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Abstract

Melting processes in the continental crust are responsible for crust formation and recycling, and play an
important role in heat transport. A better understanding of these processes can shed light on crustal
differentiation and continental growth throughout the Earth’s history. This thesis focuses on three major key
aspects of the link between the melt source and crustal-derived granitoid plutons: (i) the mechanisms involved
in melt transport, (ii) the timescales of melting and emplacement of melt, and (iii) the compositional and
reactional link between the melt source and crustal-derived granitoids. Numerical models are an essential
tool for investigating melting processes, where the processes of interest often occur on time- and length-scales
inaccessible to direct observation. However, constraints from the natural rock record are also needed to
compare models with observations. Therefore, this thesis aims to develop and extend new numerical methods
to study melting processes while keeping a focus on natural systems. In particular, the El Oro complex, in
Ecuador, is used as a natural laboratory to provide constraints on melting processes from a geological point of
view. This metamorphic complex is a tilted section of a paleo-crust that provides a clear exposure from the
source of melting to crustal-derived granitoid plutons.

In terms of numerical models, two-phase flow approach offers the possibility of dynamically modelling the
interaction between the melt and the rock. Currently, this approach is mainly used to model the mechanical
interactions between the melt and the host rock. To obtain a fully reactive transport model, phase reactions
and melt/rock interactions are required. The first part of this thesis investigates how to numerically couple a
purely mechanical two-phase flow model with chemical interactions, focusing on chemical advection. I show
that the weighted essentially non-oscillatory (WENO) algorithm is the best suited for this problem, with good
accuracy and performance.

In a second part, I investigate the timescales of melting and emplacement by producing and interpreting
geochronological and trace element data from zircons of the El Oro complex. Both the melting source and
the end-product granitoids are analysed using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS). I show the interest of collecting large datasets of zircon analyses per sample, to not only assign
a geological age, but for investigating the duration of melting processes. I propose that in the El Oro complex,
the total duration of the deep crustal melting event and pluton emplacement are similar and long-lived (∼20
Myr). I propose that multiple short magmatic pulses are responsible for the apparent long duration of plutons
in the El Oro complex, alternating with longer periods of lower magmatic activity. I also show evidence of
open system behaviour in migmatites and how the combinaison of trace element data with geochronology to
decipher melting processes.

In the final part of this thesis, I explore the potential of coupling a crustal thermal model with phase
equilibrium modelling. I apply this multi-layered model to the El Oro complex. This model allows the volume
of melt extracted to be predicted, as well as melt composition and residual composition at the crustal scale.
The novelty of this approach is that all these variables can be studied through time, a crucial variable missing
phase equilibrium modelling studies. Different models are constructed to test different scenarios and the
results confirm that the volume of melt produced from the base of the metamorphic sequence of the El Oro
complex is compatible with the volume of pluton currently observed in the sequence. In addition, I show that
mixing with a mafic component is required to reconcile the predicted compositions of the melt from the model
with the observed composition of the El Oro complex granitoids.

This work highlights the value of developing and applying numerical models to better understand melting
processes in the continental crust. It also emphasises the importance of constraining these models with
natural data and observations. In particular, time is a critical variable that must be accurately constrained
and compared with model predictions. Further development and refinement of these models, together with a
better understanding of the duration and timescale of crustal melting, is essential to gain a deeper insight into
these processes. This thesis aims to demonstrate the potential of this approach.





Acknowledgements

First of all, I would like to thank my supervisors, Pierre Lanari and Nicolas Riel. Pierre, thank you for giving
me the complete freedom and the opportunity to explore very different topics during my PhD. You know that
I love to get lost in the details, and you gave me the chance to do so to my full satisfaction (and sometimes my
own demise). Thank you for always being available to listen to me talk for hours about equations and for
dealing with my stubbornness. I know now that listening more to your suggestions would have saved me
often a lot of time. Thank you for teaching me to be more optimistic about my research and to not be afraid of
testing things. And finally, thank you for letting me get so much free food during my PhD, that was a real
pleasure. I am happy to be officially your first PhD student and I am sure that supervision will seem easy
for all the PhD students that will follow after working with me. Nicolas, thank you for introducing me to
the world of numerical modelling and mushroom picking. Thank you for welcoming me to Mainz and to
convince me to give up on Python to embrace Julia. I don’t know many people who would be happy to fix
bugs at 11 pm, but you are one of them. Thank you for introducing me to MAGEMin and letting me destroy it
a few times with interesting pull requests. I look forward to work more closely (in the geographical sense)
with you in the coming years.

Thank you to all the colleagues at the institute of Bern, from which I learned a lot and that made these four
years fly. Thank you to Jörg Hermann, Daniela Rubatto and Thomas Pettke, to name some of the big names
from Bern, for teaching me a lot of things during group meetings and discussions. Thank you to Thomas Aebi,
Stephan Brechbühl and Nadine Lötscher for their technical expertise and for using their skills for making
my thin sections. Thank you to Marina Beutler, Ursula Kuonen, Sarah Antenen for always helping me with
the administrative side of my PhD. Many thanks also goes to Jean-François Moyen, for not only accepting
to review my thesis, but also for introducing me to Archean geology some years ago, bringing me to an
Archean craton in South Africa in the middle of my master semester and for forwarding an email about a PhD
position four years ago. Thank you to Gary Stevens for teaching me the joy of petrology and for giving me the
opportunity to learn what it means to do research before starting this PhD.

Finally, some further special mentions and thanks, in no particular order, to the people I have met over
these four years: first, Jacob Forshaw, for being my flatmate, colleague and friend for almost three years. I
am glad that you decided that your room was good enough for your stay in Bern and not just a temporary
solution. I already miss our carbonara and film nights. Thank you for your support in the last years of
this PhD. Thank you also for introducing me to the wisdom of the elders and proving time and again that
everything has been already done in the 70’s. Next, Dr Coralie Vesin (aka Vésin), for being my office mate and
French friend for these four years. Our friendship has been very important to me in some crucial moments of
these four years. I look forward to resuming our puzzle and French movies night. You managed to finish your
PhD before me, but I am catching up. To Mona Lüder, thank you for your unconditional support over the past
few months and your patience with me. Thank you for always bringing cakes in times of need and for always
being there for me. I look forward to spending more time with you again. To Renée Tamblyn, for proving to
me that you can have a grandmother’s first name and still be a cool person. Thank you for introducing me to
geochronology and for always being optimistic and supportive of my work. To our hectic laser sessions. I am
still convinced that focusing on mercury in zircons is the way forward even though you always refused to
measure it accurately. To Thorsten Markmann, for being there to teach me the German way, for reminding me
why I stopped playing basketball by constantly obliterating me and for being my PhD brother under the same
supervisor. To Mahyra Tedeschi, for introducing me to the world of migmatites and your beautiful country. To
Philip Hartmeier, for sharing my enthusiasm for programming, maths and One Piece. Good luck with your
PhD, I now know the full experience. To Jiahui Liu and Qian Zhang (her husband), for the hectic dumpling
sessions and for the great time we spent together. To Michelle Ulrich, for introducing me to some martial arts
and for being so Swiss. Thanks also goes to my different office mates in the office 116 over the years: Julien



Reynes, Thomas Bovay, Luca Pacchiega, Sara Nerone. To Déborah Harlet, for our Mario Kart and Koh Lanta
evenings. And to all the people who have shared some memorable times with me over the years, from Bern or
elsewhere: Scott Jess, Catarina Da Paz, Timi Schmidt, Bennet Schuster, Robert Webster, Weijia Zhan, Shan
Grémion, Maxime Daviray, Romain Poirier, Léo Marconato, Victor Klaba, Quentin Millard, Marin Laurent,
Maude Chenudet, Clémence Rouillon, to name but a few. And, of course, a special mention to the people I
have forgotten in this non-exhaustive list. Last but not least, a huge thank you to my family who have always
supported me over the years and continue to do so.



Contents

I Introduction 1
1 Mechanisms of melt transport in crustal-melting dominated system and the potential of two-

phase flow modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 Timescales of crustal melting and pluton emplacement . . . . . . . . . . . . . . . . . . . . . . . . 4
3 Melting reactions in high-grade metapelites and their link with crustal-derived granitoids . . . 5
4 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

II Modelling chemical advection during magma ascent 17
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2 Governing equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1 Simplifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3 Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Upwind scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Weighted essentially non-oscillatory scheme . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Semi-Lagrangian schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Marker-in-cell schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Numerical tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5 Coupling chemical advection and two-phase flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1 Two-phase flow formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2 Non-dimensionalisation and numerical approach . . . . . . . . . . . . . . . . . . . . . . . 29
5.3 Application to magmatic system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

III Melting dynamics and pluton formation in the continental crust: a zircon geochronology and trace
element study of the El Oro complex, Ecuador 43
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2 Geological settings and previous studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.1 The El Oro complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3 Sampling strategy and samples description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1 Igneous samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2 Migmatite samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.3 Metagabbro sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4 Analytical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.1 Sample preparation and imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Zircon and titanite U–Pb and trace element analyses . . . . . . . . . . . . . . . . . . . . . 49
4.3 Filtering, uncertainties and weighted means of zircon U–Pb dates . . . . . . . . . . . . . 50

5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.1 Marcabelí pluton and La Palmerita granitoid . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Migmatites from La Bocana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Metagabbro from Piedras . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.1 Interpretation of zircon U–Pb and trace element data . . . . . . . . . . . . . . . . . . . . . 64



6.2 Long-lived emplacement of plutons in the El Oro complex . . . . . . . . . . . . . . . . . . 68
6.3 Evidence for an older magmatic event and open system behaviour in migmatites from

upper La Bocana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.4 Multiple melting events and garnet influence on zircon growth in migmatites from lower

La Bocana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.5 Interpretation of titanite U–Pb and Zr-in-titanite temperature estimates . . . . . . . . . . 70
6.6 Fast cooling of the gabbro emplacement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.7 Relationship between migmatites and granitoids . . . . . . . . . . . . . . . . . . . . . . . 71
6.8 Geodynamic implications for the El Oro complex . . . . . . . . . . . . . . . . . . . . . . . 71

7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

IV Coupling thermal and phase equilibrium modelling to investigate time constraints in melting
processes 83
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
2 Geological settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3 Bulk rock chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4 Thermal models for the El Oro complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5 Coupling thermal modelling and phase equilibrium modelling . . . . . . . . . . . . . . . . . . . 96
5.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.1 Limitations of the coupled thermal and phase equilibrium models . . . . . . . . . . . . . 101
6.2 Relation between melt source and pluton emplacement . . . . . . . . . . . . . . . . . . . 107
6.3 Mixing with the metagabbro of the Piedras unit . . . . . . . . . . . . . . . . . . . . . . . . 109
6.4 Advection vs. convection: what controlled the thermal regime in the El Oro complex? . 110

7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

V Conclusion 121

A Appendices 123
A.1 Supplementary material for chapter III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124





Chapter I

Introduction



Introduction

M
odern active melting processes are relatively rare at the scale of the continental crust, as
they require enormous amounts of energy, and are typically found along current converging
plate boundaries (Barbarin, 1999; Bea, 2012; Clark et al., 2011; Henk et al., 2000; Wells, 1980).
Nevertheless, these processes are crucial for crust formation and recycling, as well as for heat

transport and crustal differentiation (Hawkesworth et al., 2010; Jaupart & Mareschal, 2010; Korenaga, 2018;
Sawyer et al., 2011; Sighinolfi & Gorgoni, 1978; Vielzeuf et al., 1990; Wells, 1981). The end products of these
processes, namely granitoid rocks, are a major component of the continental crust and contribute to its low
density, which enables the long-term stability and preservation of the continents on Earth (Rudnick & Gao,
2003; Taylor & McLennan, 2009). Two end member mechanisms have been proposed to explain the formation
of granitoids: (i) fractionation and differentiation of mantle-derived magmas, with chemical contribution from
the crust (e.g Dessimoz et al., 2012; Hildreth & Moorbath, 1988; Jagoutz & Klein, 2018; Jagoutz et al., 2009;
Tuttle & Bowen, 1958), and (ii) partial melting and melt segregation of continental crustal rocks (e.g. Chappell
& White, 1974; Clemens & Stevens, 2012; Clemens & Vielzeuf, 1987). Both mechanisms are supported by strong
geological evidence, although the dominance of one mechanism over the other depends on the geological
setting, for example whether subduction or collision is dominant. As these two processes are end members,
hybrid granitoid suites are probably the most common (e.g. Jacob et al., 2021). Thus, an important debate
is not how granitoid suites generally form, but rather which mechanism is dominant on the scale of Earth
history, which one is responsible for recycling and/or producing continental crust, and in which geological
settings do they occur (e.g. Moyen et al., 2021; Moyen et al., 2017).

To try to answer these questions, it is important to have a good understanding of various processes related
to melt generation, transport and emplacement. Studying granitoids alone may not be sufficient, as most
granitic melts tend to evolve towards the granitic minimum composition (e.g. Bonin et al., 2020; Johannes
& Holtz, 1996), meaning that different processes can lead to similar end products. Also, granitoids may be
more accurately viewed as mixtures of cumulus phases or crystal mushes, from which liquids may have
been extracted and subsequently erupted as dacites or rhyolites (e.g. Bachmann, 2004). Therefore, a better
understanding of the mechanisms leading to melt extraction and segregation, and obtaining constraints not
only from the end product of melting processes, but also from the source of melt and intermediate products,
is key. This thesis focuses on the processes involved in the formation of crustal-derived granitic melts, from
partial melting to melt transport and emplacement within the crust.

Migmatites are rocks found in medium- to high-grade metamorphic terranes that exhibit heterogeneity
from the microscopic to the macroscopic scale. They are rocks that have undergone partial melting and often
consist of two petrographically distinct parts: (i) the paleosome, which is considered to be the part of the
protolith that hasn’t melted, and (ii) the neosome, which is interpreted to be the result of partial melting
and subsequent melt crystallisation. The neosome typically contains pale quartzofeldspathic or feldspathic
minerals and darker sections enriched in ferromagnesian minerals. In some cases, partial melting does not
produce distinct light and dark zones, but instead alters the mineralogy, microstructure, and grain size (Sawyer,
2008). Migmatites show evidence of melt segregation and transport, where melt segregation here describes
the motion of the melt relative to the solid at the grain scale, whereas melt transport, or melt ascent, implies
motion of the melt beyond the grain scale (e.g. Allibone & Norris, 1992; Johannes, 1988; Sawyer, 1994). The
migmatites of interest for this thesis are the ones produced during regional metamorphism, as opposed to the
migmatites formed in contact aureoles. Such migmatites, formed in the upper amphibolite to lower granulite
facies, have been identified as a melt source and their association with granitoids is now well established (e.g.
Patiño Douce & Johnston, 1991; Solar & Brown, 2001). However, the study of migmatites is complex. Because
the melt is mobile, they are better described as a dynamic open system where melt can be extracted but also
injected, and back reaction of melt with the host rock can be considerable (e.g. Hasalová et al., 2008; Kriegsman,
2001). Furthermore, preserved outcrops of migmatite can be seen as the last geological snapshot involving
melting before the system froze, which can make it difficult to decipher the details of their formation.

Finally, the study of the link and relationship between migmatites and large granitoid plutons is best
achieved in a crustal section where both rock types are exposed and a clear co-genetic link can be established.
However, continuous exposures of granitoid systems from migmatite sources to granitoid plutons are rarely
observed (e.g. Martini et al., 2019; Reichardt & Weinberg, 2012). This is because melting typically occurs deep
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in the continental crust, close to the heat source, whereas most plutons are emplaced in the middle to upper
crust, where the transition from ductile to brittle rheology occurs (Sawyer et al., 2011). As a result, most of
what is known about melting processes is derived from the integration of different and often geographically
unlinked geological systems.

This thesis focuses on three different key aspects of the link between the formation of migmatites and
crustal-derived granitoid plutons: (i) the mechanisms involved for melt transport, (ii) the timescale of melting
and emplacement of melt, and (iii) the compositional and reactional link between metapelitic migmatites and
crustal-derived granitoids. These aspects are investigated using different approaches: numerical modelling,
geochemistry and geochronology, and natural data and observations. In particular, the geological object of
interest in this thesis is the El Oro complex, Ecuador. This metamorphic complex is a tilted section of a
paleo-crust that provides a clear exposure from migmatites to crustal-derived granitoid plutons (e.g. Riel et al.,
2013; Riel et al., 2014).

1. Mechanisms of melt transport in crustal-melting dominated system
and the potential of two-phase flow modelling

The mechanisms involved in melt transport remain largely unconstrained, especially in the lower to middle
crust, where the ductile regime predominates, and is probably the least understood aspect of migmatitisation
and melting processes at present (Brown, 2013; Brown, 1994; Cruden & Weinberg, 2018; Sawyer, 1994, 2001;
Vanderhaeghe, 2009). A wide range of mechanisms have been proposed, reflecting the different approaches
used to study these processes, the diversity observed in the geological record, but also the complexity of the
problem. The challenges in studying these mechanisms arise from the complex rheology involved, where
a solid, stiffer matrix interacts with a weaker, liquid phase. This makes the partially molten crust a highly
dynamic, non-linear system with time-dependent behaviour characterised by shifts in deformation mechanisms
and redistribution of melt. Such mechanisms in the lower to middle crust include diking, diapirism, shear
channeling and pervasive flow (Brown, 1994; Cruden & Weinberg, 2018; Grout, 1945; Hasalová et al., 2008;
Ramberg, 1970). It is likely that more than one of these mechanisms may be operating simultaneously and that
gradual changes from one to the other may occur throughout a system’s history.

As natural samples in geochemical and petrological studies represent only the end product of the melting
processes (Brown, 2013; Clemens et al., 2022; Johnson et al., 2021), numerical modelling offers an attractive
complementary approach by allowing the study of these processes at different spatial and temporal scales.
Ultimately, the different transport mechanisms noted above can be modelled using the continuum formulation
of two-phase flow, which describes the physical behaviour of a silicate melt percolating through and interacting
with a tectonically deforming host rock, and can be viewed as different end members (Dohmen & Schmeling,
2021; Keller et al., 2013). A two-phase flow formalism was first developed to describe the ascent of basaltic
melt in the asthenosphere and lithosphere for a low melt fraction, using viscous creep of the host rock as the
main deformation mechanism (e.g. Bercovici et al., 2001; Drew, 1971; Fowler, 1985; McKenzie, 1984; Sleep,
1974). In this view, the main drivers of melt segregation and transport are the compaction/decompaction of
the rock matrix and the relative buoyancy of the melt compared to the host rock. This formulation has been
shown to generate porosity waves (Barcilon & Richter, 1986; Scott & Stevenson, 1984, 1986; Spiegelman, 1993a,
1993b) and has been successfully used to model melt transport at mid-oceanic ridges and above subduction
zones (e.g. Bessat et al., 2022; Cagnioncle et al., 2007; Katz, 2010; Spiegelman & McKenzie, 1987).

However, the applicability of these assumptions has been questioned for migmatites, as the timescales
of compaction/decompaction may be too long relative to the timescales of regional metamorphism when
applied to granitic melt (Sawyer, 1994; Vigneresse et al., 1996; Wickham, 1987). This is mainly due to one
observation: granitic melts can be up to 3 to 8 orders of magnitude more viscous than basaltic melts at the
same temperatures, depending on the water content considered (Clemens & Petford, 1999; Giordano et al.,
2008). The lower temperatures typically considered for migmatites, between 650 and 900◦C, also contribute
to producing a more viscous melt compared to mantle-derived melt. This implies a lower viscosity contrast
between the host rock and the melt, which reduces the efficiency of compaction and decompaction processes.
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In addition, dehydration-melting reactions and water-fluxed melting produce a significant amount of melt,
and the assumption of a low melt-fraction is not always met, as demonstrated by the common occurrence of
diatexites. This has led to the widespread idea of the importance of a melt connectivity transition, associated
with a certain amount of melt volume fraction that would be required to achieve melt connectivity and allow
weakening of the host rock (e.g. Rosenberg & Handy, 2005; Vigneresse et al., 1996). The development of
two-phase flow formulations incorporating more complex rheology and the extension of the formulations
to higher melt-fractions may then be required to model these systems. Recently, new formulations have
been developed to include visco-elasto-plastic regimes, extending the range of possible mechanisms for melt
transport (Connolly & Podladchikov, 2007; Keller et al., 2013; Yarushina et al., 2015). Also, some formulations
have recently been expanded to apply to moderate or even high melt fractions, going beyond the Darcy’s law
assumption, and further reducing the number of approximations used (Keller & Suckale, 2019; Schmeling
et al., 2019; Wong & Keller, 2023). This opens up the potential to model the transport of melt in crustal
melting settings in a dynamic way at the crustal scale, from the migmatites to the plutons, at the cost of
additional complexity in the formulations (e.g. Schmeling et al., 2023). Finally, an important layer of additional
complexity that is not considered in these formulations is phase reactions and chemical transport, which is
the final step to achieve a fully multiphase multicomponent reactive transport model (Oliveira et al., 2018).
Several studies have investigated the impact of reactive melt transport (e.g. Aharonov et al., 1997; Bouilhol
et al., 2011; Jackson et al., 2005; Omlin et al., 2017; Riel et al., 2019), showing the potential of such an approach.
With the incorporation of phase reactions and chemical transport, this opens up the potential of being able to
compare the rock record with such models, as migmatites and crustal-derived granitoids are both ultimately
the product of melt-producing metamorphic reactions.

However, numerical models of a fully non-linear coupled system of increasing complexity implies increasing
uncertainty, as more parameters are added to the model and more complex interactions take place. It is
therefore important to reduce as much as possible the inevitable numerical errors introduced during the
coupling. An evaluation is needed to find the best way to couple chemical transport with the mechanical
formulation of two-phase flow before it can be applied to a geological object, and before hypotheses about
melt transport mechanisms can be tested. This will be investigated in Chapter II of this thesis.

2. Timescales of crustal melting and pluton emplacement

Our understanding of the timescales and durations of crustal melting and granitoid plutons has improved
greatly in recent decades. This is mainly due to improved precision in geochronology, now often combined
with in situ trace element measurements and isotopic analyses, particularly using zircon. Combined with
cathodoluminescence imaging to distinguish different growth zones and populations, this approach has been
successful and zircon has been widely used in both metamorphic and igneous communities to constrain the
timing and conditions of melting processes. It has been shown to be a robust tool for unravelling the complex
history of granitoid plutons and migmatites, with the caveat of accepting its various limitations (e.g. Kohn
et al., 2015; Rubatto, 2017; Schmitt et al., 2023, and references therein).

For plutons, this new generation of high spatial resolution data has significantly advanced the view that
magma reservoirs are incrementally constructed zones within the crust, where melt, crystals, and volatiles
are unevenly distributed both spatially and temporally (Cashman et al., 2017; Kemp et al., 2007; Wotzlaw
et al., 2013). The achievement of unprecedented high precision in thermal ionisation mass spectrometry (TIMS)
zircon geochronology, with accuracies better than 0.1% on 206Pb/238U dates (e.g. Schaltegger et al., 2015;
Schoene & Baxter, 2017), has shown that pluton assembly could be accomplished between ca. 100 thousand
years up to a few million years (Coleman et al., 2004; Matzel et al., 2006; Michel et al., 2008; Samperton et al.,
2015; Schoene et al., 2012; Wotzlaw et al., 2013). The different timescales of different plutons, when compared,
show a positive correlation with the size of the pluton considered, which has been interpreted to show that
plutonic magmatic fluxes appear to be comparable from one geological context to another (De Saint Blanquat
et al., 2011). This has led to the view that magma transfer, and therefore pluton emplacement, occurs on
shorter timescales compared to tectonic rates (e.g. Annen, 2011; De Saint Blanquat et al., 2011; Petford et al.,
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2000; Van Zalinge et al., 2022). It is important to note, however, that most of these studies have focused on
continental and oceanic arcs and intraplate continental environments, where granitoids are primarily formed
by mixing of mantle-derived and crustal magmas (e.g. Szymanowski et al., 2015, and previous references).
In comparison, fewer studies have been carried out using this type of approach on purely crustal-derived
granitoids, such as peraluminous granitoids (Farina et al., 2014; Farina et al., 2018).

The timescales considered for deep crustal melting are different. This is because, apart from the initial
composition of the protolith, the primary controls on dehydration-reaction driven partial melting in a rock are
the metamorphic conditions and, in particular, the temperature. As such, it is mainly controlled by tectonic
processes and geodynamics, and mainly depends on the duration of prograde metamorphism (Winter, 2014).
As a consequence, typical timescales are closer to tectonic rates, on the order of tens of millions of years
for regional metamorphism, but can be smaller depending on the heat source and the geological setting
considered (e.g. Gordon et al., 2008; Gordon et al., 2010; Harris et al., 2004; Rubatto et al., 2001, 2013; Weinberg,
2016).

This difference in timescale is an important observation that needs to be addressed. This would be best
achieved by comparing both crustal-derived granitoids and their source. Few studies report the studies
of both granitoid plutons and migmatites, their potential source (e.g. Couzinié et al., 2021; Li et al., 2022;
Reichardt & Weinberg, 2012). Chapter III of this thesis will focus on this question and approach using mainly
geochronology and trace element data of zircon from the El Oro complex, Ecuador.

3. Melting reactions in high-grade metapelites and their link with
crustal-derived granitoids

Metapelites are metamorphosed clastic clay-rich sedimentary rocks. They are widely studied because they
are common and develop a distinctive suite of index minerals that can be used to qualitatively estimate the
P–T conditions in both subsolidus and suprasolidus rocks (Bucher & Grapes, 2011). The reactions involving
melting in the absence of a free aqueous fluid are well known. Melting occurs by incongruent melting
reactions involving dehydration of micas. The main reactions involve the breakdown of two micas: muscovite
and biotite. At pressure higher than 0.5 GPa, the breakdown of muscovite occurs first, at 650–750◦C and
with a small P dependence. The breakdown of biotite occurs at higher T, 750–850◦C, with a stronger P
dependence. Muscovite breakdown typically produces peritectic aluminosilicates and K-feldspar in addition to
melt, whereas biotite breakdown often produces garnet, orthopyroxene and/or cordierite (Breton & Thompson,
1988; Clemens & Wall, 1981; Dyck et al., 2020; Gardien et al., 1995; Thompson & Algor, 1977; Thompson &
Tracy, 1979). Both reactions produce a peraluminous granitic melt, compatible with sedimentary-derived
(S-type) granitoid compositions (Chappell & White, 1974, 2001; Patiño Douce & Johnston, 1991; Solar & Brown,
2001), and such peritectic minerals are commonly observed in migmatites derived from metapelites, consistent
with these P–T dependant reactions (Sawyer, 2008).

