contaminant is the most plausible source for the voluminous post-collisional

magmatism.

6.2 Re-evaluation of crustal evolution throughout the geological record

The evolution of the continental crust and the lithosphere over the geological record is
the result of multiple simultaneously occurring competing processes. Numerical models
offer evidence of large-scale destruction of lithosphere, with common processes like
erosion and weathering, slab detachment or gravitational instabilities driving the
destruction of significant volumes of lithosphere. On the other hand, petrological studies
provide sound evidence for the main driver behind continental growth, namely I-type
magmatism. Coupled numerical and petrological work allows for a yet more complex
view on the problematic, pointing to potential sources for Andean-type and Caledonian-

type magmas.

Throughout the past decades, classic interpretations offered a relatively simple scenario;
the continental crust is mainly created in active margins since the onset of plate tectonics
(Dhuime et al., 2012, 2011; Thorpe et al., 1981; Voice et al., 2011), dismissing post-
collisional magmatism as a minor contribution to crustal budget. Contrary to this, the
provided new evidence depicts a yet more complex problem: both arc and post-
collisional magmas result from mantle magmatism triggered by crustal destruction,
either by erosion and subduction in the oceanic lithosphere or by crustal subduction and
relamination. Balancing crustal growth and destruction in each process remain a critical
issue to address crustal evolution. While these matters have proved to be deserving of
an entire doctoral dissertation on their own merits, a preliminary re-evaluation can be

made in this regard.

Andean-type magmas have been referred to as the main drivers behind crustal growth
(see references above). Extensive discussion on the origin of this magmatism have
reached a relative consensus on their mantle origin, resulting from melting of a silicic
diapir from the subduction melange (Castro et al., 2013b; Marschall and Schumacher,
2012). Nevertheless, this crustal growth mechanism is compensated by erosion during
subduction, both from the structural collapse of the forearc wedge into the trench and

from the abrasion and hydrofracturing above the subduction channel.
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In this regard, erosion rates along different convergent plate boundaries showcase a
significant variability. For instance, 90 km3/km/My are considered average values for the
Andean subduction in central Chile (Scholl and Von Huene, 2009; Scholl and von Huene,
2007), while the estimated erosion within this same plate boundary lowers to 15
km3/km/My in Peru (Clift et al., 2009b, 2009a). While such heterogeneity created
controversy over the actual net growth in active margins (Thorpe et al., 1981), the recent
development of numerical models and more accurate erosion estimations suggest that
erosion far exceeds the growth rates (Stern, 2011). Such conclusions are in agreement
with natural inference, since continental arcs are exposed to erosion and are prone to
mass loss into sediments towards the oceanic basins. The implication is that the oceanic
subduction stage in active continental margins favours crustal destruction due to the

more effective erosion rates compared to new magmatic input.

The effect of post-collisional magmas in crustal evolution is the result of the competing
destruction from continent subduction and growth driven by the magmatic input. Post-
collisional magmatism has already been discussed to be optimal for its long-term
preservation in the continental crust (Gémez-Frutos et al., 2023). Nevertheless, the new
insights from numerical models point to the involvement of recycled continental crust in
the source of post-collisional magmas. The implication is that the new magmatic input,
although shielded in the core of newly formed supercontinents, is not translated directly
into continental growth. Similar to cordilleran magmas, crustal destruction through

continental subduction and crustal growth through magmatism must be balanced.

Nevertheless, addressing this issue in post-collisional magmas proves to be a more
difficult task, since plenty of its mechanisms have been discussed throughout this
dissertation. Erosion is not the main driver behind crustal destruction in collisional
settings. Instead, continental subduction and recycling serves as a significant crustal
destruction mechanism, but the ratios in terms of volume of relaminated crust and
peridotite needed to produce post-collisional magmatism are unknown, and so is the
volumetric production of post-collisional magmatism during collision. This issue is
further complicated by the progressive lithospheric thickening during collision, since
thinner overriding plate favours magmatism (Hertgen et al., 2020). For these reasons,

unveiling the ratio of relaminated crust needed to produce post-collisional magmas and
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estimating their subsequent volume must be the subject of future petrological and

numerical studies.

These considerations suggest that the evolution of the continental crust is tightly linked
to the supercontinent cycle. Mass loss characterises the breakup and early assembly
stages within each cycle, where magmatism is scarce and erosion is responsible for the
extensive destruction of the continental crust. During the late stages of assembly,
cordilleran magmatism is triggered through oceanic subduction, and the magmatic
production progressively balances the erosion rates. In the latest assembly stage and
early supercontinent stage, the relaminated crust triggers the production of post-
collisional magmas, marking a shift towards net crustal growth during continental
collision. Preservation rates reach a maximum during this stage of the supercontinent
cycle, with the new magmatic input being shielded in the suture of two continents,

usually distant from oceanic influence.