However, the link between the melt produced in metapelitic migmatites and S-type granitoid plutons,
especially in terms of composition, is not so simple. The chemical variation observed in such plutons, in
terms of major, minor, trace and isotopic compositions is significant (e.g. Brown, 2013; Brown & Pressley,
1999; Clemens & Stevens, 2012; Villaros, Stevens, Moyen, & Buick, 2009). This variation cannot be explained
solely by the variation in the melt chemistry produced during the progress of the melting reactions in the
source (Montel & Vielzeuf, 1997; Patiño Douce & Johnston, 1991; Sawyer, 1996). As such, multiple hypotheses
have been proposed over the years to explain this range, such as compositional variations in the protolith of
the source at the crustal scale, contamination from a mantle-derived source, entrapment of restite/peritectic
minerals, fractional crystallisation or contamination from wall-rocks during emplacement (e.g. Breaks & Moore,
1992; Chappell et al., 1987; Clemens & Stevens, 2012; Collins, 1996; Gray, 1990; Johannes et al., 2003; Stevens
et al., 2007; Villaros, Stevens, & Buick, 2009).

A popular approach to test these hypotheses is phase equilibrium modelling. This approach has emerged
in the last decades as a powerful tool to model phase reactions and predict stable phase assemblages at
equilibrium conditions. In particular, frameworks and tools have been developed to tackle the challenges of

5



Introduction

models involving melt, such as simulating open-system behaviour with melt extraction steps along a P–T path
(Johnson et al., 2021; Mayne, Stevens, Moyen, & Johnson, 2020). This led to recent studies exploring different
hypotheses with variations in bulk rock compositions, and different extraction and entrapments scenarios
with melt extraction (e.g. Koblinger & Pattison, 2017; Mayne, Stevens, & Moyen, 2020; Schwindinger et al.,
2019). Chapter IV of this thesis aims to extend this approach by coupling phase equilibrium modelling with
thermal modelling at the crustal scale. This approach provides new insights into the relationship between the
melt source and the final product, both in terms of composition and melt volume. In addition, these variables
can be studied through time, a crucial variable missing in phase equilibrium modelling studies. This approach
is applied to the El Oro complex, in Ecuador, similarly to Chapter III.

4. Outline of the thesis

This thesis aims to provide a better understanding of the processes linking crustal melting and crustal-derived
granitoid plutons. In addition to the present introduction (Chapter I) and a conclusion summarising the main
findings (Chapter V), this thesis is divided into three main chapters, each of which focuses on a specific aspect
of melting processes: (i) the mechanisms of melt transport, (ii) the timescales of melting processes, and (iii)
the compositional relationship between migmatites and crustal-derived granitoid plutons. Chapter II focuses
purely on numerical modelling, while Chapter III and Chapter IV are studies applied to the locality of the El
Oro complex, in Ecuador. These last two chapters are the present outcomes of a mission of more than 1 month
of field work carried out in the El Oro complex during the work of this thesis. During this mission, more than
100 samples were collected, which will also be used for future projects. A brief description of each of the main
chapters is given bellow.

Chapter II: Modelling chemical advection during magma ascent

This chapter focuses on finding the best numerical approach to combine chemical advection with two-
phase flow modelling. The first part of the chapter describes four algorithms commonly used in different
fields for modelling advection. The second part studies the coupling between these different algorithms
with a two-phase flow code. The main result of this chapter is that one algorithm, the weighted essentially
non-oscillatory (WENO) scheme, performs the best in terms of mass conservation and is the best compromise
between numerical diffusion and performance. This opens the way to perform more accurate reactive transport
modelling in the crust. This manuscript was published in August 2024 in the journal Geoscientific Model
Development.

Chapter III: Melting dynamics and pluton formation in the continental crust: a zircon geochronology
and trace element study of the El Oro complex, Ecuador

This chapter studies mainly the time relationship between metapelitic migmatites and a S-type granitoid
pluton, the Marcabelí pluton, in the El Oro complex, Ecuador. It also aims at improving the time constraints
on the regional metamorphic event of interest. U–Pb geochronology on zircon is combined with trace element
data using LA-ICP-MS from both migmatites and granitoids. U–Pb geochronology on titanite of the potential
heat source is also performed. This chapter shows that the Marcabelí pluton is a long-lived pluton with a
total duration of emplacement similar to the metamorphic melting event in the migmatites. The results are
interpreted as showing that not continuous but multiple pulses of magma are recorded over a period of time
of more than 20 Myr in the pluton. In addition, this chapter highlights the appeal of measuring both U–Pb
and trace element data to discriminate population, and gaining insight into melt processes, such as open
system behaviour in migmatites. This manuscript is in preparation for submission to the journal Contributions
to Mineralogy and Petrology.

Chapter IV: Coupling thermal and phase equilibrium modelling to investigate time constraints in
melting processes
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This chapter studies the chemical relationships between the same geological objects as Chapter III: the
metapelitic migmatites and the S-type granitoid pluton preserved as the Marcabelí pluton of the El Oro
complex. New bulk chemical data are introduced and two new 1D crustal thermal models are developed to
account for the new geochronological constraints obtained from Chapter III. One of the 1D thermal models is
then coupled with phase equilibrium modelling to study the melt produced by partial melting in the crust.
Different models are tested and the compositions and volumes of melt produced are compared with the natural
data of the El Oro complex. This chapter shows the potential of combining phase equilibrium modelling with
thermal models to obtain time constraints on phase reactions during regional metamorphism, to perform
mass balance assessments and to compare complex models with natural observations. This manuscript is in
preparation for submission to Journal of Metamorphic Geology.
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Modelling chemical advection during magma ascent

Abstract

Modelling magma transport requires robust numer-
ical schemes for chemical advection. Current nu-
merical schemes vary in their ability to be mass
conservative, computationally efficient, and accu-
rate. This study compares four of the most com-
monly used numerical schemes for advection: an up-
wind scheme, a weighted essentially non-oscillatory
(WENO-5) scheme, a semi-Lagrangian (SL) scheme,
and a marker-in-cell (MIC) method. The behaviour
of these schemes is assessed using the passive advec-
tion of two different magmatic compositions. This
is coupled in 2D with the temporal evolution of a
melt anomaly that generates porosity waves. All algo-
rithms, except the upwind scheme, are able to predict
the melt composition with reasonable accuracy, but
none of them is fully mass conservative. However,
the WENO-5 scheme shows the best mass conserva-
tion. In terms of total running time and when mul-
tithreaded, the upwind, SL, and WENO-5 schemes
show similar performance, while the MIC scheme is
the slowest due to reseeding and removal of markers.
The WENO-5 scheme has a reasonable total run time,
has the best mass conservation, is easily parallelisable,
and is therefore best suited for this problem.

1. Introduction

M
echanisms of magma ascent and em-
placement within the lithosphere and
upper asthenosphere remain largely un-
constrained (e.g. Connolly & Podlad-

chikov, 2007a; Katz et al., 2022). Studies have at-
tempted to address this problem using techniques
ranging from geophysical measurements of the
present-day lithosphere to geochemical analysis of the
rock record. However, geophysical studies are ham-
pered by indirect measurements, and natural samples
in geochemical studies represent only the end-product
of the melting processes (Brown, 2013; Clemens et al.,
2022; Johnson et al., 2021). Comparatively, numeri-
cal modelling allows investigation of these processes
at a range of scales in space and time (e.g. Katz &
Weatherley, 2012; Keller et al., 2013).

To numerically model such open systems, it is nec-
essary to be able to describe the chemical and physical
processes responsible for magma ascent in a rock. At
low melt fractions and in the absence of externally

applied stress, the physical processes are based on the
continuum formulation of two-phase flow. It takes
into account the concurrent mechanisms of rock ma-
trix compaction and buoyancy of partial melt in an
interconnected porous network (e.g. McKenzie, 1984;
Scott & Stevenson, 1984). This formulation is based
on mass and momentum conservation, and an appro-
priate set of constitutive relationships. In addition,
conservation of energy needs to be ensured to link
mechanical to chemical processes (e.g. Katz, 2008).
Chemical processes, such as phase reactions, can be
considered using thermodynamics and/or kinetics
and relate the equilibration of the melt with the host-
ing rock (e.g. Bessat et al., 2022; Omlin et al., 2017).
They contribute to the transport dynamics by chang-
ing rock properties, such as density, viscosity, porosity,
and permeability (Aharonov et al., 1995a; Jha et al.,
1994; Keller & Katz, 2016). However, the amount
of melt interacting with the rock is also modulated
by transport mechanisms (Aharonov et al., 1995b;
Kelemen et al., 1997; Spiegelman & Kenyon, 1992).
Therefore, the development of integrated models that
successfully describe the complex interaction between
reaction and transport is key to understanding melt-
ing and melt extraction at all scales.

Numerous numerical studies have investigated re-
active melt transport. It has been shown that melts
that partially crystallise or dissolve the host rock could
be a viable mechanism for channelling flow and cre-
ating heterogeneities in the mantle in the context of
mid-ocean ridges (Aharonov et al., 1997; Spiegelman
et al., 2001) and sub-arc magmatism (Bouilhol et al.,
2011). Concerning lower-crust melting, this approach
has mainly been used to understand the processes of
chemical differentiation and the compositional range
of melts in mafic systems (e.g. Jackson et al., 2005;
Riel et al., 2019; Solano et al., 2012).

One challenge of reactive melt transport modelling
is the advection of the melt composition through its
ascent. This part, which is mathematically well under-
stood, being described by a mass balance equation,
is numerically challenging (e.g. LeVeque, 1992). This
is mainly due to the fact that most numerical models
are based on a Eulerian frame of reference, where
the discretised space is fixed in space and in time. In
contrast, transport is by essence better defined from a
Lagrangian perspective, where the observer follows
the particles of fluid as they move. In addition, two-
phase flow models are at least 2D problems due to the
formation of channels (e.g. Barcilon & Lovera, 1989;
Connolly & Podladchikov, 2007a) and to the fact that
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mass cannot be transported efficiently in 1D in the
melt (Jordan et al., 2018). This brings a limitation
to the resolution of the models and hence requires
accurate advection schemes.

This study compares four numerical schemes ap-
plied to the problem of the advection of magmatic
composition: an upwind scheme, a weighted es-
sentially non-oscillatory (WENO) scheme, a semi-
Lagrangian (SL) scheme, and a marker-in-cell (MIC)
method. This selection provides a representation of
the different approaches to solving advection prob-
lems that are commonly used in a wide range of appli-
cations. We assess the performance of each scheme in
terms of accuracy, mass conservation, and computa-
tional time. A 2D model coupling chemical advection
with a two-phase flow solver is then used to evaluate
which algorithm is best suited for this problem.

2. Governing equations

Chemical transport in two-phase flow systems is de-
scribed by the four mass conservation equations of
the system (e.g. Aharonov et al., 1997). The first two
equations describe the conservation of the total mass
of the solid and the liquid:

∂ [(1 − ϕ)ρs]

∂t
= −∇ · [(1 − ϕ)v⃗sρs] , (1)

∂(ϕρf)

∂t
= −∇ · (ϕv⃗fρf) , (2)

where f and s represent the fluid and solid phases,
t is the time (in s), ϕ is the fluid-filled porosity, ρ is
the density of the respective phase (kg s−3), v⃗ is the
velocity of the respective phase (m s−1). The last two
equations express the conservation of each chemical
component within the solid and fluid phases:

∂ [(1 − ϕ)ρsCs
e ]

∂t
= ∇ · [Ds

e(1 − ϕ)ρs∇Cs
e

−(1 − ϕ)v⃗sρsCs
e ] ,

(3)

∂
(

ϕρfCf
e

)
∂t

= ∇ ·
(

Df
eϕρf∇Cf

e − ϕv⃗fρfCf
e

)
, (4)

where Ce is the mass fraction of the chemical compo-
nent e in the respective phase, Ds

e is the solid diffusion
coefficient of the chemical component e (in m2 s−1),
and Df

e is the hydrodynamic dispersion tensor of the
chemical component e in the fluid (m2 s−1). These

four equations assume no mass transfer due to reac-
tions between the solid and the liquid phases.

2.1. Simplifications

In this study, the advection of the chemical compo-
nents transported by the liquid phase is considered,
and the diffusion term in Eqs. (3) and (4) is neglected.
Since ρs is assumed to be constant and the host rock
has a fixed composition, Eq. (3) is omitted.

Subtracting Eq. (2) in Eq. (4), and dividing by ρf

and ϕ yields

∂Cf
e

∂t
= −v⃗f∇ · Cf

e. (5)

Equation (5) is formally equivalent to Eq. (4) with-
out the dispersion term. Moreover, Eq. (4) is written
in conservative form, whereas Eq. (5) is expressed
in Lagrangian or non-conservative form. Equation
(5) removes the time dependence on ϕ and is linear.
It is a common form used in the reactive transport
modelling community (e.g. Carrera et al., 2022).

An expression for v⃗f can be derived by coupling
Eqs. (1) and (2) to the momentum conservation equa-
tions (e.g. Bercovici et al., 2001; McKenzie, 1984).
These are usually solved before Eq. (5) ; a description
of the system used in this study is provided below in
section 5.1.

3. Numerical methods

Solving an advection equation using a linear Eulerian
scheme leads to high numerical diffusion for first-
order schemes, such as the upwind scheme (Courant
et al., 1952), and to oscillations on sharp gradients
for higher-order schemes (LeVeque, 2002). The latter
effect is described by Godunov’s theorem (Godunov
& Bohachevsky, 1959). This theorem states that linear
Eulerian schemes with an order of accuracy greater
than 1 cannot preserve the monotonicity of the solu-
tion for sharp gradients, discontinuities, or shocks.
This has led to extensive developments in the design
of high-order Eulerian non-linear schemes that can
achieve high accuracy without bringing oscillations.
Examples of such developments are the essentially
non-oscillatory (ENO) methods (Harten et al., 1987)
that later led to WENO schemes (Liu et al., 1994).
These schemes are based on the idea of using a non-
linear adaptive procedure to automatically choose the
locally smoothest stencil, and early examples of appli-
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cations include the modelling of shocks appearing in
acoustics (e.g. Grasso & Pirozzoli, 2000) or solving the
Hamilton-Jacobi equations (e.g. Jiang & Peng, 2000).

Another approach is to use schemes closer to the
Lagrangian perspective, such as the MIC (or alter-
natively named marker-and-cell) method (e.g. Gerya
& Yuen, 2003a; Harlow et al., 1955). It consists of
tracking individual particles on a Lagrangian frame
and reinterpolating them when needed on a Eulerian
stationary grid. This approach has the advantage of
producing little numerical diffusion, being uncondion-
ally stable and has been extensively used in geody-
namic models (e.g. Duretz et al., 2011; Gerya, 2019;
van Keken et al., 1997).

Finally, there are intermediate methods, such as
semi-Lagrangian methods, trying to take advantages
from both Eulerian and Lagrangian schemes (Mc-
Donald, 1984; Robert, 1981). These schemes look at
different particles at each time step, considering only
particles whose final trajectories correspond to the
position of grid nodes. This has the advantage of
only considering a number of particles equal to the
resolution of the Eulerian grid and is computationally
efficient. They are also unconditionally stable but
have issues with mass conservation (Chandrasekar,
2022). They were first developed for atmospheric
modelling (e.g. Robert, 1981; Staniforth & Côté, 1991)
and later successfully used in the plasma modelling
community (e.g. Sonnendrücker et al., 1999).

To solve for Eq. (5) in the context of two-phase
flow, we implemented and tested four different ad-
vection schemes that are representative of the ap-
proaches described above: an upwind scheme, a
WENO scheme, an SL scheme and a MIC method.

3.1. Upwind scheme

The upwind scheme is among the simplest algorithms
for solving an advection equation on a Eulerian grid
(e.g. LeVeque, 1992). It is explicit and first order in
space and in time. It consists of using a spatially
biased stencil that depends on the direction of the
flow (Fig. 1).

3.1.1. Spatial discretisation

Using a first-order spatially biased stencil, Eq. (5) can
be approximated for one chemical element and in 1D
as

x

Figure 1: Spatial stencil of the upwind scheme in 1D. The
blue box is the valid stencil for positive velocities and the
yellow box for negative velocities.

∂Ci
∂t

+ vf,i
Cn

i − Cn
i−1

∆x
= 0 for vf,i > 0, (6)

∂Ci
∂t

+ vf,i
Cn

i+1 − Cn
i

∆x
= 0 for vf,i < 0,

where i is a spatial index in the x direction, ∆x is
the constant grid spacing, and v f ,i is the x component
of the fluid velocity.

3.1.2. Temporal discretisation

Combined with the first-order forward Euler method,
we retrieve the classical upwind scheme from Eq. (6):

Cn+1
i − Cn

i
∆t

+ vf,i
Cn

i − Cn
i−1

∆x
= 0 for vf,i > 0, (7)

Cn+1
i − Cn

i
∆t

+ vf,i
Cn

i+1 − Cn
i

∆x
= 0 for vf,i < 0,

where ∆t is the time step.
It can also be rewritten in a more compact form:

Cn+1
i = Cn

i − ∆t
[
v+f,i

(Cn
i −Cn

i−1
∆x

)
+ v−f,i

(Cn
i+1−Cn

i
∆x

)]
, (8)

where

v+f,i = max(vf,i, 0),

v−f,i = min(vf,i, 0).

This scheme is well-known to produce a lot of
numerical diffusion and is bounded by the follow-
ing Courant–Friedrichs–Lewy (CFL) condition for p
dimensions:

∆t

 p

∑
j=1

∣∣∣vfj

∣∣∣
∆xj

 ≤ Comax = 1,

where Comax is the maximum Courant (Co) number
(e.g. Hirsch, 2007). In addition, it is not mass con-
servative for non-constant vf, especially for divergent
flow.
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3.2. Weighted essentially non-oscillatory
scheme

Weighted essentially non-oscillatory schemes were de-
veloped by Liu et al. (1994). The reader can refer to
Shu (2009) for a comprehensive review of the devel-
opment of WENO schemes and Pawar and San (2019)
for implementations using Julia.

They are high-order schemes able to resolve sharp
gradients, produce little numerical diffusion but also
follow the same CFL condition as the upwind scheme.
The key idea behind them is to use a non-linear adap-
tive procedure to automatically choose the locally
smoothest stencil. This allows WENO schemes to dis-
pose of oscillations when advecting sharp gradients.

We use a fifth-order-in-space finite-difference ap-
proach for non-conservative problems, referenced as
WENO-5 hereafter.

3.2.1. Spatial discretisation

Equation (5) can be discretised in space using the
WENO-5 scheme similarly to the upwind scheme, in
1D, for one chemical element and for a single grid
point such as

∂Ci
∂t

+ v+f ,i

CL
i+ 1

2
− CL

i− 1
2

∆x

+

v−f ,i

CR
i+ 1

2
− CR

i− 1
2

∆x

 = 0,

(9)

where

CL
i+ 1

2
= wL

0

(
1
3

Ci−2 −
7
6

Ci−1 +
11
6

Ci

)
+

wL
1

(
−1

6
Ci−1 +

5
6

Ci +
1
3

Ci+1

)
+

wL
2

(
1
3

Ci +
5
6

Ci+1 −
1
6

Ci+2

)
,

CR
i− 1

2
= wR

0

(
−1

6
Ci−2 +

5
6

Ci−1 +
1
3

Ci

)
+

wR
1

(
1
3

Ci−1 +
5
6

Ci −
1
6

Ci+1

)
+

wR
2

(
11
6

Ci −
7
6

Ci+1 +
1
3

Ci+2

)
.

Here, CL
i− 1

2
and CR

i+ 1
2

are omitted to avoid redun-

dancy. They can be obtained by shifting the index by

Table 1: Optimal weights for WENO-5 scheme

dk k=0 k=1 k=2

dL
k 0.1 0.6 0.3

dR
k 0.3 0.6 0.1

-1 and 1, respectively.
The non-linear weights w are defined as

wL
k =

αk
α0 + α1 + α2

, αk =
dL

k

(βk + ϵ)2 , k = 0, 1, 2,

wR
k =

αk
α0 + α1 + α2

, αk =
dR

k

(βk + ϵ)2 , k = 0, 1, 2.

The values of the optimal weights dL
k and dR

k are
given in Table 1. ϵ represents the machine epsilon,
the relative approximation error due to rounding in
floating-point arithmetic, and is used to avoid division
by zero.

Smoothness indicators β are equal to

β0 =
13
12

(Ci−2 − 2Ci−1 + Ci)
2 +

1
4
(Ci−2 − 4Ci−1 + 3Ci)

2 ,

β1 =
13
12

(Ci−1 − 2Ci + Ci+1)
2 +

1
4
(Ci−1 − Ci+1)

2 ,

β2 =
13
12

(Ci − 2Ci+1 + Ci+2)
2 +

1
4
(3Ci − 4Ci+1 + 3Ci+2)

2 .

The WENO-5 scheme requires, in 1D, a stencil
of five points biased towards the left for positive ve-
locities and five points biased towards the right for
negative velocities as shown in Fig. 2. This commonly
requires two ghost points on each side of the model
to apply the boundary conditions. To extend this
scheme to 2D, two new terms can be added to (9) for
the new positive and negative component of v f . The
expressions of C at half points of the new index can
be derived using the same formulae as in 1D for the
new direction.

3.2.2. Temporal discretisation

Weighted essentially non-oscillatory schemes are not
stable using the standard forward Euler time integra-
tion method (Wang & Spiteri, 2007). The most com-
monly used discretisation is the third-order strong sta-
bility preserving (SSP) explicit Runge–Kutta method
(e.g. Ghosh & Baeder, 2012; Jiang & Shu, 1996). Strong
stability preserving schemes are used to fully capture
discontinuous solutions and are therefore well-suited
for solving hyperbolic partial differential equations
(Gottlieb et al., 2001).
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x

x

Figure 2: Spatial stencil of the WENO-5 scheme in 1D. CL

is used for positive velocities and CR for negative velocities.
The blue boxes are valid stencils for positive velocities, and
the yellow and orange boxes are valid for negative velocities.

The third-order SSP Runge–Kutta for Eq. (5) for
one chemical element can be written as

C1
i = Cn

i − ∆tL(Cn
i ),

C2
i =

3
4

Cn
i +

1
4

[
C1

i − ∆tL
(

C1
i

)]
,

Cn+1
i =

1
3

Cn
i +

2
3

[
C2

i − ∆tL
(

C2
i

)]
,

with L being the spatial discretisation operator:

L(Ci) = v+f,i

CL
i+ 1

2
− CL

i− 1
2

∆x

+ v−f,i

CR
i+ 1

2
− CR

i− 1
2

∆x

 .

With this formulation, the WENO-5 scheme is fifth
order in space and third order in time.

3.3. Semi-Lagrangian schemes

Semi-Lagrangian schemes take a different approach
than classical Eulerian methods and are related to
tracer-based advection schemes. Semi-Lagrangian
schemes aim to use the best of Lagrangian and Eu-
lerian methods by solving the problem for particles
whose trajectories pass through a fixed grid at the
end of each time step, rather than recording the full
history of individual particles. They are therefore un-
conditionally stable. Two steps are usually required
to implement SL schemes: trajectory tracing and inter-
polation back to the grid. In this study, a backward-in-
time SL scheme is used for the trajectory tracing and
the quasi-monotone scheme developed by Bermejo
and Staniforth (1992) for the interpolation.

3.3.1. Trajectory tracing

The advantage of backward-in-time SL schemes is that
the interpolant is defined from the Eulerian grid. In
the case of a regular grid, this reduces the complexity
of the implementation and the numerical cost of the
interpolation function, since the interpolant is defined
on a regular grid. From a particle point of view, the
goal is to retrieve the position of the particle at time tn

for which the position corresponds to a grid point at
time tn+1. Using Eq. (5) for one chemical element and
in 1D, the following ordinary differential equation
has to be solved:

dx
dt

= vf(x, t). (10)

Knowing x(tn+1) = xi, where i is a grid point,
x(tn) = xd, where d is a departure point that needs
to be found. In most practical cases, the velocity field
varies greatly in time and in space between each time-
step, especially for porosity waves, so it is not easy
to determine xd. A common approach to accurately
determine xd is to use a linear multistep method such
as the implicit mid-point scheme (Robert (1981)):

xi − xd
∆t

= vf

(
xi + xd

2
, tn+ 1

2

)
, (11)

where v f at time tn+ 1
2

is obtained by taking the
mean between the velocity at n and n + 1. The as-
sumption behind the mid-point rule is that the veloc-
ity remains constant at the mid-point value during
each time step. This ensures that each trajectory is
linear, with the mid-point being the average of the
positions of its endpoints (Fig. 3). This method is a
second-order accurate trajectory method in both space
and time.

Equation (11) must be solved implicitly because xd
is present on both sides of the equation and therefore
requires iterations. It can be achieved for r iterations
in this form:

xr+1
d = xi − ∆tvf

(
xi + xr

d
2

, tn+ 1
2

)
. (12)

A minimum of three iterations while using linear
interpolation has been shown to be sufficient in most
cases (e.g. McDonald, 1984).

3.3.2. Interpolation

In most cases, xd does not correspond to a grid node
(see Fig. 3). In this case, interpolation is required to
retrieve the value of the unknown at xd:
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x

t

True
path

New particle
with unknown value

Figure 3: Summary of trajectory tracing for backward semi-
Lagrangian schemes. The aim is to find the value of the
advected quantity at the position xi and at the time step
tn+1. The blue particle uses the velocity at n+ 1. The yellow
particle shows the mid-point method, using an approxima-
tion of the velocity at n + 1

2 . The value of the particle at
position xd can then be interpolated at tn to obtain the value
at xi at tn+1.

C(xd, t) = L
[
C(xik ), t

]
,

where L is an interpolation operator and xik repre-
sents the nodes of the cell containing xd.

Commonly, cubic interpolants are used as they
offer a good compromise between performance and
accuracy (e.g. Chandrasekar, 2022) and require in 1D
four grid points xik per particle. Cubic B-splines are
used in this study. Godunov’s theorem still applies
to linear SL schemes, and since cubic interpolation
is third order in space, it introduces oscillations and
overshoots for high gradients. To overcome this limi-
tation, quasi-monotone (QM) SL schemes were devel-
oped by Bermejo and Staniforth (1992). The term QM
means that the scalar field values cannot exceed the
range of the previous time step, but can still develop
wiggles inside that range. Quasi-monotonicity is
equivalent to the notion of essentially non-oscillatory
(Bermejo, 2001). A disadvantage of this method is an
increased numerical diffusion, especially for a high Co
number. A maximum Co number of 1.5 is generally
used (e.g. Smith, 2000).

To implement quasi-monotone semi-Lagrangian
(QMSL) schemes, let us define C− and C+ as the
minimum and maximum scalar values of the nodes

of the cell containing xd and CH as the high-order
non-monotone interpolant, here a cubic spline. Then,
a local clipping can be applied at the end of each time
step:

CM (xd, t) =


C+(xd, t) if CH(xd, t) > C+(xd, t)
C−(xd, t) if CH(xd, t) < C−(xd, t)
CH(xd, t) otherwise,

(13)

where CM is the quasi-monotone interpolant.
Equation (13) can be rewritten in a more compact
way:

CM (xd, t) = min
{

max
[
C− (xd, t) , CH (xd, t)

]
, C+(xd, t)

}
.

Formally, this formulation is equivalent to a linear
combination between a high-order interpolant and a
first-order (monotone) interpolant (Bermejo, 2001).

3.4. Marker-in-cell schemes
Marker-in-cell schemes share the same ambition as
SL schemes, such as being unconditionally stable,
but are closer to Lagrangian schemes. They record
the complete history of individual particles, called
markers and interpolate their values on a fixed grid.
This approach has the advantage of greatly reducing
numerical diffusion and making MIC schemes uncon-
ditionally stable. In addition to trajectory tracing and
interpolation, the MIC schemes require markers to be
generated within the domain of the model.

3.4.1. Initial marker generation and reseeding of
particles

The number of markers per cell required can vary
depending on the complexity of the problem, here 5
markers per cell dimension and effectively 25 in 2D.
This is generally sufficient to achieve good accuracy
(e.g. Gerya, 2019). The initial value in each marker can
then be directly derived from the initial conditions
or obtained by linear interpolation from the initial
conditions of the Eulerian grid.

For highly divergent flows or sometimes strongly
stretching flows, it is necessary to regenerate or re-
move markers during the simulation. For highly di-
vergent flows, this is because particles will accumulate
in zones with negative divergence values and create
a gap in zones with positive divergence values. For
highly stretching flow, increases or gaps in the den-
sity of the markers can be induced by preferential
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flow in a particular direction. For reseeding, a non-
conservative strategy similar to Keller et al. (2013) is
used. If the marker density per cell is less than 25%
of the initial density, new markers are generated and
assigned the value of the nearest marker. The old
markers are discarded after this step. For marker ac-
cumulation, the marker density cannot exceed twice
the initial density. If it does, a quarter of the markers
are discarded at random.

3.4.2. Trajectory tracing

The goal of trajectory tracing for MIC schemes is to
determine the position of each marker at the next
time step. The same equation as Eq. 10 is solved.
However, compared to backward SL where the final
position is known, the unknown in this case is the
position of the arrival point at tn+1. Also, the common
way to solve this equation for MIC schemes is not
using a linear multistep method such as the implicit
mid-point scheme, but rather Runge–Kutta schemes
(Gerya, 2019). Using a second-order Runge–Kutta
scheme, it consists of four steps. Interpolating v f at
tn at the departure point xd of the markers, finding
the position of the markers at tn+ 1

2
using v f at tn,

reinterpolating the velocity at this new position, and
using this new velocity to compute the arrival point
xa of the markers at tn+1 from tn.

Since classical interpolants do not retain the phys-
ical properties of the velocity field, such as its diver-
gence, a simple bilinear interpolation may lead to
unphysical clustering of markers on the timescale of
a numerical model. To address this issue, Pusok et al.
(2017) explored different interpolants and showed the
advantages of using the LinP interpolation scheme
(Gerya, 2019). The LinP interpolation scheme is an
empirical relationship that combines two linear inter-
polants defined at the sides and at the centre of each
cell. It is defined as

vf (x, t) = AL [vf (xside, t)] + (1 − A)L [vf (xcentre, t)] ,

with A a constant commonly equal to 2/3, L a linear
interpolant, and xside and xcentre the position of the
sides and centre of the cell containing the marker.

Using this definition, we can rewrite the four steps
of the second-order Runge–Kutta scheme in mathe-
matical notation with four equations:

vf (xd, tn) = AL [vf (xside, tn)] + (14)

(1 − A)L [vf (xcentre, tn)] ,

xh = xd +
1
2

∆tvf (xd, tn) ,

vf (xh, tn) = AL [vf (xside, tn)] + (15)

(1 − A)L [vf (xcentre, tn)] ,

xa = xd + ∆tvf (xh, tn) ,

with xh the intermediate position of the marker.
Solving these four equations successively to obtain a
value for xa with this method is second order in space
but only first order in time, as only the velocity at tn

is used.

3.4.3. Interpolation

After calculating the position of the markers, it is
necessary to interpolate back on the Eulerian grid
and/or to update the values of the markers from the
Eulerian grid depending on the problem being solved.
The step of updating the markers is not described
in detail here, as it is not used in this study, but in-
volves a simple interpolant when a regular grid is
used. This step is more complex for updating the ad-
vected field on the Eulerian grid because the markers
are not uniformly distributed for a non-trivial velocity
field. Therefore, contrary to SL schemes, interpolation
is performed on an unstructured grid as it is based
on the position of the markers. In most cases, linear
interpolants are used because they prevent oscilla-
tions, and the marker densities are high enough to
prevent numerical diffusion. In this study, a weighted-
distance-averaging linear interpolant is used (Gerya,
2019):

w (xm, tn+1) = 1 − ∆xm

∆x
,

C (xi, tn+1) =

m
∑

i=1
C (xm, tn+1)w (xm, tn+1)

m
∑

i=1
w (xm, tn+1)

,

where xm is the position of a marker m, ∆xm is the
distance between a marker m and the grid point i,
and w is the weight of a marker m. All markers found
in the cells surrounding grid point i are used for
interpolation, as in Gerya and Yuen (2003b). The re-
lationship between the markers and the grid in 2D is
summarised in Fig. 4. One disadvantage of this inter-
polant is that it is prone to race conditions in shared
memory systems, as it involves two sums, which re-
quire the use of atomic operations to parallelise the
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xi,j

Figure 4: Sketch showing the geometric relationship in 2D
between a point xi,j of the Eulerian grid and the markers xm
used for the interpolation on a regular grid. The value at
the point xi,j is interpolated from the markers xm contained
inside the four neighbouring cells. xi,j is fixed in time and
in space, whereas the position of the markers xm are time-
dependent.

implementation.

4. Numerical tests

To test the four advection schemes, two different nu-
merical tests are performed in 2D: the pure rotation of
a cylinder and the advection through a more complex
velocity field mimicking a convection cell. In both
cases, the domain is a square of size 1.0 × 1.0 with
a constant spacing of ∆x = ∆y = 0.005 for a resolu-
tion of 201 × 201 nodes. The radius of the cylinder
is 24∆x with a mass fraction of 1.0 and is centred at
coordinates (0.25 , 0.25). The initial conditions for
both tests are shown in Fig. 5.

For the first test, the time increment is ∆t = 400
with ω = π × 10−5, so it takes 500 time steps to
make a full revolution. The velocity is defined as
v⃗ = (−ω(y − 0.5) , ω(x − 0.5)), so the rotation is
anti-clockwise, and the centre of it is at coordinates
(0.5 , 0.5). The Co numbers inside the cylinder range
between 0.45 and 0.8. The test is stopped after two
revolutions. For the second test, v⃗ is defined as v⃗ =

(−2π × sin(πx)× cos(πy) ; 2π × cos(πx)× sin(πy)).
The time increment ∆t is fixed by constraining the Co
number to be 0.7 for a total time of 0.8 and 1016 time
steps. At half of the total time, the opposite sign
of v⃗ is taken as the new value of v⃗, such that the

analytical solution of the problem corresponds to the
initial conditions.

To compare and quantify the results of the differ-
ent schemes, the following quantities were monitored:
the mass conservation (M), the total error (Etot), the
maximum value of the final mass fraction (max(Cf)),
and the minimum elapsed computational time of one
time step after 10000 runs, with one thread and with
24 threads.

The mass conservation is defined as

M =

K
∑

k=1

(
Ck

f

)
K
∑

k=1

(
Ck

0
) , (16)

where k is a 2D grid point index, K is the total number
of grid points, Ck

f is the final mass fraction at index k,
and Ck

0 is the initial mass fraction at index k.
The total error in the scheme is defined as the

mean square error:

Etot =
1
K

K

∑
k=1

(
Ck

0 − Ck
f

)2
.

The results for both tests are reported in Table 2
and in Figs. 6 and 7 for the four different schemes.
Both tests show the strong numerical diffusion of the
upwind scheme and its high Etot due to its first order
in time and space. The WENO-5 scheme shows no
oscillation and a good accuracy, being fifth order in
space and third in time in both tests, with a small
mass loss in the second test. The QMSL is not mass
conservative for both problems. It shows a relatively
good accuracy, being third order in space and sec-
ond in time; is monotone; but shows deformation
of the original cylinder at the end of the second test.
Finally, for both tests, the MIC scheme is mass con-
servative and monotone and shows the best accuracy
with almost no numerical diffusion. These simple
tests highlight the properties of each scheme but use
a velocity field that is divergence-free and without
sharp variations. Coupling with a two-phase flow
system is therefore necessary to assert which scheme
is the more suitable in this case.

5. Coupling chemical advection
and two-phase flow

Solving Eq. (5) for concrete cases implies having an
expression for vf at each time step. In this section,
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(a) (b)

Figure 5: Initial conditions for the two numerical tests. The yellow arrows show the velocity fields of the tests. (a) Rotation
of a cylinder. (b) Convection of a circular anomaly.

(a) (b)

(c) (d)

Figure 6: Results of the rotational test after two revolutions for the upwind, WENO-5, QMSL, and MIC schemes (a)-(d).
Note that the upwind scheme was run with ∆t = 80 due to stability issues.
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(a) (b)

(c) (d)

Figure 7: Results of the convection test after a total time of 0.8 for the upwind, WENO-5, QMSL, and MIC schemes (a)-(d).
The velocity field was reversed at half of the total time so that the anomaly returns to its initial position.

Table 2: Results of the two numerical tests for four advection schemes. The running time for the MIC does not include the
reseeding and removal step of markers.

Rotational test Convection test Running time of one time step [ms]

Numerical schemes M Etot max(C) M Etot max(C) Single-threaded Multithreaded (24)

Upwind 1.000 14.92×10−3 0.700 1.000 24.17 ×10−3 0.454 0.545 0.122
WENO-5 1.000 1.57×10−3 1.000 0.997 3.39 ×10−3 1.008 14.882 1.767

QMSL 0.963 2.51×10−3 1.000 1.003 7.73 ×10−3 1.003 17.710 3.320
MIC 1.000 0.32×10−3 1.000 1.000 2.39 ×10−3 1.000 145.091 16.959
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Eq. (5) is coupled to a transport model based on
two-phase flow formalism. This transport model is
used to model magma ascent in a porous solid phase.
The main mechanism of transport is decompaction
weakening, buoyancy, and failure and combines the
formulations of Connolly and Podladchikov (2007b)
and Vasilyev et al. (1998). It considers a compressible
viscoelastic matrix with incompressible solid grains
and an incompressible fluid phase, and it neglects the
effect of shear stresses on fluid flow and compaction.

5.1. Two-phase flow formulation
In the case of a laminar fluid flow, conservation of mo-
mentum for the fluid can be expressed using Darcy’s
law:

ϕ(v⃗f − v⃗s) = − k(ϕ)
µf

(∇Pf + ρf g⃗), (17)

with Pf the fluid pressure (in Pa), k the permeability
(m2), a function of the filled porosity or melt fraction
ϕ, µf the fluid viscosity (Pa s), and g⃗ the gravity vector
(m s−2).

The relation between permeability and the filled
porosity is assumed to follow the Kozeny–Carman
law (Carman, 1939; Costa, 2006):

k = aϕ3,

where a is a proportionality constant.
The effective pressure Pe is defined as the differ-

ence between lithostatic pressure and fluid pressure:

Pe = Plith − Pf, (18)

with Plith the lithostatic pressure or the vertical load
(in Pa). Substituting Eq. (18) in Eq. (17) and assuming
constant rock density, we obtain

ϕ(v⃗f − v⃗s) =
k(ϕ)

µf
(∇Pe + ∆ρg⃗) . (19)

Considering the solid phase as a Maxwell body,
we introduce rheology as the sum of viscous and
poroelastic deformation:

∇ · v⃗s = − Pe

ζ(ϕ, Pe)
− ϕbβϕ

∂Pe

∂t
, (20)

where ζ is the volume viscosity of the rock (in Pa s), b
a constant, and βϕ the pore compressibility modulus
(Pa−1). The terms on the right-hand side represent
viscous and poroelastic deformation. Equation (20) is
valid on the basis that shear stress is neglected.

The volume viscosity ζ is defined as a function of
ϕ and Pe:

ζ =
µs

ϕm

[
1
R
− H (Pe)

(
1
R
− 1

)]
,

with µs the shear viscosity of the rock (in Pa s), m a
constant, and R the decompaction weakening factor
defined as the inverse of the R factor in Connolly and
Podladchikov (2007b). H(Pe) is originally defined as
the Heaviside function but is here approximated by a
hyperbolic tangent function as similarly done by Räss
et al. (2018).

We approximate here βϕ as the inverse of G, the
shear modulus of the rock (in Pa):

βϕ ≈ 1
G

.

This is valid for cylindrical pores, as described by
Yarushina et al. (2015).

Summing up the right-hand sides of Eqs. (1) and
(2) describing mass conservation and neglecting the
change in densities, we obtain the total volumetric
flux of material. Applying the divergence operator,
we can derive

∇ · [v⃗s + ϕ(v⃗f − v⃗s)] = 0. (21)

We can then substitute Eqs. (19) and (20) in Eq.
(21) to obtain

Pe

ζ(ϕ, Pe)
+

ϕb

G
∂Pe

∂t
= ∇ ·

[
k(ϕ)

µf
(∇Pe + ∆ρg⃗)

]
. (22)

In addition, developing Eq. (1) with the assump-
tion that ϕ is much smaller than unity, and substitut-
ing with Eq. (20) yields

∂ϕ

∂t
= − Pe

ζ(ϕ, Pe)
− ϕb

G
∂Pe

∂t
. (23)

Equation (22) can be seen as the mass conservation
equation of the system, relating the flux densities of
the solid and fluid phases. Equation (23) relates the
evolution of porosity with the deformation of the
solid phase. Solving these two coupled equations for
Pe and ϕ allows the calculation of v⃗s and v⃗f from Eqs.
(20) and (19) at each time step, making the link with
Eq. (5).
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5.2. Non-dimensionalisation and numeri-
cal approach
To mitigate numerical errors, a dimensionless scaling
of the system is applied. The scaling variables are
defined in Table 3. Using the scaling variables with
Eqs. (19), (20), (22) and (23) and rearranging, we
obtain the dimensionless system of equations:

∂p
∂tc

=
1

φbDe
× (∇ · [φn (∇p + 1)]

− φp
1
R − H(p)( 1

R − 1)

)
, (24)

∂φ

∂tc
= −

[
φp

1
R − H(p)( 1

R − 1)
+ φbDe

∂p
∂tc

]
, (25)

∇ · u⃗s =
∂φ

∂tc
, (26)

u⃗f = φn−1 (∇p + 1) + u⃗s, (27)

where φ, p, tc, u⃗s, and u⃗f are the dimensionless poros-
ity, the dimensionless effective pressure, the dimen-
sionless time, the dimensionless solid velocity, and the
dimensionless fluid velocity, respectively. The Debo-
rah number De is formally the ratio of the relaxation
time to the observation time (Reiner, 1964), and here
it characterises the ratio between viscous and elastic
deformation. In the limit of small porosities, u⃗s can
be neglected and only eqs. (24), (25), and (27) are here
solved.

Equations (24) and (25) are strongly coupled and
highly stiff due to the non-linearity of the system and
require an efficient numerical solver. DifferentialEqua-
tions.jl (Rackauckas & Nie, 2017), a robust ordinary
differential equation (ODE) solver package, was used.
This package has the advantage of simplicity, both in
concept and in coding, and allows arbitrary orders
of accuracy in time to be easily tested using different
ODE solvers.

Equations (24) and (25) are first discretised in
space using finite differences on a uniform Carte-
sian grid in 2D and then integrated in time using
the trapezoidal rule with the second-order backward
difference formula (TR-BDF2) scheme, an implicit
scheme suitable for highly stiff problems (Bank et al.,
1985) using DifferentialEquations.jl. It uses adaptive
time-stepping and the Newton-Raphson method as
a non-linear solver, using forward automatic differ-

entiation to compute the Jacobian matrix (Revels et
al., 2016). Knowing φ and p, (27) is then solved to
compute u⃗f at each time step. The boundary condi-
tions are periodic in all directions for all models. The
system is then dimensionalised back.

5.3. Application to magmatic system
To assess the behaviour of the four advection schemes
coupled with a two-phase flow system, we model the
ascent of a magmatic anomaly. The spatial domain is a
2D regular grid of 450 by 900 m, and the total physical
time is 1.5 Myr. The initial melt fraction distribution
is defined using the following 2D Gaussian function:

ϕ = ϕ0 + ϕmax × exp
(
− (x − x0)

2 + (z − z0)
2

σ2

)
,

with ϕ0 the background porosity defined as 0.1%,
ϕmax the maximum porosity defined as 5%, and x0

and z0, the centre of the anomaly. The standard de-
viation σ of the Gaussian is 30 m. All physical pa-
rameters and corresponding scaling variables used
are reported in Table 3. The evolution of porosity is
shown in Fig. 8. All models were performed on a sin-
gle computer with an Intel Xeon Gold 6128 processor
and 128 GB of RAM using Julia version 1.10.2. All
models were computed on a CPU with multithreading
using 24 threads.

The melt fraction is associated with two different
arbitrary chemical compositions: a basaltic compo-
sition for the background melt fraction and an an-
desitic composition for the anomaly, corresponding
to a circle with a radius of 60 m. The aim is not to
model a realistic magmatic system, but to investigate
how the advection schemes can numerically affect the
predictions of the model. The two compositions are
reported in Table 4. No feedback between the melt
compositions and the physical properties of the melt
was considered, to prevent the advection schemes
from influencing on the two-phase flow. In real set-
tings, the effect of melt composition on melt viscosity
and density is not negligible for these conditions. The
maximum time step allowed for the two-phase flow
is constrained by the Co number associated with the
melt velocity. Its maximum value allowed for the up-
wind and the WENO-5 schemes is 0.7, but a value of
0.7 and 1.5 for the QMSL and the MIC schemes were
both used to take advantage of the extended stability
of these schemes. The results for the evolution of the
silica content in the melt are shown in Fig. 9 for the
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Table 3: Parameters and corresponding scaling variables used in the models. Definitions of the scaling variables are from
McKenzie (1984) and Connolly and Podladchikov (1998).

Parameter Symbol Definition Value Unit

Melt viscosity µf 100 Pa s
Rock shear viscosity µs 1019 Pa s

Density contrast between solid and melt ∆ρ 500 kg m−3

Weakening parameter R 100
Shear modulus G 3.5 × 109 Pa

Background porosity ϕ0 10-3

Permeability constant a 10-7 m2

Background permeability k0 a ϕ0 m2

Exponent for bulk viscosity term m 1
Exponent for poroelastic term b 1

Gravity acceleration g 9.80665 m s−2

Characteristic porosity ϕ∗ ϕ0 10-3

Characteristic viscous compaction length L∗
√

µsk0
ϕ0µ f

100 m

Characteristic effective pressure P∗
e L∗∆ρg 490332.5 Pa

Characteristic fluid flux q∗f
µ f
ϕ0

∆ρgL∗ 4.9 × 10-12 m s−1

Characteristic time t∗ L∗

q∗f
0.65 Myr

Deborah number De βϕP∗
e 1.4 × 10-5

Figure 8: Reference evolution of the porosity in a 2D model from an initial Gaussian anomaly, which forms porosity waves.
The superimposed vector field shows the melt velocity. Periodic boundaries are applied on all sides. The initial porosity
anomaly is a Gaussian function with a maximum value of 5%. The background porosity is 0.1%. The spatial resolution of
the grid is 300×600. The physical parameters used are listed in Table 3. The melt velocity is scaled by relative magnitude.
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Table 4: Melt compositions (in wt%) used in the models.
1: Recalculated from Giordano and Dingwell (2003). 2:
Recalculated from Neuville et al. (1993).

Oxide (wt%) Basalt1 Andesite2

SiO2 48.32 59.87
TiO2 1.65 0.82

Al2O3 16.72 16.93
FeO(T) 10.41 5.28
MgO 5.31 3.28
CaO 10.75 5.70

Na2O 3.85 3.76
K2O 1.99 1.36
H2O 1.00 3.00

Co number of 0.7 and for the four algorithms at a
resolution of 500x1000.

As there is no analytical solution to this particular
problem, it is not possible to directly calculate the
numerical error in the different advection schemes.
Nevertheless, we can compute the mass conservation
of the advected quantities. The total mass of the
melt composition is conserved, as it is re-normalized
to 100% at each time step. This is a constant-sum
constraint and is characteristic of compositional data
(Aitchison, 1982). However, it is not necessarily the
case for each individual oxide. In that light, similar
to Eq. (16), we monitor the mass conservation of each
individual oxide Mox in the melt at each time step:

Mox =

K
∑

k=1

(
ϕkCk

ox

)
K
∑

k=1

(
ϕk

0Ck
ox0

) ,

where ϕk and ϕk
0 are the current and initial porosity

at index k, and Ck
ox and Ck

ox0
the current and initial

composition of the oxide of interest in the melt at the
index k.

The melt fraction ϕ is conserved through the mod-
els, as Eqs. (24) and (25) are solved using a conser-
vative discretisation. Therefore, Mox only monitors
the effects of the advection schemes for the oxide
of interest. To quantify how the mass conservation
evolves for each individual oxide and for each advec-
tion algorithm, the same model was performed at five
different resolutions: 100×200, 200×400, 300×600,
400×800, and 500×1000. The values of the mass con-
servation of silica content MSiO2 for each resolution
are shown in Fig. 10 for all the models. The values of
the mass conservation of each oxide for all the algo-
rithms are shown in Fig. 11. The total running time

of each model is reported in Fig. 12.

6. Results and discussion

The numerical models produced allow a better under-
standing of the process of passive chemical transport
in magma within porosity waves and the impact of
each advection scheme on the magma composition
over time. All models confirm two distinct composi-
tion domains at the top of the porosity waves at the
end of the simulations (Fig. 9). It is effectively a mix-
ing of the compositions from the initial background
porosity and from the anomaly. This is because melt
is incorporated by the waves as they rise. This is at-
tributed to the fact that the velocity of the porosity
waves is higher than the melt velocity and has also
been reported in previous studies (e.g. Jordan et al.,
2018).

Comparing the results of the four algorithms, it is
clear that the upwind scheme has the highest amount
of numerical diffusion, which increases chemical mix-
ing for non-physical reasons. The WENO-5 and
QMSL exhibit similar results in terms of numerical
diffusion, while the MIC shows the lowest amount
with almost purely advective behaviour (Fig. 9). This
is consistent with the numerical tests (Figs. 6 and 7).
In terms of mass conservation, the oxide content is
not conserved in all four schemes (Figs. 10 and 11).
The WENO-5 gives the best results, with a mass con-
servation ranging from 98.87 to 100.51% for the lowest
resolution to 99.85 to 100.06% at the highest resolution
for all the oxides. The MIC performs similarly at high
resolution, ranging from 99.77 to 100.11% for all the
oxides at the highest resolution and with a significant
increase in mass conservation from the 200x400 res-
olution. An improvement in the mass conservation
for a Co number of 1.5 compared to the value of 0.7 is
also noticeable. The QMSL shows slightly lower mass
conservation for a Co of 0.7, ranging from 99.52 to
100.22% at the highest resolution and 97.22 to 101.26%
at the lowest. In contrast to the MIC, there is a sig-
nificant decrease for the mass conservation for a Co
number of 1.5, ranging from 97.22 to 102.81% at low
resolution to up to 97.77 to 101.01% at high resolution.
The upwind scheme shows the worst values for mass
conservation, ranging from 92.14 to 103.55% at low
resolution to values of 96.97 to 101.37% at the highest
resolution (Figs. 10 and 11). The better mass con-
servation of the MIC for a higher Co number can be
explained by less reseeding and removal of markers,
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100x200
200x400

300x600 400x800 500x1000

Figure 10: Mass conservation of silica content in the melt fraction for four different advection schemes and five different
spatial resolutions at the end of each simulation. The Courant number used is 0.7 for the WENO-5 and the upwind
schemes and 0.7 or 1.5 for the QMSL and the MIC schemes. The resolutions are 100×200, 200×400, 300×600, 400×800,
and 500×1000. The physical parameters used are reported in Table 3.

as the approach used is not mass conservative. On
the other hand, the poorer performance concerning
the QMSL at higher Co number can be interpreted
as showing the decrease in accuracy of the trajectory
tracing with increasing time step. The differences in
mass conservation observed in the different oxides
through all the models show that the initial conditions
play a role and that higher values in the anomaly at
the beginning of the model leads to a loss of mass
(e.g. SiO2 or Al2O3), whereas the opposite leads to an
excess of mass (e.g. CaO or K2O). Also, the greater
the relative difference between the composition of the
oxide from the anomaly and the background melt
fraction, the greater the mass conservation loss or
gain (e.g. H2O or FeO). However, it is observed that
the mass conservation of all the oxides appears to
converge towards 1 with increasing resolution for all
methods.

In terms of performance, all schemes, except the
MIC, show a run time of the same order of magni-
tude for a Co number of 0.7 at all resolutions. This
is explained by the multithreading approach, which
allows high performance, even for more computation-
ally expensive algorithms due to parallelism. The high
computational cost of the MIC is mainly attributed to
the reseeding and removal of the markers due to the
highly divergent velocity field. This part was not fully

parallelised due to race conditions caused by the re-
moval and addition of memory at run time. Also, the
MIC and QMSL perform better for a Co number of 1.5
compared to 0.7 (Fig. 12). This is explained by a larger
adaptive time step used by the two-phase flow solver
due to the extended stability domain, which means
that fewer time steps are required to solve the system.
All the calculations were performed on a single CPU,
and the code could be further optimised, especially
for the MIC. However, this result provides an idea
of the cost of each method when parallelised and
highlights the complexity of fully parallelising a MIC
algorithm while dealing with a significant amount of
reseeding and marker removal.