The former considerations offer a qualitative description of the evolution of the
continental crust. Using a magmatic perspective on the problem the existing estimations
on crustal growth are challenged. The previously discussed inferences suggest that
crustal growth from Andean-type magmatism is limited if any, while Caledonian-type
magmas are effective in growing the continents. This evidences a progressive shift from
crustal destruction towards crustal growth with the course of each supercontinent cycle,
potentially implying an episodic continental growth since continent were originally
created. A quantitative balance between growth and destruction within each of these
stages is still lacking. Hence, determining the balance between crustal growth and
destruction can be considered the next milestone in understanding the evolution of the

lithosphere.

In the light of the results of this PhD thesis, it is safe to surmise that the evolution of the
lithosphere results from the complex multi-component interaction between mantle and
crust, mostly driven by subduction in active plate boundaries. The two magmatic suites
responsible for crustal growth, namely Andean-type and Caledonian-type, occur when a
critical volume of crustal material is recycled back into the mantle, triggering lithospheric
mantle magmatism. In such a system the continental crust is limited to a passive role and

is not the source for new I-type magmas. Instead, the spotlight is brought into the mantle

S,
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lithosphere, undergoing periodic metasomatism through the input of crustal material

and giving birth to new continental crust.






7. Concluding remarks

The evolution of the lithosphere and origin of continents represent one of the most
important issues in Earth Sciences, responding to the long-term balance of competing
crustal growth and destruction processes. Crustal growth can be described as the
incorporation and preservation of igneous material generated in the mantle into the
crust. Consequently, the scrutiny of the most voluminous type of magmatism driving
continental growth, namely I-type, was used as a mean to re-evaluate crustal evolution
throughout the geological record. Among I-type magmas, the two constituent suites,
namely Andean-type and Caledonian-type, are sourced in different stages of the

subduction process, the main driver behind crustal destruction.

The examination of the petrogenesis and geodynamic mechanisms involving I-type
magmatism was performed through a variety of methods, including petrological
experiments, numerical models and field work. The available conclusions shall be

classified according to their corresponding objectives as follows:

1) Determination of the origin of Caledonian-type/post-collisional magmatism.
Caledonian-type magmas are sourced in the mantle lithosphere after metasomatism

with an external material.

a) Determination of the origin of the mafic-intermediate suite (i.e. sanukitoid series)
and evaluating its role in post-collisional magmatism. The sanukitoid suite is sourced in
a metasomatized mantle and is parental to the voluminous silicic post-collisional
magmas. The common high-Mg signature results from self-contamination with the

liquidus phase of the system, namely orthopyroxene.

b) Determination of the origin of the silicic suite. The silicic suite from post-
collisional magmas results from the differentiation of sanukitoid magmatism. The
observed geochemical signature is configured after a liquid line of descent. Post-
collisional magmas represent a significant addition of mass to the continental crust,
optimal for long-term preservation as they are commonly shielded in the core of newly

assembled supercontinents.
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c) Determination of the origin of the mafic microgranular enclaves and evaluating
their relationship with the host silicic magmas. Mafic microgranular enclaves represent
fragments of the parental magma to post-collisional batholiths, preserved as quenched

magmas in the ascent conduits that are torn apart and dragged by subsequent pulses.

d) Determination of the thermal and water budget of the lower crust during
collision. Moho temperatures are generally not affected by the collision process, limiting
the viability of the lower crust as a magmatic source. Comparatively, a large thermal
anomaly can be reached in the lithospheric mantle, with temperatures up to 1300 °C.

Water contents are supplied via subduction and rarely exceed 4 wt. %.

2) Determination of the parental magmas to cordilleran magmatism. The parental
magmas to cordilleran magmatism are intermediate in composition, and are best
preserved in magma mingling zones, where quenching is a widespread phenomenon

precluding fractionation.

3) Evaluation of the role of I-type magmatism on crustal evolution. The voluminous
I-type magmatism represents a consistent crustal recycling mechanism, in which the
addition of new mass into the continental crust is triggered by the subduction of crustal
materials into the mantle. Long-term crustal evolution is ultimately determined by the
balance between growth and destruction during the subduction processes, intimately

linked to the periodic occurrence of the supercontinent cycle.

The ultimate implication of such conclusions is that I-type magmatism occurs as a
consequence of the subduction process, inserting crustal material into the lithosphere
and causing metasomatism. These conclusions offer new ways to tackle the lithosphere
evolution problem. Although such new insights into the mechanisms involving orogenic
magma generation have been provided, a more detailed study on the differential mantle
sources of Andean-type and Caledonian-type magmas must be the focus of further
petrological experiments. Likewise, the revealed mechanisms responsible for I-type
magmas require recycling continental crust into the mantle lithosphere, either by
oceanic or continental subduction. The quantitative balance between crustal growth and

destruction in orogenic magmatism remains unknown.
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