The upwind scheme is considered inadequate for
this problem due to its high numerical diffusion, and
its lack of mass conservation for highly divergent
velocity fields. The MIC scheme shows very good
results in terms of accuracy with the least amount
of numerical diffusion and has no stability condition.
It also demonstrates better mass conservation with a
higher time-step. However, it is expensive in terms of
computation and memory, as it needs to keep track of
the markers. As the velocity field v⃗f is strongly diver-
gent, it requires frequently regenerating and deleting
markers, which adds complexity to the implementa-
tion and additional numerical cost. As a result, we
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Figure 11: Mass conservation of each oxide in the melt fraction for four different advection schemes and five different
spatial resolutions at the end of each simulation. The Courant number used is 0.7 for the WENO-5 and the upwind
(a)-(b) schemes and 0.7 or 1.5 for the QMSL and the MIC (c)-(f) schemes. The resolutions are 100×200, 200×400, 300×600,
400×800, and 500×1000. The physical parameters used are reported in Table 3.
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100x200

200x400

300x600

400x800
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Figure 12: Total running time of the two-phase flow system coupled with four different advection schemes and five
different resolutions. The Courant number used is 0.7 for the WENO-5 and the upwind schemes and both 0.7 and 1.5 for
the QMSL and the MIC schemes. The resolutions are 100×200, 200×400, 300×600, 400×800, and 500×1000. The physical
parameters used are reported in Table 3. All models were performed using a single computer with an Intel Xeon Gold
6128 processor and 128 GB of RAM using Julia version 1.10.2. All advection algorithms were computed on a CPU with
multithreading using 24 threads.

consider this scheme to be too costly for this partic-
ular problem but recognise its robust qualities for
other geodynamic problems where diffusion is not
acceptable, such as thermomechanical deformation
or mantle convection (e.g. Duretz et al., 2011; Trim
et al., 2020; Ueda et al., 2015). On the other hand, the
QMSL scheme shows very good performance with
its extended stability field and good accuracy but has
very poor mass conservation for a high Co, which
contradicts the purpose of this scheme. A potential
approach to improve the mass conservation would
be to improve the trajectory tracing step, either by
using higher-order multistep methods (e.g. Filbet &
Prouveur, 2016) or by using Runge–Kutta schemes,
similar to the one used for the MIC. On the basis of
these results, the WENO-5 advection scheme appears
to be the most appropriate for this problem. Mass
conservation is a critical property for studying mass
balance and mass transport problems associated with
magma transport at different scales on Earth, and this
algorithm obtains the best results. It also has good
accuracy and reasonable performance and is easy to
extend to higher dimensions and to parallelise.

7. Conclusions

In this study, a series of tests were carried out to de-
termine which advection scheme is the most suitable
for modelling the chemical transport of magma. Four
of the most commonly used algorithms in the liter-
ature were compared: the upwind, WENO-5, MIC,
and QMSL schemes. To test them, we combined a 2D
two-phase flow model, which describes the evolution
of the melt fraction of magma over time, with the
chemical advection of its composition.

All algorithms, with the exception of the upwind
scheme, are able to predict the melt composition with
reasonable accuracy. However, mass conservation of
each individual oxide in the melt is not fully achieved
for any of the schemes. The MIC, while showing the
least amount of numerical diffusion, requires a very
large amount of reseeding and removal of markers
due to the strongly divergent melt velocity field. This
procedure is costly and requires reallocating mem-
ory at run time, complicating the implementation.
The QMSL scheme has the worst mass conservation
of the three algorithms, especially at high Co. This
could potentially be improved by refining the trajec-
tory tracing step to make it a more valuable alterna-
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tive. The WENO-5 scheme shows the best results in
mass conservation, even at low resolutions, is explicit,
easy to implement, and extends in 3D, although it is
constrained by the CFL condition. On the basis of
these results, the WENO-5 scheme is the most suitable
to use for transporting magma composition during
magma ascent. This is also applicable to problems
using similar formulations, such as chemical advec-
tion in aqueous fluids, and makes WENO-5 a suitable
scheme for modelling reactive transport under crustal
or mantle conditions.

Code and data availability

The code used in this study allowing reproducibility
of the data is available on GitHub (https://github.c
om/neoscalc/ChemicalAdvectionPorosityWave.jl)
and at a permanent DOI repository (Zenodo): https:
//doi.org/10.5281/zenodo.8411354. The code is
written in the Julia programming language. Refer to
the repository’s README for additional information.
The code is distributed under the GPL-3.0 license.
The data produced and used during this study are
available at a permanent DOI repository (Zenodo):
https://doi.org/10.5281/zenodo.13306073.
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1. Introduction

T
he processes of melt production, segrega-
tion, and emplacement of magmas are fun-
damental to understanding the evolution of
the continental crust. These processes gov-

ern the formation of migmatites and granitoids, which
are crucial to deciphering the history of crustal growth
and reworking as well as understanding heat trans-
fer in the crust (Hawkesworth et al., 2010; Jaupart &
Mareschal, 2010; Korenaga, 2018; Vielzeuf et al., 1990).
A current geological challenge is to clarify the time
scales and conditions under which these processes
occur in sediment-sourced settings (Brown, 2013).
In these environments, the relationship between the
source (metapelitic migmatites) and the end-product
(S-type plutons) may provide insights into these pro-
cesses, though it is important to recognize that these
systems often include an igneous-derived component.
Partial melting of the crust does not typically occur
under normal geothermal gradients and is usually
driven by tectonic processes such as crustal thinning,
thickening, or mantle upwelling (e.g. Clark et al., 2011;
Clemens, 2003; England & Thompson, 1984). There-
fore, it is important to constrain the thermal and phys-
ical conditions of the geodynamic regime during the
periods of melt production and crystallisation.

Zircon geochronology has emerged as a powerful
tool in addressing this challenge, providing precise
age constraints that help unravel the complex history
of both magmatic and metamorphic events involving
melting (e.g. Farina et al., 2018; Michel et al., 2008;
Oliver et al., 1993; Samperton et al., 2015; Schoene
et al., 2012; Wu et al., 2011). Isotope-dilution, thermal
ionization mass (ID-TIMS) U–Pb ages from magmatic
zircons have long been used as a way to understand
the timeframes of pluton emplacement and crystalli-
sation by dating a single or group of whole zircon
grains, and has been improving significantly in preci-
sion over the decades (Krogh, 1982; Mattinson, 2005;
Paces & Miller Jr, 1993; Parrish, 1987; Schoene & Bax-
ter, 2017; Silver & Deutsch, 1963; Tilton et al., 1957).
The development of in situ geochronology (sensitive
high-resolution ion microprobe (SHRIMP) and later
secondary-ion mass spectrometry (SIMS)) introduced
a radical new way to target particular zones or tex-
tures in zircon, often imaged by CL, and gave further
insights on the ages of different zircon growth zones,
and the inheritance of xenocrysts and antecrysts in
magmatic and metamorphic systems (C. A. Andersen
& Hinthorne, 1972; Ireland & Williams, 2003; Liati

et al., 2016; Rubatto & Gebauer, 2000; Williams, 1992,
1997). The use of in situ laser inductively coupled
plasma mass spectrometry (LA-ICP-MS) added to this
the possibility of obtaining trace element data such as
Ti and rare earth elements (REEs) in zircon in conjunc-
tion with U–Pb data, with the caveat that U–Pb ages
usually are less precise than other methods (Košler
& Sylvester, 2003; Kylander-Clark et al., 2013; Viete
et al., 2015). By combining in situ U–Pb, trace element
data and CL images, it becomes possible to distin-
guish populations of zircons beyond the U–Pb age
uncertainty that record different information about
the melting source and/or the crystallisation history
and the pluton emplacement.

Few studies report the studies of both crustal-
derived granitoid plutons and migmatites, their po-
tential source, from the same locality (e.g. Couzinié
et al., 2021; Li et al., 2022; Reichardt & Weinberg,
2012). This is due to the fact that melting generally
takes place deep within the continental crust, near
the heat source, while most plutons are emplaced
in the middle to upper crust, where the transition
from ductile to brittle rheology occurs (Sawyer et
al., 2011). The El Oro complex in southern Ecuador
provides a direct access to migmatites and their asso-
ciated granitoids on a kilometre scale and is therefore
a good natural laboratory to study these processes.
This massif is interpreted as a tilted crustal section
of metasediments from the Ecuadorian fore-arc (e.g.
Baldock, 1982; Feininger, 1978, 1982; Gabriele, 2002;
Litherland, 1994). The lower segment of this complex
has undergone partial melting triggered by crustal
thinning and the intrusion of gabbroic magma during
the Triassic (Riel et al., 2013). This event led to the
formation of a series of S-type plutons in the middle
to upper crust (Aspden et al., 1995; Vinasco Vallejo,
2004). A later Cretaceous event induced the tilting of
the sequence, which allows for the direct sampling of
both the source rocks and the resulting granitoids on
a distance of ∼20 km, providing a great opportunity
for understanding crustal-scale processes.

In this study, we present a detailed geochronol-
ogy and trace element analysis of zircons from S-type
granitoids and migmatites within the El Oro complex.
Additionally, metamorphic titanites from a metagab-
bro, interpreted to be the heat source for the thermal
event, were dated. While we confirm the previously
established ages of the migmatites and granitoids, our
findings reveal that these processes persisted for an
extended period of time (up to ca. 25 Myr). The
emplacement of the granitoids is interpreted to be as-
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sociated with a series of pulses through this duration.
We also show the potential of collecting a high num-
ber of analyses per sample and to collect both U–Pb
and trace element data to discriminate population,
and gaining insight into melt processes, such as open
system behaviour in migmatites.

2. Geological settings and previous
studies

The El Oro metamorphic province is a complex of
around 2400 km2 situated in the southern western
part of Ecuador and North-East of Peru. It is located
in the active forearc of the Andes subduction system,
close to the deflection separating the central Andes
to the northern Andes and is part of the Amotapes
massif. The province is bordered to the south by
the Cretaceous Celica-Lancones sedimentary basin,
to the east by Tertiary volcano-detrital deposits and
the Cordillera Real, the metamorphic basement of the
northern Andes that extends as far as Colombia and
to the north by oceanic terrain accreted during the
Cretaceous. To the south, the Cretaceous sediments of
the Celica-Lancones basin are unconformably under-
lain by the El Oro metamorphic province. The other
contacts, to the north and east, with the Cordillera
Real and with oceanic terrains accreted to the margin
in the Cretaceous are not known as they are masked
by Mesozoic volcano-sedimentary deposits.

The El Oro metamorphic province is comprised of
units of both oceanic and continental affinities assem-
bled in a fore-arc position since the Palaeozoic, with
E-W sub-vertical structures, and has been subdivided
into three main complexes separated by tectonic dis-
continuities. From south to north, these units are:
the El Oro complex, composed of Triassic units of
oceanic affinities and a metapelitic sequence compris-
ing large bodies of granitoids, the Raspas complex,
an ophiolite, and the Birón complex, consisting of
metasediments, migmatitic paragneisses, granitoids,
metadiorites and amphibolites with a N-MORB-type
geochemical affinity (Aspden et al., 1995; Feininger,
1980; Gabriele, 2002; Riel et al., 2013). The metapelitic
sequence of the El Oro complex is the main focus of
this study.

2.1. The El Oro complex

2.1.1. Units

The El Oro complex can be separated in three ma-
jor groups, from south to north: the metamorphic
continental sequence of the Tahuín group, the am-
phibolitised metagabbro of the Piedras unit, and the
blueschists of the Arenillas-Panupalí unit (Fig. 1).
The Tahuín group is interpreted as being composed
mainly of clastic sediments originally deposited in a
passive margin setting, which are now exposed as a
section of tilted continental crust preserving increas-
ing degree of metamorphism from south to north
(Feininger, 1982). The age of deposition of the sed-
iments at the top of the sequence is not well con-
strained, but is estimated to be either Devonian or
Carboniferous, based on scarce paleological evidence
mostly found on the equivalent sequence on the Peru-
vian side of the Amotape massif (Aspden et al., 1995;
Cózar et al., 2024; Iddings & Olsson, 1928; Martínez,
1970; Mourier, 1988). The Tahuín group is separated
mainly by the gabbroic Piedras unit by a large-scale
normal fault but a magmatic contact has been ob-
served in some localities (Riel et al., 2013). Differ-
ent nomenclatures have been used over the time to
describe the Tahuín group (e.g. Aspden et al., 1995;
Baldock, 1982; Feininger, 1978). We follow here the
nomenclature defined in Riel et al. (2013), which is
based on Aspden et al. (1995), but redefine La Bocana
unit as being metamorphic and not magmatic.

Three sub-units are defined, following major iso-
grads. The El Tigre unit consists of unmetamorphosed
to greenschist facies sediments, predominantly com-
posed of turbidites (Aspden et al., 1995). The La
Victoria unit, here defined from El Tigre by the Bt-in
isograd, is composed of a sequence of metapelites
and metapsammites preserving increasing degrees of
metamorphism up to amphibolite facies (Feininger,
1978). The La Bocana unit is characterised by the
apparence of partial melting and is composed of
migmatites. Riel et al. (2013) divide this unit in two
parts, upper La Bocana, characterised by the presence
of metatexites, and lower La Bocana, defined by the
Grt-in isograd, composed mainly of diatexites and
more homogeneous materials. All these units are
intruded by granitoids, with three plutons of impor-
tance: the El Prado, the La Florida and the Marcabelí
plutons, showing S-type affinity (Aspden et al., 1995;
Vinasco Vallejo, 2004).

The geodynamic driver of this high geothermal
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gradient metamorphism of the Tahuín group is in-
terpreted as the emplacement of the gabbro of the
Piedras unit in the crustal root of the system (Riel
et al., 2013). The gabbro itself is amphibolitised. It is
suggested that the metamorphism and partial melt-
ing of the Tahuín group was rapidly ceased by the
underthrusting of the comparatively cool blueschists
of the Arenillas-Panupalí unit, which records peak
P–T conditions of about 0.9 GPa and 300 ◦C (Gabriele,
2002).

2.1.2. Geochronological data from previous stud-
ies

Number of studies have provided temporal con-
straints on the metamorphic event responsible for the
melting of the metasediments and the emplacement
of granitoids in the Tahuín group and are reported
below. When the mean squared weighted deviation
(MSWD) was not reported in the original publication,
it has been recalculated and is indicated by the letter
R.

For the migmatites of La Bocana, Riel et al. (2013)
reported two zircon 206Pb/238U ages: 225.7 ± 6.5
(MSWD = 2.6 (R), n = 12) and 229.3 ± 2.4 Ma (MSWD
= 0.96 (R), n = 5), obtained using sensitive high mass-
resolution ion microprobe (SHRIMP), and two mon-
azite 208Pb/232Th ages at 226.0 ± 1.3 (MSWD = 2.44
(R), n = 17) and 223.22 ± 2.2 Ma (MSWD = 1.71 (R),
n = 11), performed on LA-ICP-MS. Vinasco Vallejo
(2004), using SHRIMP, reported a zircon 206Pb/238U
age of 232.2 ± 5.1 (MSWD = 0.029, n = 6) Ma. In the
same study, Vinasco Vallejo (2004) obtained a zircon
206Pb/238U age of 234.9 ± 4.5 (MSWD = 0.64, n = 6)
Ma for the Marcabelí pluton, and two ages of 239.6
± 7.3 Ma (MSWD = 1.3, n = 9) and 215.5 ± 7.8 Ma
(MSWD = 0.35, n = 3) for the La Florida pluton. Noble
et al. (1997) reported, using thermal ionization mass
spectrometry (TIMS), a 207Pb/235U monazite age of
227.5 ± 0.8 (MSWD = 0.013 (R), n = 3) Ma for the
Marcabelí pluton.

Time constraints on the emplacement of the
metagabbro protolith from the Piedras unit are pro-
vided by a zircon 206Pb/238U age from Noble et al.
(1997) of 221+18

−16 Ma (MSWD = 0.015 (R), n = 2) and
from Cochrane et al. (2014), using LA-ICP-MS, yield-
ing 222.7 ± 6.3 Ma (MSWD = 1.90, n = 17). An in-
tegrated cooling 40Ar/39Ar age on hornblende from
Gabriele (2002), obtained by stepped heating proce-
dure, yields 226 ± 1.8 Ma, and was interpreted to
date the metamorphism. The same study provided a

40Ar/39Ar age on hornblende of 225.3 ± 1.7 Ma from
the blueschists of the Arenillas-Panupalí unit.

These ages all lead to a common event under-
gone by the El Oro complex during the middle to late
Triassic from around 240 to 210 Ma. This includes
the emplacement and metamorphism of the gabbroic
Piedras unit, metamorphism and partial melting of
the metasediments from the Tahuín group, migration
and crystallisation of these melts in S-type plutons,
and emplacement of the underlying blueschists. How-
ever, the direct links between the migmatites and
plutons, and more specifically, the timing between
melt formation and emplacement of the multiple plu-
tons is not clear. These relationships can be resolved
by in-situ U–Pb and trace element analyses of zircons
throughout the Tahuín group.

3. Sampling strategy and samples
description

The selection of representative samples involving
melt processes is challenging as these processes in-
herently produce chemical heterogeneities in both
migmatites and plutons. The strategy in this study
was to select leucosomes from neosomes or diatexites
in migmatites, as these are more likely to represent
previous melt pathways. For the granitoids, diverse
samples were collected to capture different magmatic
phases, if present. To try to establish co-genetic links
between the migmatites and the granitoids, the sam-
ples were collected along a general S-N trend, from
the interpreted shallow to deep continental paleocrust
in the Tahuín group. This was further complicated
by the difficult outcrop conditions in the area and
the majority of samples were collected along rivers
to obtain fresher samples. For the granitoids, four
samples were collected from the Marcabelí pluton
and one sample was collected from a small isolated
granitoid body, near the La Palmerita locality, here-
after referenced to as the La Palmerita granitoid. For
the migmatites, two samples of leusocomes and two
samples of diatexites were collected from the upper
La Bocana unit and two samples of diatexites were
obtained from the lower La Bocana unit. The upper
La Bocana unit was specifically targeted because it
is interpreted as the final melting front of the heat
anomaly event (Riel et al., 2013). A brief description
of the different samples and their petrography is pre-
sented below. The locations of the twelve different
samples are shown in Fig. 1 and the exact GPS co-
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ordinates are provided with the analytical data (see
data availability section). Mineral abbreviations used
in the following section and throughout this study
follow the convention defined by Warr (2021). The
terminology used for the description of migmatites is
following Sawyer (2008).

3.1. Igneous samples

3.1.1. Marcabelí pluton

The Marcabelí pluton is not a homogeneous body
and presents a variety of facies, from medium to
coarse-grained monzogranites and granodiorites. It
has an S-type affinity, but hornblende and mafic en-
claves are also present in some localities (field ev-
idence; Aspden et al., 1995; Vinasco Vallejo, 2004).
In an attempt to capture this diversity, four differ-
ent samples were selected. They are divided into
three groups: medium-grained quartz-rich monzo-
granite, referred to as quartz monzonite (samples
EOMP-01 and EOMP-23), coarse-grained monzogran-
ite, referred to as monzogranite (sample EOMP-10),
and coarse-grained granodiorite, referred to as gra-
nodiorite (sample EOMP-22) based on their occur-
rences of K-feldspar and quartz (Fig. 2A). The sam-
ples all contain Qz + Pl + Kfs + Bt. Chlorite is also
often present. Samples EOMP-01 and EOMP-23 both
also contains muscovite as major phase and sam-
ple EOMP-22 contains accessory hornblende. No
titanium-bearing phases were observed directly in
thin sections, except for EOMP-23, which contained
titanite.

3.1.2. La Palmerita granitoid

The La Palmerita granitoid forms a decametric out-
crop and is a homogeneous body with a few biotite-
rich enclaves. The sample EOLP-05 has a medium
grain size and the major minerals present are Qz + Pl
+ Kfs + Bt + Ms + Sil. The Ti-bearing accessory phases
are Ilm + Ttn.

3.2. Migmatite samples

3.2.1. Upper La Bocana

The outcrops of the four samples (EOLB-08, EOLB-
10, EOLB-53, EOLB-55) collected in upper La Bocana
show a great variety in textures in migmatitic rocks
on a scale of hundreds of metres. This ranges from

less evolved metatexites with centimetric leucosomes
and melanosomes to more evolved diatexites with
dominant leucocratic neosomes and quasi-absence of
paleosomes. An example of metatexite is shown in
Fig. 2.B. Samples EOLB-08 and EOLB-10 are collected
in decimetric large leucosomes in evolved metatex-
ites, with centimetric patchy Bt-rich aggregates. The
samples EOLB-53 and EOLB-55 are collected in ho-
mogeneous leucocratic diatexites. The major mineral
assemblage of the four samples is Qz + Pl + Kfs + Bt
+ Ms + Ap. The Ti accessory phases are Ilm + Ttn
with minor presence of rutile for all the samples and
EOLB-55 also contains accessory garnet.

3.2.2. Lower La Bocana

The samples EOLB-04 and EOLB-37 were taken from
two different localities but show a similar coarse-
grained texture and major mineral assemblage with
Qz + Pl + Kfs + Bt + Ms + Grt + Sil. The garnets in
both samples are millimetric to centimetric poikilo-
blasts rimmed by biotite. The accessory Ti phases are
Ilm + Rt with titanite also present in EOLB-04. Both
samples also contain graphite. The samples show
strong evidence of retrogression with the presence of
chlorite and plagioclase alteration. The host rocks in
both cases are diatexitic in texture with a homoge-
neous appearance (Fig. 2C).

3.3. Metagabbro sample

3.3.1. Piedras metagabbro

The sample EOPD-03 is a medium-grained amphibo-
lite containing mainly hornblende and altered plagio-
clase. The main accessory Ti phase is titanite, which
is present in large quantity, mostly in the hornblende.
Quartz is present as a minor phase and rutile and
zircon were found as inclusions in the titanite.

4. Analytical methods

4.1. Sample preparation and imaging
Samples were cut into small blocks and then disag-
gregated using a high-voltage SelFrag device at the
University of Bern, followed by sieving. Zircon and
titanite grains were extracted from the 65–250 and
250–500 µm fraction, respectively, using standard den-
sity and magnetic separation techniques, including
a Frantz isodynamic magnetic separator and heavy
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Figure 2: Granitic samples and field pictures of typical migmatites from La Bocana unit. A. Sample pictures of the
granitic samples from the Marcabelí pluton showing their different textures. The sample EOMP-01 shows similar texture
to EOMP-23. B. Outcrop picture of a typical metatexite in upper La Bocana unit. The paleosome is mainly formed by
quarzitic layers whereas the metatexite is composed of millimetric to centimetric leucosomes and melanosomes. No garnet
or silliminate is present in the rock. C. Outcrop picture of a representative diatexite in lower La Bocana unit. Garnet
aggregates represent an important volume of the rock.

liquid methylene iodide. Hand-picked zircons and
titanites were mounted in epoxy and polished to ex-
pose their mid-sections. Imaging was conducted on
two different instruments: a ZEISS EVO50 scanning
electron microscope (SEM) and a ZEISS SIGMA 560VP
at the Institute of Geological Sciences, University of
Bern. For zircon, charge contrast (CC) imaging was
performed while using the ZEISS EVO50 under low
vacuum conditions (18 Pa) with a 12 kV accelerating
voltage, a beam current of 700–750 pA, and a working
distance of 10–11 mm. Cathodoluminescence (CL)
imagining was performed with the ZEISS SIGMA
560VP using 15 kV accelerating voltage and simi-
lar working distance. Charge contrast and CL im-
ages produced equivalent results. For titanite grains,
back-scattered electrons (BSE) were performed on the
ZEISS SIGMA 560VP using 15 kV accelerating voltage
and a working distance of 10–11 mm.

4.2. Zircon and titanite U–Pb and trace
element analyses

Zircon U–Pb and trace elements were collected simul-
taneously using a RESOlution-LR 193 nm excimer
laser ablation system (Applied Spectra), with a S155
sample chamber (Laurin Technic), coupled to an Ag-
ilent 7900 ICP-MS housed at the University of Bern.
Measurements were conducted across six sessions.
Zircons were ablated at a surface energy density (or
fluence) of 2.5 J cm−2 at a repetition rate of 5 Hz,
with laser spot diameters of 16 and 30 µm, with three
pulses of pre-cleaning ablation. Analyses included
30 s of background, followed by 30 s of ablation, and
20 s of washout time. Titanite grains were ablated at
a surface energy density (or fluence) of 3 J cm−2 at
a repetition rate of 5 Hz, and a laser spot diameter
of 50 µm, with three pulses of pre-cleaning ablation.
Analyses comprised 30 s of background, followed by
40 s of ablation, and 20 s of washout time. He was
the carrier gas (at 400 mL min−1) and N2 was added
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(at 3.5 mL min−1) to the carrier gas after the sample
chamber to increase sensitivity. The measured masses
and their corresponding dwell times are detailed in
table 1 for each session.

Table 1: Dwell time used for each measurement session of
zircon. Most of the rare eath elements were not measured
during session 2, where additional zircon analyses for sam-
ples EOMP-01, EOMP-10, and EOMP-22 were conducted.

Mass Dwell time (ms) Dwell time (ms)

Sessions 1, 3, 4, 5, 6 Session 2
29Si 5 5
31P 5 5
49Ti 10 30
89Y 5 5

90Zr, 91Zr 5 5
140Ce 10 -
146Nd 10 -
147Sm 10 -
151Eu 10 -
157Gd 10 10
159Tb 10 -
163Dy 5 -
165Ho 5 -
167Er 5 -

169Tm 5 -
172Yb 5 -
175Lu 5 5
202Hg 10 10
204Pb 20 10
206Pb 40 40
207Pb 40 40
208Pb 30 30
232Th 20 20
238U 30 30

All LA-ICP-MS data were processed using the
software LADR (Norris & Danyushevsky, 2018) to
correct for gas backgrounds, downhole fractionation
and instrument mass bias and drift. Background mea-
surements were subtracted from the analysis using
a step function, while U–Pb isotopic ratios and trace
elements were corrected for using polynomial fits.
Downhole fractionation corrections were grouped by
spot size.

The primary reference material (PRM) for zircon
U–Pb calibration was GJ-1, which has a 206Pb/238U
age of 600.7 ± 1.1 Ma (Jackson et al., 2004). Secondary
reference materials included Plešovice, which has a
206Pb/238U age of 337.13 ± 0.37 Ma (Sláma et al., 2008)
and 91500, which has a 206Pb/238U age of 1062.4 ± 0.4
Ma (Wiedenbeck et al., 1995). The Plešovice standard
was used as a secondary reference standard for 16 µm
spots only, as 30 µm spots produced high U counts,

which often shifted the ICP-MS detector from pulse
to analog mode, and had correspondingly high U/Pb
ratios. This may have induced different downhole
fractionation effects which could not be accounted by
using the lower U content GJ-1 PRM. Plešovice was
also monitored for across-session reproducibility, as
discussed below. Over the course of the six sessions,
Plešovice returned a weighted mean 206Pb/238U age
of 339.46 ± 0.64/3.83 Ma (MSWD = 1.43, n = 169)
and 91500 returned a weighted mean 206Pb/238U age
1059.75 ± 1.51/11.27 Ma (MSWD = 0.91, n = 246),
where the reported uncertainties include without and
with systematic uncertainty (see below). The PRM for
trace elements was SRM NIST612 or SRM NIST610
(Jochum et al., 2011), and GSD-1G (Jochum et al., 2005)
was used for a secondary standard correction in order
to correct for spot size effects. Zr was used as the
internal element standard for all zircon analyses with
a value of 43.14 wt% .

Concerning titanite, only 1 session was conducted.
The PRM used was MKDE1, which has a 206Pb/238U
age of 600.7 ± 1.1 Ma (Spandler et al., 2016). The
secondary reference materials included BLR, which
returned a lower intercept discordia age of 1076 ± 34
Ma (MSWD = 5.7). The high uncertainty is attributed
to the high U content of the reference material, which
leads to low spread along the discordia line. By an-
choring the discordia line to the common lead com-
position determined by the Stacey-Kramers model
((207Pb/206Pb)c = 0.912) (Stacey & Kramers, 1975), a
lower intercept age of 1040.1 ± 10.3 Ma was obtained,
which is within uncertainty of the reported TIMS age
of 1047.1 ± 0.4 Ma (Aleinikoff et al., 2007). The PRM
for trace elements was SRM NIST610, and GSD-1G
(Jochum et al., 2005) was used for a secondary stan-
dard correction in order to correct for spot size effects.

4.3. Filtering, uncertainties and weighted
means of zircon U–Pb dates

The programming language Julia (Bezanson et al.,
2017) was used with Isoplot.jl (Keller, 2023) to com-
pute dates, weighted means and propagate uncertain-
ties. The guidelines and recommendations for uncer-
tainty propagation and statistics from Horstwood et
al. (2016) were used. All analyses in the samples older
than 270 Ma were discarded as they can be attributed
either to mixing with or inherited zircon cores. Ad-
ditionally, only concordant data at a confidence level
of 2σ were considered for the secondary standards
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and the samples. As such, all data reported for the
samples in this manuscript is concordant within 2σ
and <270 Ma. Systematic uncertainties are propa-
gated into the weighted mean date uncertainties pre-
sented in this study, and are obtained by combining
in quadrature the random uncertainty, the excess vari-
ance (ϵ), the uncertainty of the decay constant and
the ratio uncertainty on GJ-1 for the isotopic ratio
206Pb/238U. In order to enable comparison between
dates obtained across multiple sessions, an estimation
of ϵ is needed. This was achieved iteratively by com-
puting a weighted mean from all the 16 µm analyses
across the six analytical sessions of this study from
Plešovice until the value of MSWD converges to 1
by varying ϵ (e.g. Sliwinski et al., 2022). The excess
variance was estimated for the six sessions to be 1.12%
at 2σ.

For each sample, weighted means were calculated
using the median absolute deviation method. In this
method, the median value of the population in each
sample is determined, and the absolute deviation
of each sample from this median is calculated. The
median absolute deviation (MAD) is then found by
taking the median of these absolute deviations. Any
analysis with an absolute deviation exceedingly twice
the MAD at 1σ is deemed an outlier and excluded
from weighted mean calculations. This was done to
obtain a consistent method to compute ages across
samples and to remove bias from sample and signal
selection. The values of MSWD obtained are often
higher than the acceptable statistical range at 2σ, de-

fined as 1 +
√

1
N , where N is the number of samples

(Wendt & Carl, 1991), indicating overdispersion in the
data. To estimate this statistical overdispersion (ω),
a similar approach was employed to that used for ϵ.
The overdispersion was computed iteratively until the

value of MSWD converges towards 1 +
√

1
N . This is

done by assuming the total uncertainty on the anal-
yses to be

√
θ2 + ϵ2 + ω2 where θ is the uncertainty

of the individual analysis. This value of ω represents
the sum of all processes contributing to statistical dis-
persion, such as Pb-loss, mixed ages or geological
dispersion. This is further discussed in the discussion
section. The dates and ages are reported with three
uncertainties at 2σ: without systematic uncertainty
propagation, with systematic uncertainty propagation,
following the recommendations of Horstwood et al.
(2016), and with systematic uncertainty propagation
plus overdispersion when the MSWD value is higher
than the acceptable statistical range at 2σ. This last

uncertainty is referred as dispersion uncertainty and
is the uncertainty needed to obtain a weighted mean
with a statistically acceptable MSWD.

5. Results

5.1. Marcabelí pluton and La Palmerita
granitoid

5.1.1. Zircon morphology

Zircon grains are colourless and mostly subrounded
or euhedral, with a small portion being elongated.
Small variations can be observed between samples,
such as number and type of inclusions or sizes, but,
overall, grains show the same characteristics. Their
widths range from approximately 40 to 100 µm, with
lengths varying from around 80 to 300 µm for elon-
gation ratios ranging from 2 to 5. Charge contrast
and CL images show complex zoning, with up to four
or five distinct zones, composed mostly of inherited
cores (Fig. 3). For the Marcabelí pluton, the CL zones
with dates younger than ca. 270 Ma are characterised
by oscillatory zoning and bright-CL, often overgrown
by a slim CL-dark and homogeneous rim (Fig. 3A).
The slim rim was observed on all samples but was
particularly developed in EOMP-01. For La Palmerita
granitoid, a distinct grey to dark CL-rim showing
oscillation is present (Fig. 3B).

5.1.2. U–Pb and trace element zircon data

A total of 713 analyses were conducted on the four
different samples from the Marcabelí pluton. Of these,
199 analyses were either older than 270 Ma or not con-
cordant, leaving 514 valid analyses. These comprised
338 with a 16 µm spot size and 176 with a 30 µm spot
size. With regard to the granitoid sample from La
Palmerita, 195 analyses were performed. Following
the filtering process, 30 analyses were retained, com-
prising 28 analyses of 16 µm spot size and 2 of 30
µm spot size. This high number of filtered analyses
can be attributed to the presence of very thin rims,
from which mixed analyses produced discordant ages,
and a high portion of old inherited cores. The Terra-
Wasserburg diagrams of the concordant dates of each
granitoid sample are reported in the supplementary
material (Fig. A.1.2).

The results of the 206Pb/238U dates are presented
as KDEs for the four samples of the Marcabelí plu-

51



Zircon geochronology and trace element study of El Oro Complex, Ecuador

Figure 3: Representative zircon cathodoluminescence (CL) and charge contrast images of the igneous samples of the
Marcabelí pluton (A) and La Palmerita granitoid (B). Zircons on all samples show multiple generations of inherited cores.
Zircons from the Marcabelí pluton show bright to light CL rims with oscillatory zoning, sometimes rimmed by a dark-CL
homogeneous overgrowth. Zircons from La Palmerita sometimes present cores with dates bellow 270 Ma, overgrown by a
CL-grey rim.
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ton in Fig. 4.A. The combined results for these four
samples as a single population, as well as the results
for the granitoid sample from La Palmerita, are pre-
sented in Fig. 4.B. In general, zircons show distinct
populations which can be identified in their trace el-
ement patterns; those with high Th/U ratios (>0.1),
higher rare earth element (REE) contents, and shal-
lower REE slopes (i.e., low Ce/Lu ratios), and those
with lower Th/U ratios (<0.1), slightly lower REE
contents, and steeper REE slopes (higher Ce/Lu ra-
tios). For samples with a high number of dark-rim
analyses, age populations can be separated based on
these geochemical characteristics, for example quartz
monzonite sample EOMP-01 (for further details, see
below and Figs. 5 and 6). The weighted mean cal-
culated for this sample from the Marcabelí pluton
are 226.40 ± 1.42/2.90/7.66 (MSWD = 4.97, n = 59)
and 230.41 ± 0.98/2.75/6.41 (MSWD = 2.79, n = 107)
Ma for Th/U ratio < and > 0.1, respectively. The
other quartz monzonite sample, EOMP-23, yielded
a weighted mean of 230.06 ± 1.43/2.94/6.6 Ma. The
two other weighted means from the monzogranite
and granodiorite samples are 226.61 ± 1.51/2.94/9.17
(MSWD = 7.65, n = 69) and 228.51 ± 0.82/2.68/6.26
(MSWD = 3.84, n = 144) Ma for EOMP-10 and EOMP-
22, respectively. The combined weighted mean of all
samples is 228.48 ± 0.71/2.65/7.93 (MSWD = 4.25, n =
432) Ma for the Marcabelí pluton. The weighted mean
of the sample of La Palmerita granitoid EOLP-05 is
231.94 ± 2.34/3.49/9.12 (MSWD = 6.29, n = 24) Ma.
Overall, the weighted means of the five samples are
within uncertainty with each other and exhibit a very
high dispersion-related uncertainty, ranging from 9.12
to 7.8 Myr, even for samples with a very high number
of analyses.

The results of Ti-in-zircon thermometry using the
calibration of Ferry and Watson (2007) are shown in
Fig. 5.A for the Marcabelí and La Palmerita gran-
itoids. Chondrite-normalised zircon REE patterns
(REEN) for the four samples of the Marcabelí pluton
and EOLP-05 are shown in Fig. 6. The U/Th ratios
vs 206Pb/238U for EOMP-01 and EOLP-05 is shown
in Fig. 5.B. For Ti-in-zircon thermometry, aSiO2 was
fixed to 1 and aTiO2 was assumed to be 0.5 for EOMP-
01, EOMP-10, EOMP-22 and 0.4 for EOMP-23. The
presence of Ti-bearing phases in EOMP-01, EOMP-10,
EOMP-22 was not directly observed in the samples
whereas titanite was found in EOMP-23. However,
0.5 is a recommanded value for aTiO2 in S-type gran-
itoids (e.g. Schiller & Finger, 2019) and ilmenite has
been observed in other samples of the Marcabelí gran-

itoids. Ilmenite was found in EOLP-05 and aTiO2 was
therefore fixed to 0.5 for La Palmerita granitoid.

Three samples of the Marcabelí pluton (EOMP-
10, EOMP-22 and EOMP-23) show relatively uniform
REEN and Ti-in-zircon temperature across the zir-
con analyses. They show a pronounced negative Eu
anomaly and positive Ce anomaly, and a significant
enrichment in HREEs relative to MREEs and LREEs.
The temperature estimates range mostly between 650
and 850 ◦C, while the Th/U ratios are comprised be-
tween 0.2 and 0.5. The sample EOMP-01 also shows
a population following a similar trend for the REEN

but a second population can be distinguished. This
population is characterised by a relative enrichment
in HREEs, a relative depletion in MREEs and LREEs
and a notable Th/U ratio below 0.1.

The temperature estimates show an important de-
gree of variability, between 700 and 920 ◦C for zircon
analyses with Th/U ratios > 0.1 and between 550
and 670 ◦C for Th/U ratios < 0.1. The zircons from
the sample EOLP-05 from La Palmerita granitoid are
characterised by a Th/U ratio below 0.1 and show
a similar general trend for REEN with temperature
estimates between 580 and 680 ◦C, approximately.
Five analyses deviate from this trend, with enrich-
ment in LREEs and MREEs, particularly Ce, a smaller
Eu anomaly, and a Th/U ratio ranging from 0.7 to
1.5, approximately. The Ti-in-zircon temperature also
records up to 800 ◦C, and 206Pb/238U dates are older
than ca. 235 Ma, making them significantly older than
the rest of the analyses.

Trace elements in zircon can also be used to gain
information on the chemistry of the host magmas. The
discrimination diagram for S-type granitoids from
N. Roberts et al. (2024) is showed in Fig. 7 and is
based on log10 ratios of Ce/U and Th/U. The zircon
analyses from the two granitoids, Marcabelí and La
Palmerita, as well as the inherited cores from the di-
atexites in upper La Bocana (see section below), are
plotted. The four samples of the Marcabelí pluton
show a pronounced clustering in the domain of hy-
brid S-types, with log10(Th/U) values between -0.9
and 0.2 and log10(Ce/U) values between -2.8 and -
2.5. A significant number of analyses, especially from
the sample EOMP-01, also show log10(Th/U) values
bellow -1, with an important spread. The sample
EOLP-05 from La Palmerita granitoid exhibits a no-
table clustering in the pure S-type field, with values
ranging from -2 to -1.5 for log10(Th/U) and from -3.8
to -3 for log10(Ce/U). The five older analyses from
La Palmerita cluster in the same field as the analyses
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Figure 4: Kernel density estimates and histograms of the 206Pb/238U dates for the igneous samples. A) Four samples
from the Marcabelí pluton. B) All samples from the Marcabelí pluton combined and sample from La Palmerita granitoid.
The coloured areas represent the acceptable range at 1σ for the analyses to be included in the weighted mean calculation.
These intervals are computed using the median absolute deviation method. Each age is reported with three uncertainties
accounting for the contribution of random uncertainties, systematic uncertainties and for statistical dispersion (see
Analytical methods part for more details). Uncertainties are reported at 2σ.
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Marcabelí pluton

Quartz monzonite (EOMP-01),
n=160
Quartz monzonite (EOMP-23),
n=61
Monzogranite (EOMP-10),
n=29
Granodiorite (EOMP-22),
n=85

La Palmerita granitoid

EOLP-05, n=30

Diatexites, upper La Bocana

EOLB-53, ln(CeN)/ln(LuN) > 0.2,
n=9
EOLB-55, ln(CeN)/ln(LuN) > 0.2,
n=25

Hybrid S-types I-types

Pure S-types

Median
uncertainty (2σ)

Figure 7: Granitoid discrimination diagram using log10(Ce/U) vs log10(Th/U) from zircon trace elements based on N.
Roberts et al. (2024). The three groups of dark and lighter contours represent 2D KDE envelopes including 50 and 95% of
their compiled data for each group, respectively. All the zircon analyses from the igneous samples with Ce measured and
the analyses of the diatexites in the upper La Bocana with ln(CeN)/ln(LuN) ratios above 0.2 are reported. The samples
from the Marcabelí pluton show strong clustering in the hybrid S-type field, whereas La Palmerita granitoid cluster on the
pure S-type field. One sample (EOMP-01) from the Marcabelí shows important dispersion for Th/U ratio bellow 0.1. The
five oldest analyses of EOLP-05 and the analyses from EOLB-53 and EOLB-55 with similar ages show similar values, in the
overlapping field between hybrid S-type and I-type, or fully in the I-type field.
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from the two samples of diatexites that show similar
dates and characteristics, within the overlapping field
between hybrid S-type and I-type granitoids.

5.2. Migmatites from La Bocana

5.2.1. Zircon morphology

Zircon grains for the three groups of migmatitic sam-
ples from La Bocana show similar sizes and shapes,
mostly subrounded or euhedral. Their lengths range
between 40 and 300 µm with widths ranging between
20 and 180 µm. The elongation ratios are comprised
between around 1.5 and 5. Noticeable differences and
characteristics in CL images are observed between the
three different groups of samples (Fig. 8). Zircons
from upper La Bocana (EOLB-53, EOLB-55, EOLB-
08, EOLB-10) often show a CL-dark homogeneous
rims around bright cores (Figs. 8A and 8B), whereas
zircons from lower La Bocana (EOLB-04, EOLB-37
in Fig. 8C) exhibit larger brighter rims with com-
mon oscillatory zoning and sometimes multiple rims
recording the same or similar dates. Zircons from the
migmatites in upper La Bocana preserve an important
proportion of bright cores with dates < 270 Ma which
range mostly between ca. 240 and 270 Ma for the dia-
texites (EOLB-53, EOLB-55) and between ca. 220 and
235 Ma for the leucosomes of metatexites (EOLB-08,
EOLB-10).

5.2.2. U–Pb and trace element zircon data

The total number of analyses for all the migmatitic
samples from La Bocana is 697, from which 338 were
discarded due to discordance or dates older than 270
Ma. This represents after filtering 88 analyses for both
samples of diatexite, 90 for both samples of the leuco-
somes from metatexites in upper La Bocana, and 181
analyses for the diatexite samples of lower La Bocana.
The Terra-Wasserburg diagrams of the concordant
dates of each migmatitic sample are reported in the
supplementary material (Fig. A.1.3). The results of
the 206Pb/238U dates are shown as KDEs for the six
samples of migmatites in Fig. 9. Two populations
are distinguished for the two samples EOLB-53 and
EOLB-55 based on ln(CeN)/ln(LuN) (Fig. 10A). These
two populations show also distinguishable CL zoning,
Th/U ratios and temperature estimates, supporting
this distinction (see below and Figs 8.A and 12.A). The
weighted means obtained are 248.21 ± 5.46/6.12/13.27
(MSWD = 15.3, n = 9) and 250.07 ± 3.2/4.24/11.94

(MSWD = 14.72, n = 23) for the oldest population and
226.96 ± 1.81/3.11/5.26 (MSWD = 4.28, n = 20) and
230.98 ± 2.44/3.55/7.43 (MSWD = 6.64, n = 20) Ma for
the younger population for EOLB-53 and EOLB-55,
respectively. The KDEs for the two samples of meta-
texite in upper La Bocana show only one population,
with a weighted mean age of 227.01 ± 2.07/3.27/8.13
(MSWD = 6.37, n = 32) and 223.87 ± 1.28/2.8/4.78
(MSWD = 3.29, n = 36) Ma for EOLB-08 and EOLB-10,
respectively. Similarly, the two samples of diatex-
ite in lower La Bocana shows one population with a
weighted mean of 223.6 ± 1.24/2.79/7.35 (MSWD =
3.17, n = 78) and 224.52 ± 1.21/2.78/7.06 (MSWD =
2.86, n = 73) Ma.

Chondrite-normalised zircon REE diagrams for
the two samples of diatexite in upper La Bocana
(EOLB-53, EOLB-55) are reported in Fig. 10 and REEN

of the samples from the metatexites in upper La Bo-
cana and the diatexites from lower La Bocana are
shown in Fig. 11. The results of Ti-in-zircon thermom-
etry using the calibration from Ferry and Watson
(2007) are shown in Fig. 12 for the six samples. For Ti-
in-zircon thermometry, aSiO2 was fixed to unity due
to the presence of quartz and aTiO2 was assumed to
be 0.5 for EOBL-08, EOLB-10, EOLB-53 and EOLB-55
and 1 for EOLB-04 and EOLB-37 due to the presence
of ilmenite and coexistence of ilmenite and rutile in
these samples, respectively.

The REEN in Fig. 10 for samples EOLB-53 and
EOLB-55 show two groups of zircon analyses, both
showing a relative enrichment in HREEs compared
to MREEs and LREEs and a Ce and Eu anomaly. The
first group is enriched in MREES and LREEs, espe-
cially Ce, compared to the second group, as shown
by ln(CeN)/ln(LuN) > 0.2. This first group repre-
sents around 30% of the analyses from EOLB-53 and
50% from EOLB-55. This group also shows higher
Ti-in-zircon temperature estimates with temperature
ranging between 650 and 900 ◦C whereas the second
group records temperature ranging from 600 to 750
◦C (Fig. 12A).

The REEN from the metatexite samples (EOLB-08
and EOLB-10) show the same general trend of REEs.
Two populations are present, with a relative enrich-
ment in LREEs and MREEs but a relative depletion
in HREEs which correlates with increasing values in
Th/U. Defining the value 0.1 of Th/U as the discrimi-
nating factor between the two populations, analyses
above 0.1 represents 15% and 44% of the analyses for
EOLB-08 and EOLB-10, respectively. This also corre-
lates with temperature estimates, with temperature
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Figure 8: Representative zircon cathodoluminescence (CL) of the two samples of diatexites in upper La Bocana (EOLB-53,
EOLB-55) (A), of leucosomes in metatexites in upper La Bocana (EOLB-08, EOLB-10) (B) and of diatexites in lower La
Bocana (EOLB-04, EOLB-37) (C) with 206Pb/238U dates from ICP-MS analyses. Zircons on all samples often show multiple
generations of inherited cores. Zircons in (A) present CL-bright cores with dates ca. 240-260 Ma, overgrown by thin
CL-dark rims with ages ranging from ca. 220-240 Ma. Zircons in (B) show CL-bright cores with thin CL-dark rims with
the same date within uncertainty, ranging from ca. 220-240 Ma. Zircons in (C) have large CL-grey rims showing often
oscillatory zoning with dates between ca. 220-240 Ma. Young CL-bright cores and CL-dark rims correlate with Th/U ratio
and temperature estimates for (A) and (B), see Fig. 12.
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Figure 9: Kernel density estimates and histograms of the 206Pb/238U dates of the migmatitic samples. A) Two samples
from diatexites in upper La Bocana. B) Two samples from leucosomes in metatexites in upper La Bocana. C) Two samples
from diatexites in lower La Bocana. The coloured areas represent the acceptable range at 1σ for the analyses to be included
in the weighted mean calculation. These intervals are computed using the median absolute deviation method. The colored
dots represent the analyses included in that range. The ages are reported with three uncertainties at 2σ: without systematic
uncertainty propagation, with systematic uncertainty propagation and with systematic uncertainty propagation plus
overdispersion when the MSWD value is higher than the acceptable statistical range at 2σ (see Analytical methods for
more details). Two populations are distinguished in A), based on ln(CeN)/ln(LuN) ratios. This also correlates with CL
textures, Th/U ratios and temperature estimates (see Figs. 10 and 12).
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Figure 10: Chondrite-normalised REE diagrams of the samples of diatexites from upper La Bocana: EOLB-53 at the top
and EOLB-55 at the bottom. Two populations of zircon across both samples show distinguishable REEN patterns which
correlates with Th/U, ln(CeN)/ln(LuN) ratios and 206Pb/238U ages. The values of La, Pr and Pm were not measured and
are estimated by extrapolation from the slope of Nd-Sm. These elements are written between brackets. Chondrite values
are from McDonough and Sun (1995).
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Figure 11: Chondrite-normalised REE diagrams of the zircon analyses and corresponding representative CL imaging
from the leucosomes of metatexites from upper La Bocana (A) and from diatexites in lower La Bocana (B). (A) shows
correlation between REEN, Th/U ratio, temperature estimates and dark and bright CL domains. (B) shows depletion in the
HREEN across the samples and no corresponding systematic in CL imaging, ages and temperature estimates. The values
of La, Pr and Pm were not measured and are estimated by extrapolation from the slope of Nd-Sm. These elements are
written between brackets. Colours in the CL images correspond to the value of Th/U or ln(GdN)/ln(LuN) for the analyses
following the colour bar in the REE diagrams, respectively. Chondrite values are from McDonough and Sun (1995).
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n = 36 

n = 52 

n = 37 

n = 44 

n = 89 n = 90 

Leucosome, upper La Bocana (EOLB-08) Leucosome, upper La Bocana (EOLB-10)

206Pb/238U age [Ma] 206Pb/238U age [Ma]

Figure 12: Ti-in-zircon thermometry vs 206Pb/238U dates from the zircon analyses of the migmatitic samples calculated
using the formulation of Ferry and Watson (2007). A) Two samples from diatexites in upper La Bocana. B) Two samples
from leucosomes in metatexites in upper La Bocana. C) Two samples from diatexites in lower La Bocana. The activities are
assumed to be aSiO2 = 1 for all samples and aTiO2 = 0.5 for A) and B) and 1 for C) due to the presence ilmenite and rutile
in the samples, respectively. The colour bar represents the Th/U ratio. The uncertainties for the temperature estimate are
calculated by propagating the uncertainties from the Ti analyses and from the calibration of Ferry and Watson (2007). All
uncertainties are reported at 2σ.
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ranging approximately from 750 to 900 ◦C and 550 to
700 ◦C for Th/U > 0.1 and Th/U < 0.1, respectively
(Fig. 12B).

The REEN from the diatexite samples of lower
La Bocana (EOLB-04, EOLB-37) show a relatively ho-
mogeneous composition of LREEs and MREEs but a
range of composition on the HREEs for both samples,
demonstrated by the ln(GdN)/ln(LuN) ratio, with 97
over 180 analyses with value below 0.6 for both sam-
ples combined (Fig. 11B). This is commonly inter-
preted in metamorphic zircons as showing the influ-
ence of garnet growth concurrent or prior to zircon
growth (e.g. Kohn & Kelly, 2018). The temperature es-
timates show a well-defined population ranging from
600 to mostly 750 ◦C for both samples (Fig. 12C).

The temperature estimates from Ti-in-zircon of
all migmatitic samples are combined on a simplified
P–T diagram showing the main melting reactions of
a metapelitic composition (Fig. 13). The pressure is
estimated by extrapolation from the localities of pre-
vious peak P–T estimates (Riel et al., 2013; Riel et al.,
2016). The zircon analyses with Th/U ratios < 0.1
show temperature consistently bellow or within the
lower uncertainty of the peak temperature of close
samples, whereas analyses with Th/U ratios > 0.1
(with contour in red) are within the uncertainty or
above the peak temperature estimates. The metatex-
ites (samples EOLB-10 and EOLB-08) also show low
temperature estimates around 550 and 600°C which
are not within uncertainty above the wet solidus.

5.3. Metagabbro from Piedras

5.3.1. Titanite morphology

The selected titanite grains are mostly transparent and
slightly yellow in colour with irregular and rounded
shapes. Their sizes are ranging from 300 to 500 µm.
The grains are homogeneous in composition without
any observed sector zoning on back-scattered images
(BSE) and sometimes contain zircon or rutile inclu-
sions (Fig. 14C).

5.3.2. U–Pb and trace element titanite data

The total number of analyses after data reduction
was 94 and no filtering was applied. The analyses
for EOPD-03 yield an isochron age at 227.5 ± 4.5 (n
= 94) Ma with a dispersion of 0.56 ± 0.23 Ma (Fig.
14A). Zr-in-titanite temperature estimates using the
calibration of Hayden et al. (2008) show temperature

ranging mostly between 710 and 750 ◦C assuming a
pressure of 0.8 GPa and with activities aSiO2, aTiO2

and aZr set to unity due to the presence of quartz,
rutile and zircon in the sample (Fig. 14B).

6. Discussion

6.1. Interpretation of zircon U–Pb and
trace element data
The calculation and interpretation of zircon U–Pb ages
from S-type granitoids and migmatitic systems can be
challenging. Geological specificities, such as the high
degree of detrital inheritance, increasing the risk of an-
alytical mixing of different age zones during ablation
of the grains, and the potentially long-lived nature
of melting and (re)crystallisation processes need to
be accounted for. Additionally, common issues with
the U–Pb system in zircons, such as Pb-loss, also re-
quire consideration. In particular, concealed Pb-loss,
where analyses show false concordance due to the
positive correlation of the analytical uncertainties be-
tween 206Pb/238U and 207Pb/235U, from which the
slope follows the Concordia line, is of concern (e.g.
T. Andersen et al., 2019). When calculating weighted
mean ages from individual zircon analyses of a single
event, it is possible to interpret the statistical disper-
sion in the dates as a combination of these processes
(see Fig. 15). This dispersion can be estimated by the
value of MSWD. Datasets with MSWD values higher
than the acceptable statistical upper limit at 2σ indi-
cate dispersion exceeding what is explainable by an-
alytical uncertainties alone. Some of these processes
only mainly contribute to decrease (e.g., Pb-loss) or
increase (e.g., mixing with inherited cores) the date
of individual analyses, hindering interpretation by
adding meaningless dispersion relative to the geolog-
ical processes of interest. On the other hand, some
of these processes convey meaningful information,
which can be termed as geological dispersion. Esti-
mating the contribution of the analytical dispersion
and the geological dispersion is challenging. There
is increasing evidence that the geological dispersion
in magmatic systems is beyond instrumental uncer-
tainties and that it cannot be attributed to Pb-loss or
inheritance alone, regardless of the analytical method
applied (e.g. Miller et al., 2007; Schmitt et al., 2023).
Based on this, the scatter in dates observed in granitic
and migmatitic samples, when sufficient analyses are
present, can be interpreted as containing meaningful
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Figure 13: Zircon temperature record in migmatitic samples. Simplified pressure-temperature diagram showing the main
melting reactions for a metapelitic composition from Johnson et al. (2021). Each point corresponds to the temperature
estime from a concordant zircon analysis of a migmatitic sample using Ti-in-zircon (Ferry & Watson, 2007). Pressures for
the zircon analyses are estimated by extrapolation from the P–T estimates of Riel et al. (2016) and Riel et al. (2013), based
on the locations of the samples from the P–T estimates and hence have a similar uncertainty. The colour bar represents the
corresponding 206Pb/238U dates of the analyses. Red contours of the analyses indicate Th/U ratios greater than 0.1.
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Figure 14: A) U–Pb titanite isochron age from the metagabbro sample EOPD-03 of the Piedras unit, calculated using
IsoplotR (Vermeesch, 2018). Ellipse uncertainties are reported at 2σ. The lower intercept yields an age of 227.5 ± 4.5 Ma
with a dispersion of 0.56 ± 0.23 Ma. B) Zr-in-titanite temperature estimates using the calibration from Hayden et al. (2008).
The pressure is assumed to be 0.8 GPa. The activities aSiO2, aTiO2 and aZr set to unity due to the presence of quartz,
rutile and zircon in the sample. C) Representative back scattered images of titanite grains analysed, with positions of spot
sizes of 64 µm. Zircon and rutile are sometimes present as inclusions in the titanites.
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geological information. The contribution of disper-
sion is quantified by adding an overdispersion term
in the calculation of the third uncertainty reported
for each weighted mean (see Analytical methods for
more details). This uncertainty contains the contribu-
tion of both geological and non-geological dispersion
and represents the total uncertainty needed for the
weighted mean to reach an acceptable MSWD in the
statistical sense.

Another key aspect for interpreting U–Pb ages
is to understand at which stage zircons form. In
metapelitic migmatites, zircon is expected to grow
during the crystallisation of anatectic melt and not
during the prograde metamorphic history (M. P.
Roberts & Finger, 1997; Rubatto et al., 2006; Schal-
tegger et al., 1999). This is explained by the fact that
the concentration of Zr needed in the melt to reach
saturation increases with temperature, as predicted
by zircon solubility models based on experiments
(Boehnke et al., 2013; Crisp & Berry, 2022; Watson &
Harrison, 1983). This effect is particularly important
with increasing melt fraction as temperature increases
in a partially molten rock, as more inherited or pro-
grade zircons would be required to be dissolved to
insure that Zr concentration in the melt stay in equi-
librium with the rock, due to the relative proportion
of melt compared to the rock (Kelsey et al., 2008;
Kohn et al., 2015). Therefore, zircon growth during
heating is difficult, and preservation would require en-
trapment within peritectic minerals (e.g. Yakymchuk,
2023). In granitoids, the same ideas apply, and zircon
crystallisation occurs during the cooling phase of the
intrusion. One additional factor that may play a more
important role if different granitoids are compared, is
the composition of the melt, as zircon solubility mod-
els also predict that the compositional parameter M,
which is the cation ratio on anhydrous composition
[Na + K + 2Ca] / [Al + Si], is an important variable
(Boehnke et al., 2013; Watson & Harrison, 1983). As
a result, the concentration of Zr required to achieve
saturation is greater for intermediate melts (with high
M values) compared to more felsic melts (with low M
values). For felsic melts in granitoids, zircon growth
has been shown to follow a continuous asymmetric
distribution from temperatures between 900 and 600
◦C (e.g. Keller et al., 2017; Samperton et al., 2017).

Spatially combining these data with trace elements
allow populations to be distinguished on the basis of
geochemical signatures and provide additional con-
straints on the conditions of zircon crystallisation. In
particular, REEs elements have been used to infer

the influence of other minerals during zircon growth,
such as HREE depletion due to garnet (Rubatto, 2002),
LREE depletion due to monozite, titanite or allanite
(e.g. Rubatto et al., 2009) or the negative Eu anomaly
(Eu*), linked to feldspar (Hinton & Upton, 1991; Schal-
tegger et al., 1999). The Eu* in conjunction with the
positive Ce anomaly (Ce*) have also been used to in-
fer the redox state of the magma from which zircon
is crystallising, as Eu2+ and Ce4+ would be incom-
patible or preferably incorporated in the Zr4+ site,
respectively (e.g. Ballard et al., 2002; Murali et al.,
1983; Trail et al., 2012). The U/Th ratio has also
been used extensively to distinguish between mag-
matic (U/Th > 0.1) and metamorphic zircons (U/Th
< 0.1), also because of the availability of U and Th
data (e.g. Rubatto, 2017). It can be linked to multiple
factors, such as presence of minerals with high or
low Th/U ratio such as monazite, titanite, allanite,
apatite or xenotime, equilibrium vs. disequilibrium
behaviour, open system behaviour or aqueous fluid in-
teraction (e.g. Rubatto, 2017; Yakymchuk et al., 2018).
This distinction presents limitations with S-type gran-
itoids, as their source is metasediments and they may
also present low U/Th ratios (e.g. N. Roberts et al.,
2024, and Fig. 7) but is mostly valid for metapelitic
migmatites, except at UHT. Another trace element of
interest in zircon is Ti with its use as a thermometer
with Ti-in-zircon temperature estimates (e.g. Ferry
& Watson, 2007). Titanium diffusion in zircon has
recently been shown to be unlikely to occur below
800 ◦C (Bloch et al., 2022). The fact that maximum
temperatures recorded of ca. 850–900 ◦C for several
samples (Figs. 5A, 12A and B) may indicate a max-
imum closing temperature of Ti ca. 900 ◦C for this
metamorphic sequence, supported by large zircon
sizes between 200 and 300 µm, and may suggest a fast
cooling rate. For REEs, their closure temperature is
estimated to be above 1000 ◦C (Cherniak et al., 1997).
Pb closure temperature is also generally estimated to
be above 900 ◦C (Cherniak, 2010; Cherniak & Watson,
2001). This supports that temperature estimates, REEs
patterns and 206Pb/238U dates can be interpreted to-
gether for each sample assuming no metamictisation,
with caution for temperature estimates around 900
◦C, as these could be cooling temperatures for Ti.
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Figure 15: Conceptual kernel density estimate (KDE) and histogram of zircon analyses showing the possible contributions
for the observed statistical dispersion on the right and on the left of the KDE peak.

6.2. Long-lived emplacement of plutons
in the El Oro complex

The KDEs of the granitoid samples show a wide
spread in 206Pb/238U ages, ranging from ca. 20 Myr.
As a consequence, some of the calculated weighted
means have high MSWDs with respect to the number
of analyses, such as sample EOMP-10 with a MSWD
of 6.49 for 68 analyses. These ages represent the
peak of zircon crystallisation in each sample and
are in good agreement with the peak of the KDEs
(Fig. 4), but are not statistically compatible with a
single population. Consequently, the age of 228.48
± 0.71/2.65/7.93 (MSWD = 4.25, n = 432) Ma, calcu-
lated by combining the four samples of the Marcabelí
pluton can only be interpretated as the most prob-
able zircon crystallisation time at the pluton scale
based on four samples. The sample of quartz mon-
zonite EOMP-01 shows the greatest variability, with
two populations based on CL images and trace ele-
ment data (Fig. 3A). Although there is an overlap in
age between the two populations, the youngest pop-
ulation is interpreted to represent the final stage of
crystallisation of zircon grains, based on the lowest
temperature estimates recorded, between about 580

and 680 ◦C, and Th/U ratios < 0.1, whereas the older
population, showing oscillatory zoning, is interpreted
to have crystallised at a higher temperature, with a
higher melt fraction, based on the higher temperature
estimates, between about 700 and 900 ◦C, and the
Th/U ratios > 0.1. Ti-in-zircon temperature estimates
below the wet solidus (i.e. 680 ◦C, Fig. 5) are most
likely the result of low Ti contents in the final vestiges
of melt during zircon crystallisation, or as a result of
poor equilibrium between the zircon and surrounding
melts in the final cooling stages. Therefore, we pro-
pose that they reflect Ti-unbuffered conditions during
cooling of the pluton. The overlap in dates between
the two populations, the high MSWD compared to
the statistically acceptable MSWD at 2σ, and the dis-
persion uncertainty calculated for each population,
show that they are not statistically compatible as a
single population based on age alone. This disper-
sion is interpreted as too high to be solely caused
by non-geological dispersion. We propose that this
dispersion represents multiple pulses of melt into the
pluton, with several cooling stages, lasting for ca. 20
Myr. The range of dates in the zircons then repre-
sents different generations of zircons, i.e. antecrysts,
preserved from previous magmatic pulses. The high
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uncertainty of individual analyses and the fact that
laser ablation sampling provides an integrated age
are expected to mask the signal of individual pulses.
Pulses of melt/crystal injection into the pluton would
result in short heating and cooling events, rather than
one large long-lived heating and cooling event. This
is supported by the absence of a prominent contact
aureole in the field, which would be expected if the
Marcabelí pluton had been emplaced at high tem-
peratures for 20 Myr. Furthermore, the fact that the
four samples of the Marcabelí pluton show a similar
spread in ages, which does not seem to be influenced
by the sample type, show that these long-lived in-
jections are recorded at the pluton scale. For the
La Palmerita granitoid, the number of analyses does
not allow to reach a definitive conclusion, but the
obtained weighted mean of 231.94 ± 2.34/3.49/9.12
(MSWD = 6.29, n = 24) Ma also shows a very high
MSWD and dispersion uncertainty, suggesting a simi-
lar history. In addition, Vinasco Vallejo (2004) reports
two ages for the La Florida pluton, located 15 km to
the NW of the Marcabelí pluton (Fig. 1). These two
ages, 239.6 ± 7.3 Ma (MSWD = 1.3, n = 9) and 215.5 ±
7.8 Ma (MSWD = 0.35, n = 3), are interpreted as being
part of a same event with multiple pulses which is
masked by under-sampling due to the small number
of analyses. These two ages support the idea of a
long-lived magmatic event of ca. 20 Myr on the scale
of the El Oro complex, between ca. 220 and 240 Ma.

Regarding the chemistry of the melts responsi-
ble for the Marcabelí pluton and the La Palmerita
granitoid, the trace element chemistry of the zircons
suggests a slightly different source, with the Marca-
belí pluton having a I-type component with an S-type
signature, supported by the presence of hornblende
in the field and multiple mafic enclaves, whereas the
La Palmerita granitoid has a pure S-type composition,
with no evidence of an I-type signature (Fig. 7).

If we compare the estimated duration of pluton
emplacement with other systems, it appears than
most plutons are emplaced on very short timescales,
on the order of ca. 100 thousand years up to a few
million years, based on TIMS analyses (Coleman et al.,
2004; Matzel et al., 2006; Michel et al., 2008; Samper-
ton et al., 2015; Schoene et al., 2012; Wotzlaw et al.,
2013). The different timescales of different plutons,
when compared, have shown a positive correlation
with the size of the pluton considered, which has been
interpreted to show that plutonic magmatic fluxes ap-
pear to be comparable from one geological context to
another (De Saint Blanquat et al., 2011). As the Mar-

cabelí pluton is probably an intermediate size pluton,
based on the 2D exposed current surface, a lifetime
of 20 Myr may be questionable. This observation is
not irreconcilable with our interpretation. As such,
individual pulses with significant amount of melt
could be on the order of 100 thousand years, while
periods of relatively low melt fluxes could be much
longer. As the main melt source in this case is crustal,
the amount and the duration of melt extraction is
controlled by the advancement of melt producing
dehydration-reactions. As no major deformation and
tectonic phase is observed at the scale of the El Oro
complex during the metamorphic event, it is likely
that melt could continue to be emplaced in the same
plutons. Thus, the major plutons could be reactivated
throughout the duration of the anatexis during meta-
morphism, as long as melt extraction and transport
occurs. Due to the high uncertainty of individual
dates compared to TIMS analysis, it is expected that
individual pulses would be masked, resulting in a
dispersion in dates.

6.3. Evidence for an older magmatic event
and open system behaviour in migmatites
from upper La Bocana
The samples from upper La Bocana show similar
weighted means for analyses with Th/U ratios <
0.1, with ages ranging from 230.98 ± 2.44/3.55/7.43
(MSWD = 6.64, n = 20) to 223.87 ± 1.28/2.8/4.78
(MSWD = 3.29, n = 36) Ma, indicating a melting event
of ca. 15 Myr with a significant dispersion, between
220 and 235 Ma. The two diatexite samples (EOLB-
53 and EOLB-55) from upper La Bocana show older
zircon dates, which correlate with trace element data
and temperature estimates (Figs. 9A, 10 and 12A).
This population shows dates ranging from ca. 240 to
260 Ma with a very high dispersion and a similar sig-
nature compared to the older La Palmerita analyses
(Figs. 5B and 6B). These analyses from both the La
Palmerita granitoid and these migmatites both show
a similar signature in the overlapping field between
hybrid S-type and I-type (Fig. 7). The fact that no
older inherited cores were observed in grains contain-
ing this signature support the I-type hypotheses (Figs.
3B and 8A). The dates recorded are younger than the
depositional age estimated for the upper part of the
sequence, El Tigre (maximum ca. 310 Ma), and are
evidence of a past post-depositional event, further
discussed in section 6.6. The fact that both the La
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Palmerita granitoid and some migmatites from upper
La Bocana show the same signature of zircons, unre-
lated to the melting event of their emplacement, indi-
cates that part of the melt source of the La Palmerita
granitoid comes from similar migmatites. This estab-
lishes a link between the upper La Bocana diatexites
and the La Palmerita granitoid.

The two samples from leucosomes of metatexite,
EOLB-08 and particularly EOLB-10, also show a pop-
ulation with a high Th/U ratio, distinct trace element
signature and CL textures, but with similar dates to
the other low Th/U analyses from these samples (Figs.
8B, 12B). These high Th/U analyses record tempera-
ture estimates between 800 and 900 ◦C, higher than
what the local rocks are estimated to have experienced
at peak conditions, due to the absence of peritectic
garnet in the area and P–T estimates from previous
studies (Fig. 13 and Riel et al., 2013; Riel et al., 2016).
This absence of garnet has been interpreted as evi-
dence that the main melting reaction in upper La Bo-
cana is Ms break-down, which should occur below ca.
720 ◦C at these pressure conditions (Riel et al., 2013).
These low temperature conditions are also unlikely
to induce a resetting of the U–Pb isotopic system in
zircon. Therefore, we interpret that the similar age
but high temperature zircons have been derived from
a hotter source, and therefore show open system be-
haviour and circulation of melt from different sources
at the scale of a leucosome. Concerning the low tem-
peratures bellow the wet solidus, it can be interpreted
either as an underestimation of the activity of aTiO2

in the melt, which would increase the temperature up
to 70 ◦C or as a sign of disequilibrium crystallisation
from melt or non-Henry’s law substitution of Ti in
zircons (e.g. Ferry & Watson, 2007).

6.4. Multiple melting events and garnet
influence on zircon growth in migmatites
from lower La Bocana
The zircon analyses of the two samples of migmatites
from lower La Bocana (EOLB-04 and EOLB-37) some-
times show two distinct CL rims (Fig. 8C), indicating
that some grains record multiple growth episodes.
This is consistent with the dispersion observed in the
calculated weighted means and the range of dates
between ca. 215 and 235 Ma. This is interpreted as
evidence for multiple partial-melting events, as zircon
analyses give similar temperature estimates over a pe-
riod of ca. 20 Myr. The HREEs data provide evidence

that more than the majority of the combined analyses
of the samples EOLB-04 and EOLB-37 grew in the
presence of garnet (Fig. 11B). If these garnets are
interpreted as metamorphic, this is evidence for the
melting reaction of Bt break-down, which produces
peritectic garnet.

6.5. Interpretation of titanite U–Pb and
Zr-in-titanite temperature estimates
The closure temperature of Pb diffusion in titanite
has been the subject of debate over the last decades.
Based on natural data (e.g. Mezger et al., 1991; Spear
& Parrish, 1996; Tucker et al., 2004) and experimen-
tal work (Cherniak, 1993), it has historically been
thought that the closure temperature of Pb is quite
low, between 500 and 600 ◦C. In a recent review,
Kohn (2017) argues, based on more recent studies
and evidence, that the closure temperature should be
much higher, and that chronological resetting should
be ineffective below 800 ◦C. Given that the natural
intracrystalline gradient for Zr is at least as steep
as that for Pb (Stearns et al., 2016), Zr should also
not diffuse at temperatures below 800 ◦C. The fact
that the titanite grains in this study are of significant
size, mostly between 300 and 500 µm, supports the
idea that the U–Pb age and the Zr-in-titanite temper-
ature estimates, which are mostly between 700 and
760 ◦C within uncertainties, can be interpreted as a
record of the crystallisation of the titanite grains. As
the Zr-in-titanite thermometer of Hayden et al. (2008)
was calibrated for the {111} sector chemistry and the
analyses were carried out on unoriented grains, the
temperature reported in this study can be overesti-
mated by about 40 to 80 ◦C, further supporting that
these are bellow closing temperatures of Zr and Pb.

6.6. Fast cooling of the gabbro emplace-
ment
The homogeneous temperature estimates and well de-
fined isochron age of 227.5 ± 4.5 Ma support the idea
of a single generation of titanite, which is interpreted
as metamorphic. This age is within uncertainty with
the two zircon crystallisation ages, interpreted as mag-
matic, and the amphibole cooling age, interpreted as
metamorphic, previously reported in the same unit
(Cochrane et al., 2014; Gabriele, 2002; Noble et al.,
1997). This confirms that the magmatism and the
metamorphism linked to the cooling of the gabbro
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occur in rapid succession. A more precise magmatic
age would be helpful in the future, as Noble et al.
(1997) report an age with only two analyses, whereas
Cochrane et al. (2014) report very low U content in
their analyses, producing high uncertainties.

6.7. Relationship between migmatites and
granitoids

The main source of the Marcabelí pluton is interpreted
to be migmatites from the lower La Bocana unit. How-
ever, it is also possible that they were also sourced
from a deeper sedimentary source, which is not ex-
posed but would form the granulite equivalent of
the La Bocana unit. This could explain the mixed
signature of the zircons from the Marcabelí pluton.
The lower La Bocana migmatites have undergone the
most partial melting in the preserved sequence, as
evidenced by the presence of peritectic garnet. Textu-
rally and geochronologically, two growth generations,
sometimes separated by up to ca. 10 Myr, are re-
solved in the zircons of the 2 samples from this unit,
supporting the idea of multiple generations of melt-
ing (Fig. 8C). This is in agreement with the ca. 20
Myr span in time of the emplacement of the Marca-
belí pluton, and the hypothesis of multiple pulses of
melt to build the pluton over this duration. Another
observation is that dates in the granitoids seems to
start at around ca. 240 Ma, whereas the zircons in
the migmatites mainly record dates from ca. 235 Ma
onwards (Figs 4B and 9). If this discrepancy is inter-
preted as geologically meaningful, i.e. that it cannot
be explained by analytical uncertainties alone, it can
be explained by the fact that zircons in migmatites
would not record prograde metamorphism, whereas
the melt extracted from them and be emplaced in
plutons would crystallise. However, the peak meta-
morphism in the metamorphic sequence is estimated
to be at around 228 Ma (Gabriele, 2002; Riel et al.,
2014). Thus, we consider that 240 Ma is probably too
early to have produced a significant amount in the La
Bocana unit to emplaced it in the Marcabelí pluton.
Therefore, we propose that the melt comes at that
time from a deeper source than the La Bocana unit,
currently not present anymore.

6.8. Geodynamic implications for the El
Oro complex

Combining the geochronology of the different sam-
ples of this study allows a more accurate geological
history of the Triassic event in the El Oro complex
to be reconstructed. The main results of this study
are reported in Fig. 16 with an interpretation of the
main geological events on the scale of the El Oro com-
plex. A new melting event between ca. 245 and 260
Ma is reported and is interpreted to have produced
magmatism with an I-type signature, based on zircon
trace element data (Fig. 7). The second magmatic
event of the Tahuín group is shown to be long-lived,
lasting for ca. 25 Myr, between ca. 215 and 240 Ma.
This corresponds to the emplacement of the major
S-type plutons in the El Oro complex. The duration
of the prograde history of the metamorphic history
is not well constrained, but the metamorphic peak
is interpreted to be ca. 228 Ma and corresponds to
the end of the emplacement of the Piedras gabbros
and the beginning of the cooling of the sequence by
the underplating of the blueschists of the Arenillas-
Panupalí unit (Gabriele, 2002; Riel et al., 2014). This
is supported by the new high temperature (∼740 ◦C)
titanite age obtained in this study. The zircon dates
in the migmatites constrain the duration of the retro-
grade history and show multiple melt crystallisation
events with a duration of ca. 20 Ma, between 215
and 235 Ma. Previous ages reported for the plutons
and the migmatites from the La Bocana unit all fall
within these ranges (Noble et al., 1997; Riel et al.,
2013; Vinasco Vallejo, 2004), but the higher number
of analyses in this study provides a better estimate of
the total duration of these events and shows that they
are long-lived processes.

These data are compatible with the geodynamic in-
terpretation of the Triassic event in the El Oro complex
proposed by Riel et al. (2014), with some adjustments.
The new magmatic event recorded ca. 245 and 260
Ma, in the Late Permian to Early Triassic, is not well
constrained. We suggest that it is either (i) remelting
of a precursor igneous rock which formed part of the
basement which the Tahuín Group were deposited
into, in a forearc setting, or (ii) injection of a mantle-
derived melt into the lower parts of the Tahuín Group
at this time. Regardless, both geodynamic scenarios
suggest some form of crustal thinning as early as ca.
260 Ma in the El Oro complex. This thinning either
provided the heat to melt the basement in scenario
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Figure 16: Summary figure of the geochronology data of the El Oro complex collected in this study and from Cochrane
et al. (2014) and Gabriele (2002). Each kernel density estimates correspond to the analyses of one sample. The magmatic
age of Cochrane et al. (2014) was recalculated by removing 4 analyses with dates bellow 220 Ma that were interpreted as
metamorphic and therefore outlayers. An interpretation of the timing of the major events in the El Oro complex for the
Triassic event are also provided.
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(i), or allowed mantle decompression and melting in
scenario (ii).

Concerning the later main Triassic event, the new
geochronology data shows that the Marcabelí pluton
likely started to be emplaced as early as ca. 240 Ma.
The source at that time is interpreted as being deeper
than La Bocana, since the metamorphic peak in the
Tahuín group is estimated to be at ca. 228 Ma. This
source appears to have been comprised of dominantly
sedimentary materials. We suggest that this melting
was driven by extension, crustal thinning and mantle
upwelling. This residual part of the crust and the
basement which was deposited onto were later de-
laminated and replaced by the mantle-derived mafic
rocks of the Piedras unit. The subsequent history is
similar to the one proposed by Riel et al. (2014): the
underplating of the Arenillas-Panupalí blueschists
bellow the Piedras unit occurred at ca. 226 Ma, as
supported by 40Ar/39Ar ages on hornblende on both
the Arenillas-Panupalí and the Piedras units (Gabriele,
2002), which allowed the quenching of the metamor-
phic sequence and the end of the heat source.

7. Conclusion

This study presents a detailed analysis of zircon U–Pb
and trace element data, highlighting the complexities
involved in interpreting the ages of S-type granitoids
and migmatitic systems. The findings emphasise the
challenges posed by geological factors such as inher-
itance, Pb-loss, and the long-lived nature of melt-
ing and crystallisation processes. Despite these chal-
lenges, the dispersion in zircon dates is interpreted
as containing valuable geological information, which,
when coupled with trace element data, provides in-
sights into the conditions of zircon crystallisation and
hence melting processes.

The analysis of the Marcabelí pluton suggests a
long emplacement period with several pulses of melt
injection over ca. 20 Myr, between 240 and 220 Ma.
This interpretation is supported by the observed high
MSWD values for some samples, suggesting episodic
magmatic activity rather than a single, continuous
event. Similarly, the La Palmerita granitoid, although
with fewer analyses, shows a high MSWD and dis-
persion uncertainty in its zircon dates, suggesting
a comparable history of prolonged magmatic activ-
ity. Trace element data and CL images of the older
grains suggest that this granitoid shares a genetic link
with the migmatites from upper La Bocana. In the

La Bocana unit, trace element data and textural evi-
dence indicate that some migmatitic samples exhibit
open-system behaviour, while others record an older
magmatic event, between ca. 260 and 250 Ma. Zircon
growth in the deeper migmatitic samples occurs in
equilibrium with garnets, consistent with the pres-
ence of peritectic garnets. Overall, the zircon dates
indicate that the crystallisation of zircons in the La
Bocana unit occurred between 235 and 215 Ma. The
study also highlights the rapid cooling of the gabbro
emplacement from the Piedras unit, supported by a
titanite age of 227.5 ± 4.5 (n = 94) Ma and temperature
estimates around 740 ◦C.

These findings confirm that the main source of
melt for the Marcabelí pluton and La Palmerita grani-
toid is the migmatites of the La Bocana unit. Overall,
this work highlights the appeal of combining U–Pb
and trace element data while analysing a large num-
ber of magmatic and metamorphic zircons. This ap-
proach provides valuable insights into the temporal
and thermal evolution of these magmatic and meta-
morphic systems, emphasising the importance of pro-
longed and episodic processes in the development
of complex plutonic bodies such as Marcabelí plu-
ton. Finally, this study shows that studying systems
where both the potential source and the final prod-
uct of melting processes are accessible is a valuable
approach to better constrain these processes.

Data availability

The analytical data produced and used in this chapter,
along with the GPS locations of each sample, are
available at a permanent DOI repository https://
boris-portal.unibe.ch/handle/20.500.12422/446
75. This include the LA-ICP-MS data for both the
zircon and titanite analyses alonside the spot positions
of each individual analysis from CL (zircons) and
backscattered (titanite) imaging.
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1. Introduction

T
he definition of S-type granitoids and their
link with metasediments have been pro-
posed since 50 years, with the seminal work
of Chappell and White (Chappell, 1984;

Chappell & White, 1974, 2001; A. White & Chappell,
1977). In these studies, the high alumina saturation
index (A/CNK, Shand, 1943), the K/Na molar ra-
tio above unity, and the Sr and O isotopic ratios of
the peraluminous granitoids of the Lachlan Fold Belt,
in eastern Australia, were interpreted as evidence
for melting of metasediments as the main source of
the granitoids. In the following years, S-type gran-
itoids have been shown to be the end product of
mainly fluid-absent partial melting reactions that in-
volve breakdown of micas in the deep crust (Breton
& Thompson, 1988; Clemens & Vielzeuf, 1987; Pow-
ell, 1983; A. B. Thompson, 1983), although the role
of water-fluxed melting has been underestimated in
some settings and is still not well understood (e.g.
Weinberg & Hasalová, 2015a). This S-type classifi-
cation is part of the broader alphabetical (S-I-M-A)
classification for granitoids (e.g. Chappell & White,
1974; Creaser et al., 1991; Eby, 1990; Loiselle et al.,
1979), which is limited in its ability to separate cer-
tain igneous rocks. For example, it mixes source (S
for sediments, I for metaigneous, M for mantle) and
geotectonic setting (A for anorogenic). Moreover, the
S/I discrimination is very strong, and does not leave
space for intermediate compositions or mixed sources.
Additionally, it heavily relies on the aluminosity of
the rock (e.g. Bonin et al., 2020; D. B. Clarke, 1992;
Frost et al., 2001). Despite these limitations, the term
S-type remains relevant when used in a geological
setting dominated by the melting of pelitic sequences
and is used in this chapter in this context. This makes
the formation and emplacement of S-type granitoids
a key mechanism for understanding continental crust
evolution, high-grade regional metamorphism and
heat transport in the continental crust.

A persistent challenge in the study of S-type grani-
toids is to understand the chemical variation observed
in major elements, trace elements, and isotopes at dif-
ferent scales within plutons (e.g. Brown, 2013; Brown
& Pressley, 1999; Clemens & Stevens, 2012; Villaros,
Stevens, Moyen, & Buick, 2009). This variation can-
not be explained solely by differences in the chemical
composition of melt produced from progressive melt-
ing reactions in a source rock (Montel & Vielzeuf,
1997; Patiño Douce & Johnston, 1991; Sawyer, 1996).

Several hypotheses have been proposed to explain
this variation and they can be broadly divided into
three groups: fractional crystallisation, mixing, and
unmixing models. Fractional crystallisation models
explain the range in composition observed by the ef-
fect of different degrees of fractional crystallisation
during the ascent and/or the emplacement of the
magma (e.g. Breaks & Moore, 1992; Foden et al., 2002;
Johannes et al., 2003). Mixing models explain the
chemical variations by the mixing and mingling of
different magmas, with a contribution from a more
mafic source, either mantellic or from sediments with
intermediate compositions (e.g. Collins, 1996; Gray,
1990). Finally, the unmixing models include the un-
mixing restite model (Chappell et al., 1987) or the
entrapment of peritectic minerals and/or accessory
minerals from the source (Clemens & Stevens, 2012;
Stevens et al., 2007; Villaros, Stevens, & Buick, 2009).
These models explain the chemical variation by dif-
ferent degrees of entrapment, which result in varying
proportions of minerals being dissolved during the
ascent of the magma.

Phase equilibrium modelling provides an opportu-
nity to explore these hypotheses and to compare the
results of numerical modelling with data extracted
from natural observations. Although reproducing nat-
ural data with models does not guarantee the validity
of the model — as very different models can produce
similar results — this comparison is still valuable.
It helps eliminate unlikely processes if they fail to
replicate observed natural data. Modelling melting
processes in the crust is challenging by essence, as
they exhibit open system behaviour, with transport
of mass and energy at the centimetre to crustal scale
(Johnson et al., 2021; Mayne, Stevens, Moyen, & John-
son, 2020). It involves feedbacks between deformation,
melt flow, chemical reactions, and heat flow. In this
context, phase equilibrium modelling has been widely
applied to try to better understand the melt compo-
sition, and its effect on and relation to the source
(e.g. Diener & Fagereng, 2014; Nicoli & Dyck, 2018;
Spear et al., 1999; R. W. White, 2003; Yakymchuk et al.,
2015). Recent studies focusing on major element melt
chemistry from metapelites have been exploring the
effects of different bulk rock compositions, degrees
of fractional crystallisation or entrapment from the
source along P–T paths (e.g. Koblinger & Pattison,
2017; Mayne, Stevens, & Moyen, 2020; Schwindinger
et al., 2019). This approach aims to further develop
the general understanding of the different variables
on the melt and restite composition.
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One important variable missing in phase equilib-
rium modelling is time. As equilibrium is by essence
time invariant, this approach cannot provide time
constraints. As such, recent approaches focus on P–T
paths with constant increases in T and/or P, based,
for instance, on linear or polynomial functions (e.g.
Mayne, Stevens, Moyen, & Johnson, 2020). This is
problematic because time provides a constraint on
the feasibility of a physical process. This absence of
time constraint can lead to unrealistic P–T paths. Ad-
ditionally, comparing the total duration of a model
with natural processes offers valuable insights into its
plausibility. Timescales in crustal melting processes
have been the topic of numerous studies, essentially
relying on petrogeochronology (e.g. Farina et al., 2018;
Gordon et al., 2008; Gordon et al., 2010; Harris et al.,
2004) and have also been the topic of Chapter III.
Combining these information, and using a P–T–t path
with phase equilibrium modelling could potentially
provide information on the duration of stability of
a phase, or a melting reaction, while still operating
within the limitations of the equilibrium paradigm.

In this chapter, we investigate this approach by
bringing a time constraint based on a 1D crustal ther-
mal model to ensure that the P–T–t paths used are
physically realistic. This multi-layered model is com-
posed of (meta-)sediments undergoing an isobaric
thermal anomaly event causing partial melting at its
base. The model geometry was designed based on
the El Oro complex (southern Ecuador) and the mod-
elling results were compared with natural observa-
tions from this metamorphic sequence. The El Oro se-
quence presents the particularity to show an exposed
section through a paleo continental crust, providing
an opportunity to study granitoids and migmatites,
their potential sources. Geochemical data such as
bulk rock compositions were produced in this study
and two different thermal models were developed to
reproduce the apparent thermal gradient of the El
Oro the sequence. One of these thermal models was
then coupled with thermodynamic calculations based
on Gibbs energy minimisation to explore the evolu-
tion of the phase assemblages at different depths and
the melt production at the scale of the crustal section.
These predictions were then compared with the natu-
ral data from this sequence. By using this approach,
it is possible to explore not only the composition but
also the volume of melt produced and quantify the
contribution of each layer along a 1D section. This ap-
proach provides mass balance assessments, to show,
for example, that the volume of melt produced by the

model is compatible with the observed occurrence of
granitoids in the El Oro complex.

2. Geological settings

The El Oro complex represents a tilted portion of con-
tinental crust, containing three distinct units. From
south to north, these units include the Tahuín group,
a sequence of metamorphosed continental clastic sed-
iments, the Piedras unit, composed of amphibolitised
gabbro, and the Arenillas-Panupalí unit, which con-
tains blueschist facies mafic rocks (Fig. 1).

The protolith of the Tahuín group is made of sedi-
ments deposited in a passive continental margin set-
ting. This sedimentary sequence has undergone meta-
morphism with increasing grade from the southern to
northern parts of the group (Feininger, 1982) during
the late Triassic. Structurally, the Tahuín group is pri-
marily separated from the adjacent Piedras unit by a
large-scale normal fault, although localized magmatic
contacts suggest the intrusive nature of the Piedras
unit into the Tahuín group (Aspden et al., 1995; Riel
et al., 2013). The Piedras unit, consisting of amphi-
bolitised metagabbro, is interpreted to have acted
as a heat source, driving the high-grade metamor-
phism of the Tahuín group (Riel et al., 2014). In con-
trast, the cooler blueschists of the Arenillas-Panupalí
unit, which record peak metamorphic conditions of
about 0.9 GPa and 300 ◦C, are interpreted to have
contributed to the cooling of this high-temperature
unit upon their underthrusting beneath the complex
(Gabriele, 2002).

The Tahuín group is divided into three sub-units,
each marked by major isograds. The El Tigre unit con-
sists of largely unmetamorphosed to greenschist fa-
cies sediments, mainly turbidites (Aspden et al., 1995).
The La Victoria unit, defined here by the Bt-in isograd
from the El Tigre unit, is composed of metasediments,
with the following mineral zones (mineral abbrevi-
ation after Warr (2021)): 1-Crd, 2-And, 3-fibrolitic
Sil, 4-prismatic Sil and 5-Kfs (our field observations;
Aspden et al., 1995; Feininger, 1978; Gabriele, 2002).
The La Bocana unit is characterised by the prominent
appearance of partial melting and is composed of
migmatites. It is divided into two parts, following
Riel et al. (2013): the upper La Bocana lacks garnet
and interpreted to have retained a lower melt fraction
at peak metamorphism, whilst the lower La Bocana
contains garnet and a higher melt fraction. Represen-
tative field pictures of each unit of the Tahuín group
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are shown in Fig. 2. Additionally, the units are in-
truded by three main S-type plutons: the El Prado, La
Florida, and Marcabelí plutons (Aspden et al., 1995;
Vinasco Vallejo, 2004). Representative field pictures
of the Marcabelí and La Florida plutons are shown in
Fig. 3.

The peak P–T conditions of the Tahuín group have
been constrained by two studies (Riel et al., 2013;
Riel et al., 2016), based mainly on phase equilibrium
modelling. These studies show an important change
in the metamorphic field gradient from the El Tigre
and La Victoria units with ca. 45 °C km−1 to the La
Bocana unit, with 10–15 °C km−1 (see Fig. 7A for the
P–T estimates in a depth–T diagram). Consequently,
peak metamorphic conditions in the La Bocana unit
range from 0.4 ± 0.2 GPa and 650 ± 50 ◦C to 0.8 ±
0.2 GPa and 880 ± 50 ◦C. The sharp bend in the
apparent geothermal gradient of peak metamorphic
conditions, together with the lower gradient observed
in the La Bocana unit, was found to be inconsistent
with heat diffusion as the sole mechanism of heat
transport (Riel et al., 2016). Instead, this geothermal
gradient was interpreted to result from the formation
and activation of a convection cell within the lower
La Bocana unit, based on comparison with numerical
models (Riel et al., 2016). This convection leads to
heat advection by whole-rock flow in the partially
molten crust. Another possible mechanism is heat
advection by pervasive melt flow (e.g. Depine et al.,
2008), which has not yet been explored for the El Oro
complex.

The main source of the S-type plutons in the El Oro
complex has been interpreted to be the migmatites
from the La Bocana unit, based on geochronology,
field evidence and geochemistry (Chapter III ; Riel
et al., 2013; Riel et al., 2016). However, an evaluation
of the total volume of melt produced by the La Bocana
unit relative to the size of the plutons and its melt
composition relative to their composition could help
to quantify the contribution of the migmatites to the
formation of the plutons.

3. Bulk rock chemistry

3.1. Methodology

Twenty-three samples from the Tahuín group were se-
lected for bulk rock chemical analysis. The sampling
strategy was to focus on the melt composition from
the source in the migmatite to the emplacement in the

plutons. Leucosomes were targeted in the migmatites
as they represent the crystallisation of a melt derived
from partial melting but also diatexites were selected,
to see a potential difference between the two. Samples
of granitoids without mafic enclaves or enclaves were
targeted. From a large collection of samples (over
100), four samples of leucosomes were selected for the
upper La Bocana, eleven samples for the Marcabelí
pluton and two samples for the La Palmerita granitoid.
This granitoid is a decametric outcrop located in the
La Victoria unit, between the migmatites and the Mar-
cabelí pluton (Fig. 1). In addition, 6 samples of shales
were selected for the El Tigre unit from sediments.
The goal was to obtain a representative composition
of what could be the starting pelitic composition in
the metapelitic sequence of the Tahuín group before
metamorphism, assuming a similar depositional envi-
ronment and sediment source though the sequence.
The position of the samples is reported in Fig. 1.

The bulk rock chemical analyses were conducted
at the Institute of Geological Sciences, University of
Bern (Switzerland). Samples were disaggregated us-
ing a high-voltage SelFrag device, then dry-milled in
an agate ring mill for 30 minutes, followed by a 15-
minute milling of quartz sand to clean the equipment.
Nanoparticulate pressed powder pellets (PPPs) were
prepared using microcrystalline cellulose as a binder,
following Peters and Pettke (2017). These PPPs were
analysed using a laser ablation inductively coupled
plasma mass spectrometer (LA-ICP-MS), comprising a
GeoLas-Pro 193 nm ArF Excimer laser system and an
ELAN DRC-e quadrupole mass spectrometer. Calibra-
tion was performed using GSD-1G reference material
(Jochum et al., 2005), with GSP-2 as a secondary stan-
dard (Peters & Pettke, 2017; Pretorius et al., 2006).
Accuracy was consistently better than 10%.

The PPPs were measured in single-spot mode with
an energy density of 6 J cm−2, a repetition rate of 10
Hz, and a beam size of 90 µm. Six analyses were
conducted for each PPP, with pre-ablation cleaning
using a larger spot size. Data were integrated over
50–60 seconds per analysis and reduced offline using
SILLS software (Guillong et al., 2008). Detection lim-
its were calculated according to Pettke et al. (2012),
with internal standardization based on (i) assuming a
fixed total of 100 wt% for major and trace elements,
minus volatiles determined by loss on ignition, and
(ii) assuming all Fe is present as FeO.

In addition to these analyses, bulk rock chemical
data were collected from previous studies (Aspden
et al., 1995; Riel et al., 2013; Riel et al., 2016; Vinasco
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Figure 2 : Outcrop pictures of representative localities of the units of the Tahuín group, from low to high grades. A.
Weakly metamorphosed sediments from the El Tigre unit showing an interbedded sequence of sandstones and shales. B.
Spotted micaschist from the low grade of La Victoria unit. The porphyroblasts have been replaced by micas and chlorite
but are interpreted as pseudomorphs of cordierite. C. Amphibolite facies metapelite from the La Victoria unit showing
porphyroblasts of andalousite rimmed by sillimanite. D. Metatexite from the upper La Bocana unit showing net structure
with leucosomes perpendicular to the main foliation. E. Schollen diatexite migmatite in the lower La Bocana unit. F
Same locality as (E), showing evidence of flow foliation. G. Zoom on a diatexite from the lower La Bocana unit showing
aggregate of peritectic garnets. H. Amphibolite showing diffuse contact with migmatites in the lower La Bocana unit, close
to the contact with the metagabbro of the Piedras unit.

Vallejo, 2004), resulting in a total of 81 analyses, in-
cluding 23 granitic and 31 migmatitic compositions.
It is important to note that the La Bocana unit sam-
ples are migmatites, and the specific part sampled
can greatly affect the whole-rock chemistry results. In
this study, the four analyses for the upper La Bocana
unit consist of 2 leucosomes and 2 diatexites, while
the remaining analyses are from the literature. Conse-
quently, accurately determining the specific portion of
the migmatites analysed in these studies was not al-
ways feasible but the analyses selected are a majority
of either diatexites or leucosomes.

3.2. Results

The results for the bulk analyses of the Tahuín group
are shown in Figs. 4 and 5 for the major elements of
the granitoids and metasediments, respectively. Spi-
der diagrams of a selection of key trace and major
elements of all the units is shown in Fig. 6.

Major element geochemistry of the pelitic sedi-
ments and metasediments shows that the low-grade
sediments of El Tigre are slightly more Fe enriched
than their metamorphic equivalent of the La Victoria

and La Bocana units (Fig. 5). Most of the composi-
tions of the upper La Bocana unit are outside the 80%
percent volume contour of the kernel density estimate
(KDE) of the worldwide metapelite database from
Forshaw and Pattison (2023) for both the AFM and
AKF diagrams, consistent with them being neosomes
(or part of a neosome) and not restitic in composition.
This is also the case, to a lesser extent, for the analyses
of the lower La Bocana unit.

The geochemistry of the major elements of the
granitoids shows that the majority of the analyses is
moderately peraluminous (Fig. 4A and C) with low
levels of alteration, as shown by the MFW (mafic, fel-
sic, weathering) diagram from Ohta and Arai (2007)
(Fig. 4B). This diagram allows the effects of differenti-
ation and alteration on igneous rocks to be estimated
by combining several indicators. They also have a
low Mg# number of about 0.3 on average, and are
part of a ferriferous association (Fig. 4D). There is
no significant overlap between the migmatites of the
upper La Bocana unit and the granitoids in terms of
the aluminosity (Fig. 4A and C), whereas they show
similar degree of maficity (Fe + Mg + Ti) (Fig. 4D).

Regarding the trace element data, the medians of
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Figure 3 : Outcrop pictures of representative localities of the Marcabelí pluton (A–D) and the La Florida pluton(E). A.
Locality showing two types of granitoids in the Marcabelí pluton. The melanocratic granitoid shows kinematic indicators
of deformation. The leucocratic granitoid is interpreted as posterior. Note the presence of a mafic microgranular enclave.
B. Evidence of magma mingling. Locality close to (A). C. Large mafic microgranular enclave in the Marcabelí pluton. D.
Presence of pegmatites in the Marcabelí pluton. Same locality as (C). E. Very leucocratic granitoid in the Marcabelí pluton.
No presence of enclaves was found in the area. F. Large K-feldspar phenocryst in the La Florida pluton, characteristic of
this pluton.

the sedimentary and metasedimentary samples from
the El Tigre and La Victoria units show a relatively
flat distribution when normalised to the upper con-
tinental crust (UCC) values (Rudnick & Gao, 2003),
with a small depletion in Sr and Mo for both units
and in Cu for the La Victoria unit relative to the other
elements (Fig. 6A). Among the major elements, there
is also a depletion in Ca and Na relative to UCC.

The trace element data of the granitoid samples
show marked variation between samples, with the
Marcabelí pluton providing enough samples to high-
light the variation within the pluton itself (Fig. 6B),
with variability Ba, Mo, Cu, . Two samples from the
Marcabelí pluton show a similar trend to the sample
from the La Palmerita granitoid, with similar deple-
tion in V to Zn, with also a depletion in Mg. However,
the median of the Marcabelí pluton shows a relatively
flat distribution, with a stronger depletion in Cr, Ni,
Sr, Mo, Sb and W.

The spider diagrams from the La Bocana unit are
shown in Fig. 6C. Overall, the samples from the upper
La Bocana unit show a stronger depletion relative to
UCC compared to the lower La Bocana unit. The
upper La Bocana samples show a positive Eu anomaly
and a strong depletion in Mo and Sb. As the analyses
from the lower La Bocana unit contain garnet, the
proportion of garnet in the analysed rock may affect
the bulk rock chemistry data, which may explain the
observed variability in Mg compared to the upper La
Bocana unit.

4. Thermal models for the El Oro
complex

4.1. Methodology
To simulate a thermal history that is realistic with the
petrological and geochronological data available for
the El Oro complex, two 1D thermal models were cre-
ated. These models explore two different mechanisms
to reproduce the sharp change in the geothermal gra-
dient observed in the peak P–T estimates occurring at
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Figure 4 : Major elements geochemistry from the felsic
rocks of the El Oro complex. A. A/CNK vs. A/NK dia-
gram (Shand, 1943) [molar Al / (2Ca + Na + K) vs. molar
Al / (Na + K)]. B. MFW diagram of Ohta and Arai (2007).
This diagram is designed to show the effects of differen-
tiation and alteration on magmatic rocks, by combining
several indicators. M corresponds to mafic, F to felsic and
W to weathering. The brown domain corresponds to W >
30%. The two analyses within this domain were deemed too
weathered and discarded for the rest of this study. C. B–A
diagram (Debon & Le Fort, 1983) [B = millications Fe + Mg
+ Ti vs. millications Al = Al - (K + Na + 2Ca)]. The subdivi-
sions are from Villaseca et al. (1998): l-P, low peraluminous;
m-P, moderately peraluminous; h-P, highly peraluminous;
f-P, felsic peraluminous suites. D. B–Mg# diagram (Debon
& Le Fort, 1988) [B = millications Fe + Mg + Ti vs. mole
Mg / (Mg + Fe)]. Markers with black strokes are from this
study whereas markers with grey strokes are data from the
literature (Aspden et al., 1995; Riel et al., 2013; Riel et al.,
2016; Vinasco Vallejo, 2004). The analyses from upper and
lower La Bocana are not granitoids but migmatites, some of
which are leucosomes, melanosomes or restites.

the transition between the upper amphibolite-facies
crust (La Victoria unit) and the migmatite units (La
Bocana unit). The geothermal gradient corresponding
to peak metamorphic conditions changes from 45
°C/km to about 10–15 °C/km at a depth of 17 km
(Riel et al., 2013; Riel et al., 2016).

The two geothermal models are solving the fol-
lowing heat equation:

ρ

[
Cp(T) +

∂ϕ

∂T
QL

]
∂T
∂t

=
∂
[
k(T) ∂T

∂x

]
∂x

+ A, (28)

where T is the temperature (K), t is time (s), ρ is
the rock density (kg m−3), Cp is the specific heat
capacity (J kg−1 K−1), ϕ is the melt fraction, QL is
the latent heat (Jkg−1), k is the thermal conductivity
(W m−1 K−1) and A is the radioactive heat (Wm−3).

Both models are using temperature-dependent
thermal conductivity and specific heat capacity follow-
ing Whittington et al. (2009), and constant latent heat
and radiogenic heat production. The melt fraction is
computed using a quadratic expression to compute
the latent heat (e.g. Tierney et al., 2016). The com-
mon parameters of the models are shown in Table 1.
The initial temperature is defined by the geothermal
gradient of 25 °C/km and the temperature at the sur-
face is fixed to 0 ◦C. This corresponds to an average
geotherm for a continental crust (e.g. DiPietro, 2013).
The bottom boundary is model and time dependent
and is described in more details bellow.

The two models explore 2 different mechanisms

of heat transport: (i) advection of melt from deep
to middle crust, referred here-after as the advection
model, and (ii) transport of heat through a convection
cell in the middle crust, referred here-after as the
convection model. The advection model is mainly
following the formulation of Depine et al. (2008) and
the convection model is based on the formulation
from Riel et al. (2016), already applied to the El Oro
complex.

The advection model consists of a 30 km thick
continental crust. The total duration of this model is
15 Myr. The first 25 km are composed of a felsic crust
and the last 5 km, of a mafic crust. At the beginning
of the simulation, a heat flux of 150 mW m−2 is im-
posed at the base of the model. This corresponds to a
very high Moho heat flux, used to account for mantle
upwelling and decompression of the asthenosphere
(e.g. Jaupart & Mareschal, 2007). Melt is extracted
from the bottom of the model when the melt fraction
exceeds 7 vol.% (e.g. Rosenberg & Handy, 2005) and
is emplaced randomly at a crustal depth calculated
using a normal distribution centred at km and with
a standard deviation of 1 km (N (19, 1)) to simulate
slightly depths of emplacement. Melt extraction is
simulated by transporting the heat associated with it
and by multiplying it by a melt focusing factor (M)
equal to 10. This factor is defined to account for a
3D effect of melt emplacement to generate more heat
than what can be produced from a 1D model (Depine
et al., 2008). This parameter was fixed in the advec-
tion model such that the amount of melt emplaced
during the simulation is around 5 km. This approach
assumes that melt transport is both thermally effi-
cient and instantaneous. The crust located beneath
the emplacement depth is then displaced downward
to maintain mass balance. After each extraction event,
the temperature at the base of the model is reset to
the solidus and no effect from melt-depletion is taken
into account. This approach can be seen as consid-
ering continuous fluid replenishment at the base of
the model or as accounting for 2- or 3D melt gener-
ated outside the 1D model (e.g. Connop et al., 2024).
After 10 Myr, a thermal anomaly at 1250 ◦C is em-
placed between 25 and 28 km to simulate the gabbro
emplacement of the Piedras unit. At this stage, the
deeper crust is assumed to have been delaminated
and the melt extraction and emplacement is stopped.
The temperature at the bottom of the model is fixed
to 1250 ◦C for 0.3 Myr, after which the temperature
is set to 300 ◦C to account for the underplating of the
blueschists from the Arenillas-Panupalí unit and the
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Figure 5: Distribution of the whole-rock analyses of the metasediments from the Tahuín group in the El Oro complex.
Five analyses of the upper La Bocana are outside of the projection. A. AFM diagram from J. B. Thompson (1957). B. AKF
diagram after Eskola (1915) with modifications from Spear (1993). The contours represent percentages of analyses from the
global metapelite database, as determined through kernel density estimates based on the worldwide metapelite database
from Forshaw and Pattison (2023).

Table 1: Parameters used in the thermal models

Parameter Symbol Definition Value Unit

Rock density ρ felsic: 2700, mafic: 3300 kg m−3

Specific heat capacity Cp Whittington et al. (2009) T-dependent J kg−1 K−1

Thermal conductivity k Whittington et al. (2009) T-dependent W m−1 K−1

Latent heat QL 400 × 103 J kg−1

Radioactive heat A 2 × 10-6 W m−3

Solidus temperature Ts felsic: 680, mafic: 820 ◦C
Liquidus temperature Tl felsic: 1150, mafic: 1200 ◦C

Melt fraction ϕ

ϕ = 1.0 −
(

Tl − T
Tl − Ts

)2
,

ϕ = 1.0 if T > Tl ,
ϕ = 0.0 if T < Ts.

T-dependent -
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subsequent cooling of the sequence.
The convection model is based on the model and

parameters from Riel et al. (2016) for the El Oro com-
plex. The initial model was modified to include a
prior heating phase before the activation of the con-
vection cell, to incorporate the new geochronological
data presented in Chapter III, which shows a longer
heating event than previously estimated. The model
is made of a 28 km thick continental crust for a total
duration of 20 Myr. As with the advection model, the
first 25 km are composed of a felsic crust whereas the
bottom part is composed of a more mafic crust. The
bottom boundary is similar to the advection model,
with an elevated heat flux of 150 mW m−2. After
8 Myr, similarly to the advection model, a thermal
anomaly at 1250 ◦C is emplaced between 25 and 28
km to simulate the gabbro emplacement of the Piedras
unit and the bottom boundary is fixed to 1250 ◦C. At
that point in time, the thermal effect of a convection
cell is modelled between 17 and 25 km. This is done
using the same approach as Riel et al. (2016), with a
parametrisation based on the Nusselt-Rayleigh num-
ber relationship (see bellow). After 2 Myr, the tem-
perature at the bottom is set to 300 ◦C to account for
the underplating of the blueschists from the Arenillas-
Panupalí, similarly to the advection model.

The Rayleigh number is a dimensionless number,
which measures the driving force for convection rela-
tive to the damping effects of thermal diffusion and
viscosity (e.g. Bunge et al., 1997):

Ra =
ρgβ∆Th3

ηα
, (29)

where g is the gravity acceleration (9.81 m s−2), β

is the thermal expansivity (3 × 10-5 K−1), ∆T is the
temperature variation across the convective layer (100
◦C), h is the thickness of the convection cell (8 km),
η is the viscosity (1 × 1015 Pa s) and α is the thermal
diffusivity (1 × 10-6 m2 s−1). These values give Ra ≈
40684 for this model.

The Nusselt number is also a dimensionless num-
ber which represents the ratio of convective to conduc-
tive heat transfer across a boundary, here between the
convection cell and the rest of the model (e.g. Jaupart
& Mareschal, 2010):

Nu =
q

k ∆T
h

, (30)

where k is the thermal conductivity and q is the con-
vective flux (W m−2), our unknown.

Both numbers can be linked with the following ex-

pression, assuming free-surface boundary conditions
around the convection cell (Turcotte and Schubert
(2014)):

Nu = 0.120Ra
1
3 (31)

Using eq. (31) to obtain an expression for Nu, q
can be isolated in eq. (30). Combining the contribu-
tion of heat transport from the convection and the
conduction (Riel et al., 2016), the hyperdiffusity (K) is
defined as:

K =
hq
∆T

+ k. (32)

K replaces the value of k in eq. (28) between 25
and 28 km, at the emplacement of the convection cell.

Using these formulations for the advection and
the convection models, eq. (28) is solved numeri-
cally. It is first discretised in space using finite differ-
ences and the resulting system of ordinary differential
equations (ODEs) is then solved using the second
order orthogonal-Runge-Kutta-Chebyshev method
(ROCK2), a stabilised explicit method (Abdulle &
Medovikov, 2001). This is done using DifferentialE-
quations.jl (Rackauckas & Nie, 2017), an ODE solver
written in the Julia programming language (Bezanson
et al., 2017). See Code availability section for more
details.

4.2. Results

The results of both thermal models are shown in Fig.
7. Both models present a maximum temperature that
is mostly within uncertainty with the profile observed
in the P(depth)–T estimates from Riel et al. (2013) and
Riel et al. (2016) and the maximum temperature of the
convection model is very close to the one obtained by
Riel et al. (2016) (Fig. 7A). These models neglect the
effect of the emplacement of granitoids in the upper
crust, such as the Marcabelí pluton, which would help
increasing the temperature in the upper part of the
model to be close to the two shallow P–T estimates of
the sequence.

Even though both models satisfy the condition
of reproducing the maximum P–T-t estimates, they
produce different (P)–T paths as shown by Fig. 7B.
In the advection model, the temperature increases in
the middle crust results from melt injection associated
with a hot mantle upwelling, leading to a steady in-
crease over 5 Myr. The emplacement of the gabbroic
intrusion representing the Piedras unit in this case is
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not responsible for the sharp change in the geother-
mal gradient observed in the P–T estimates. In con-
trast, the convection model attributes the temperature
increase to the activation of a convection cell triggered
by the emplacement of a gabbroic intrusion, causing a
more pronounced increase over a shorter duration of 2
Myr. The peak temperature recorded by both models
are close to each other, both in time and temperature
values, if the blueschist underplating event is used as
a reference frame. Cooling history after this event is
similar for both models. The differences in the dura-
tion of the gabbro intrusion of the Piedras unit satisfy
in both cases the current geochronological constrains
on the gabbroic magmatic emplacement, which record
high uncertainty based on geochronology from two
studies, as reported in Chapter III: 206Pb/238U age
from Noble et al. (1997) of 221+18

−16 Ma (MSWD = 0.015
(R), n = 2) and from Cochrane et al. (2014), using LA-
ICP-MS, yielding 222.7 ± 6.3 Ma (MSWD = 1.90, n =
17).

5. Coupling thermal modelling
and phase equilibrium modelling

To study the link between the granitoids and the
migmatites in the El Oro complex, the convection
model was coupled to phase equilibrium modelling
based on Gibbs free energy minimisation to simulate
the prograde metamorphic history of a middle crust
section undergoing partial melting. The choice of
the thermal model is not trivial, because melt pro-
cesses are P–T paths dependent in the case of open
system (Mayne, Stevens, & Moyen, 2020). In this case,
both thermal models have the same isobaric P condi-
tions, and record similar peak T. As the focus of this
study is on melt composition and melt volume, it is
assumed that both thermal models should produce
fairly similar results.

5.1. Methodology
In addition to the initial conditions and thermal pa-
rameters used in the convection model (see section 4.1
for more details), bulk rock compositions are required
to allow the stable phases to be predicted at each node
of the model using Gibbs free energy minimisation.

The rock model was designed based on field ob-
servations. The crustal section was composed of a
repeated succession of three equally sized interbed-
ded layers: a quartzitic, a semi-pelitic, and a pelitic

Table 2: Melt compositions (in mol) used in the models.
1: Median composition from the bulk compositions of the
El Tigre and La Victoria units. 2: Semi-pelite from the El
Tigre unit (sample EOET-08). 3: Quartzite from F. W. Clarke
(1924).

Oxide (mol) Pelite1 Semi-pelite2 Quartzite3

SiO2 75.15 81.42 93.09
TiO2 0.6 0.56 0.01

Al2O3 10.58 7.58 1.9
Fe2O3 0.6 0.5 0
FeO 5.44 4.95 2.91
MnO 0.04 0.01 0.01
MgO 3.35 2.06 0.26
CaO 0.36 0.20 0.01

Na2O 0.85 0.97 0.14
K2O 3.03 2.20 2.50
H2O 50 50 50

layer. Each layer thickness was ∼140 m in the model,
with a total number of layers corresponding to 200
nodes. Since the bulk compositions of the La Bocana
unit represent the end-product after partial melting,
and may have undergone melt extraction or addition,
they are not suitable for modelling the prograde meta-
morphic history. Instead, pelitic and semi-pelitic com-
positions were selected based on the assumption that
the depositional environment of the sediments from
La Bocana unit was similar to these of the La Victoria
and El Tigre units and thus had a similar composition
before partial melting. The pelite composition was
determined by calculating the median composition
of each oxide from the El Tigre and La Victoria units.
The semi-pelitic composition was obtained from sam-
ple EOET-08 from the El Tigre unit, which has a high
SiO2 content of 72.48 wt% and an intermediate com-
position between a pelite and a quartzite. For the
quartzite composition, an average composition was
used (F. W. Clarke, 1924). As this layer is expected to
be non-reactive and mainly composed of quartz, an
average composition outside of the El Oro complex
was sufficient for the need of the models. For the
pelite and semi-pelite, the Fe3+ content was assumed
to be 10% of the total molar iron. This value is based
on estimates of Fe3+ in metapelitic minerals combined
with their modal abundances given that previously
reported titrimetric measurements should be consid-
ered maximums (Forshaw, unpublished data). The
three compositions used are reported on table 2.

To predict the phase equilibrium for each
layer, the Gibbs energy minimisation solver
MAGEMin was used (Riel et al., 2022) with the
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Blueschist
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Gabbro emplacement

Gabbro emplacement

14 km
17 km
19 km
22 km

14 km
17 km
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22 km

Figure 7: Thermal models for the El Oro complex. A. On the left, an advection dominated model for a total duration
of 15 Myr, where melt produced at the bottom of the model is extracted when 7 vol% of melt is reached, and emplaced
randomly following a normal distribution centred at 19 km (N (19, 1)) using a melt focusing factor of 10. On the right,
a convection dominated model running for 20 Myr, where a convection cell is active between 25 and 28 during 2 Myr.
Orange to red lines represent temperature at one timestep before the cooling of the sequence, whereas light to dark blue
dotted lines are temperature during the cooling. Each orange to red lines are separated by 0.5 Myr whereas light blue to
dark blue doted lines are separated by 1.5 Myr. Black lines are the initial conditions and correspond to an initial geotherm
of 25 °C/km. Bold dark red lines correspond to the maximum temperature reached during the model and are compared
to the peak temperatures recorded by the P–T estimates from Riel et al. (2013) and Riel et al. (2016). As the distance from
each sample is known, the reported uncertainty on the depth of the P–T estimates are only 1 km, which can be considered
as a relative uncertainty with respect to the total uncertainty of around 3 km per P–T. B. Time evolution of temperature of
both models at specific depths. Since the models have different total durations, the starting time of the advection model
is shifted so that the blueschist underplating event occurs at the same time in both models. Each line represents the
temperature at a particular depth within the models. Stars indicate peak temperature condition for each depth, excluding
spikes caused by melt injections in the advection model. See section 4.1 for more details on the settings of both models.
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MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O2 (MnNCKFMASHTO) system along with
the internally consistent database of Holland and
Powell (2011), and the set of solution solid models
for metapelites (R. W. White, Powell, Holland, et al.,
2014; R. W. White, Powell, & Johnson, 2014).

The coupled model was written in Julia (see Code
availability section for access to the code). The strat-
egy to couple phase equilibrium modelling and the
convection thermal model, was to call the Gibbs en-
ergy minimizer only if an increase of 5 ◦C or more
in the layer was reached since the previous minimi-
sation. This value represents a small overstep which
introduces a delay in the reactivity of the system to
reach chemical equilibrium. This was done both to
limit the number of calls per layer and to mimic a pos-
sible threshold needed to reach equilibrium. In that
way, MAGEMin was called only during the prograde
history, when T is increasing. MAGEMin was called
only for nodes with a depth between 8.5 and 25 km,
to avoid low-grade metamorphic conditions and to
focus on the preserved sequence of the Tahuín group,
given that part of the crust that was supposedly lo-
cated at the current emplacement of the Piedras and
Arenillas-Panupalí units is currently unknown. The
pressure used in the model is considered constant and
to be entirely lithostatic. It was calculated by integrat-
ing the 1D profile based on a constant density of 2700
(kg m−3). In addition to that, 0.1 GPa was added to
take into account the increase in density in the crust
with depth. No prograde mineral fractionation was
considered in the model, although it can affect signif-
icantly the modal phase predictions (Lanari & Engi,
2017). After each minimisation, if a water phase is
predicted stable, it was fractionated from the system
to prevent melting in presence of water in excess. If
melt was predicted with more than 7 vol% relative to
the total volume of the layer, 6 vol% was extracted and
removed from the system, effectively keeping 1 vol%
of melt in the layer. The value of 7 vol% represents the
volume of melt needed to reach the melt connectivity
transition, as defined by Rosenberg and Handy (2005).
The exact value of melt connectivity has been shown
to not be critical for this type of modelling, as long
as melt is extracted (Mayne, Stevens, & Moyen, 2020).
The amount of melt staying in the rock represents
the melt remaining on grain boundaries after each
drainage event (e.g. Korhonen et al., 2013; Yakym-
chuk & Brown, 2014). After each time that MAGEMin
is called, the stable phase assemblage, its composition,
and the composition of the melt if it was extracted

is stored, and the volume of the layer is adjusted to
take into account for the melt loss. This change in vol-
ume is necessary to accurately calculate the volume of
melt extracted if the layer encounter another melting
extraction event. However, there was no feedback
between phase equilibrium model and the thermal
model. For simplicity, the density variations and the
thermal properties such as heat capacity and latent
heat of the reactions were not taken into account in
the thermal model. The change in lithostatic pressure
after extraction was also neglected, as it was consid-
ered that the extracted melt is emplaced in the upper
crust maintaining the layer at the same depth. This
assumption is debatable for layers that are situated on
top of the layer where the melt is extracted. However,
melting processes are T dominated, with steep dP/dT
slopes, as described by Clapeyron equation (e.g. John-
son et al., 2021). As melting processes are the focus
of this study, the lithostatic pressure was considered
constant for each layer through the duration of the
model. For the same reason, the potential whole-
rock displacement induced by the convection cell was
not taken into account, and the change in P, or the
possible mixing with different layers induced, was
neglected. The coupling between the thermal model
and the Gibbs free energy minimiser MAGEMin is
summarised in Fig. 8.

Different scenarios were tested to assess the impact
of melt producing reactions and segregation of melt
volume and composition. The two primary melting
reactions in water-undersaturated metapelites involve
the breakdown of muscovite and biotite (e.g. Breton
& Thompson, 1988; Gardien et al., 1995; Pickering &
Johnston, 1998). To explore the impact of both reac-
tions on melt production and composition, one model
was performed with only the extraction of melt pro-
duced by the Ms-breakdown reaction, referred to as
the muscovite model, whereas a second model did
not discriminate between the type of melting reac-
tion for the extraction and is referred to as the biotite
model. To also test the effect of excess water on melt-
ing, each of these two models were additionally also
performed while introducing 5 moles of H2O at each
minimisation. As free water is still removed at the
end of each minimisation, this corresponds to adding
5 moles of H2O above the water-saturation level if
water was predicted stable at the previous minimi-
sation step, or adding water in an undersaturated
system if water was not predicted at the previous
step. This is done to explore intermediate scenarios
of melt production between pure water-flux melting
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Figure 8: Summary of the steps of the coupling between
the thermal model and thermodynamics using MAGEMin.

and pure dehydration-reaction melting, as it has been
shown that a small amount of excess water can lead to
an important increase on the amount of volume pro-
duced while still be in a dehydration-reaction melting
dominated system (Schwindinger et al., 2019). The
two models are referred to as the excess water mus-
covite and excess water biotite models. In addition
to these four models, the effect of fractional crystalli-
sation was explored, using the biotite model. This
involved removing varying proportions of plagioclase,
K-feldspar, or quartz from the crystallized melt at an
intermediate depth of 13 km, with the temperature at
that depth defined by the thermal model at the time of
melt extraction. These minerals and proportions were
chosen based on Bowen’s crystallisation sequence for
felsic melts (Bowen, 1928). Lastly, the effect of garnet
entrapment was explored in one model where 70%
of the garnet present in the phase assemblage of the
layer of interest was retained in the melt during ex-
traction using the biotite model. The contribution to
the melt volume of the mineral entrapment was ne-
glected in this case. These eight models, representing
various scenarios, were designed to explore different
processes associated with the production of melt by

partial melting and the transport towards the pluton.
The details of each model are summarised in Table 3.

5.2. Results
The integrated volume of melt extracted from the
eight different models is reported in Fig. 9A. The
number of melt extraction step per layer, with their
relative volume is reported in Fig. 9B. Modebox dia-
grams of the three different lithologies, pelitic, semi-
pelitic and quartzitic, for three different depths, are
shown in Fig. 10 for the biotite model, in Fig. 11
for the muscovite model, in Fig. 12 for the excess
water biotite model and in Fig. 13 for the excess water
muscovite model. The depths chosen are about 15,
18 and 21.5 km, and correspond to layers reaching a
maximum temperature of about 660 ◦C, 800 ◦C and
870 ◦C, respectively. The variation in the composition
of the melt extracted in the eight different models are
shown on an A/CNK vs. A/NK and on a B-Mg#
diagram (similar to Fig. 4) on Fig. 14. Finally, the
composition of the predicted melt composition is re-
ported on a total alkali-silica (TAS) diagram (Bas et al.,
1986; Le Maitre, 1989) in Fig. 15A and is compared
to the whole-rock chemistry data of the granitoids
of the El Oro complex. The same diagram is used
to compare the final composition of the layers in the
models, with the compositions from the migmatites
of the La Bocana unit (Fig. 15B).

Concerning the volume of melt extracted, the mod-
els assume a rock column with a 1x1 metre base,
so the volume corresponds to a melt thickness, and
these terms are used interchangeably in the subse-
quent sections. The results show that the difference
in volume produced from the four main models, the
muscovite, the biotite and their equivalent with ex-
cess water, is significant. For a crustal section of
approximately 15 km producing melt, the muscovite-
breakdown reaction yields about 600 meters of melt
thickness (Fig. 9). The melt volume generated from
the biotite-breakdown reaction, estimated by the dif-
ference between the biotite and muscovite models,
is slightly higher, with around 750 m. The excess
water biotite melting model produces approximately
3450 meters of melt. In the fractionated crystallisation
scenarios, up to one-third of the melt can crystallize
before emplacement. In the model involving the en-
trapment of peritectic garnet, the volume change due
to the addition or removal of the peritectic minerals
from the melt and rock is neglected, but garnet en-
trapment has minimal impact on the fertility of the

99



Coupling thermal and phase equilibrium modelling to investigate time constraints in melting processes

Table 3: Summary table of the differences between the eight models obtained by coupling thermal and phase equilibrium
modelling. The biotite model is the reference model used to highlight the additions of each model.

Name of the model Comparison
to the biotite model

The specificity affects
the composition of the layers

compared to the biotite model

Biotite model - -

Muscovite model Only extract melt from Ms
dehydration reaction Yes

Excess water
biotite model

Add 5 mole of H2O
before each minimisation Yes

Excess water
muscovite model

Only extract melt from Ms
dehydration reaction
Add 5 mole of H2O

before each minimisation

Yes

Garnet
entrapment model

Entrapment of 70% of
Grt with melt extraction Yes

Low fractional
crystallisation model

Crystallise 30% of Pl and 10% of Kfs
from the melt at 13 km of depth No

Intermediate fractional
crystallisation model

Crystallise 50% of Pl, 30% of Kfs
and 10% of Qz from

the melt at 13 km of depth
No

High fractional
crystallisation model

Crystallise 80% of Pl, 50% of Kfs
and 30% of Qz from the
melt at 13 km of depth

No

layer, producing a similar melt volume compared to
the biotite model. In all models, the quartzitic layers
failed to generate sufficient melt for extraction, render-
ing about one-third of the melting crust infertile—a
likely overestimation. Therefore, the predicted melt
volumes can be considered as lower-limit estimates.

With respect to the phase assemblages predicted
for the different layers at different depths, the ex-
pected muscovite-breakdown and biotite-breakdown
reactions are observed in the pelitic and semi-pelitic
layers (Figs. 10, 11, 12, 13). Important differences
between the muscovite and biotite with their excess
water equivalents can be observed in the pelitic and
semi-pelitic layers. The most important difference
is the high proportion of melt predicted in the ex-
cess water models, which is an expected consequence
(e.g. Schwindinger et al., 2019; Weinberg & Hasalová,
2015b). Consumption of K-feldspar is also observed in
the excess water models during biotite destabilisation.
Furthermore, the excess water biotite model predicts
a significant amount of cordierite after the complete
destabilisation of biotite, which is not observed in the
excess water muscovite model. In addition, the fact

that water as a phase is only stable with melt at a few
stages in the excess water models shows that the melt
is not often saturated with water, and is consistent
with the aim of studying the effect of excess water
and not water-flux melting. Finally, the quartzitic lay-
ers remain non-reactive in all models. Regarding the
chemical composition of the different layers at the end
of the models, they generally show a good compati-
bility with the whole-rock analyses of the La Bocana
unit at the exception of the excess water biotite model,
from which the consumption of K-feldspar and pla-
gioclase produces a composition very poor in alkali
(Fig. 15B). The muscovite and biotite models show
that melt extraction doesn’t reduce the overall silica
content of the rock, as the melt has a similar content
to the protolith, but reduces the alkali content. The
garnet entrapment model shows a distinct trend from
the protolith compositions, with an increase in silica
and little effect on alkali. This is related to the com-
position of the garnet that is fractionated from the
system during the melt extraction step along with the
melt composition.

Regarding the composition of the extracted melt,
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the results show that the melts are granitic and pera-
luminous in composition (Figs. 14 and 15A). Overall,
the garnet entrapment model shows the most distinc-
tive trend. This entrapment model shows 2 distinct
populations, the melt extracted during muscovite-
breakdown, when no garnet is stable, and the melt
with actual garnet entrapment. This entrapment
induces a significant increase in the Mg# and the
maficity, as garnet contains significant amount of Mg
and Fe (Fig. 14A and B). This is also observed by the
decrease in alkali content in Fig. 15. The fractional
crystallisation models show a different trend, with
an increase in A/CNK (Fig. 14A) and a decrease
in alkali content (Fig. 15A) compared to the biotite
model, consistent with the fractional crystallisation
of plagioclase and K-feldspar. The biotite, muscovite
and excess water muscovite models all show simi-
lar compositions with very little variations whereas
the excess water biotite model shows a wider range
due to the important change in bulk chemistry of the
layers induced by the important quantity of melt ex-
tracted. When compared with whole-rock analyses of
granitoids from the El Oro complex, the models don’t
reproduce the chemistry of the natural data except for
a few analyses. The models have a consistently higher
alkali content, lower Mg# number and lower maficity
compared to the natural igneous rocks, and show very
little variation compared to what is observed in the
granitoids (Figs. 14A and B and 15A). However, with
the exception of the excess water biotite model, the
predicted final composition of the layers is compatible
with the range of compositions observed in the La
Bocana unit (Fig. 15B).

Finally, the coupling with the thermal model al-
lows the temporal evolution of the different models
to be assessed. For example, in the muscovite and
biotite models, biotite takes about 1.5 Myr to be con-
sumed at about 21.5 km depth in the pelitic layer. In
the excess water biotite model, biotite only takes only
about 1 Myr to be consumed. On the other hand,
the disappearance of muscovite is comparatively very
fast, occurring in about 0.1 Myr in all models, for
both pelitic and semi-pelitic layers (Figs. 10, 11, 12,
13). Thus, muscovite dehydration produces a melt
extraction step in the short amount of time of 0.1
Myr for the layers at about 18 km of depth, whereas
the next melt extraction step associated with biotite
breakdown occurs after ∼1 Myr in the biotite model.
This is also reflected in the evolution of the volume of
melt extracted through time, with the sharp increase
in melt volume after 8 Myr in the muscovite model

(Fig. 9A), associated with the onset of the gabbro
anomaly at the base of the 1D model. This shows a
rapid consumption of muscovite in most layers.

6. Discussion

The coupling of crustal-scale thermal models with
phase equilibrium modelling to study melt processes
allows predictions to be compared with natural ob-
servations through four important variables: (i) the
predicted melt volumes extracted by the different
models (Fig. 9), (ii) the predicted phase assemblages
in the source (Figs. 10, 11 and 12), (iii) the predicted
composition of the extracted melt (Figs. 14 and 15),
and (iv) time. The combination of these variables can
provide insight into the relationship between melt
source and granitoids, such as the migmatites of the
La Bocana unit and the Marcabelí pluton (Fig. 1).

6.1. Limitations of the coupled thermal
and phase equilibrium models
Before discussing the results presented in section 5.2,
few of the limitations and uncertainties of the mod-
els presented in this study are examined here. Some
limitations are due to uncertainties on the geologi-
cal history of the El Oro complex. For example, the
uncertainty on the P–T-t history of the metamorphic
sequence. Furthermore, it is assumed that the chem-
ical composition of the protolith forming the initial
sedimentary sequence is similar at the crustal scale of
the El Oro complex, and that the whole-rock analyses
from the El Tigre and La Victoria units are represen-
tative of the protolith of the current migmatites of
the La Bocana unit, assuming a similar depositional
environment.

Other limitations are due to numerical constraints
and assumptions made. Some of these are due to
the constraints imposed by the compositional range
of the existing thermodynamic data and the activity-
composition models based on them (e.g. Gervais &
Trapy, 2021; Lanari & Duesterhoeft, 2019). In addi-
tion, the specific applicability and limitations of the
melt model to natural systems must be considered
(e.g. Bartoli & Carvalho, 2021; R. W. White et al., 2011).
Furthermore, the models are based on the assumption
of equilibrium, which neglects any disequilibrium ef-
fects that can be observed for major, minor and trace
elements (e.g. Guevara & Caddick, 2016; Markmann
et al., 2024; Nicoli et al., 2017). Finally, granites can
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Figure 9: A. Time versus integrated volume of melt produced on a 1D sequence for 8 models with the same protoliths and
using the convection model for the thermal evolution. The volume of melt produced can be related to the thickness of
melt, as the 1D model is considered as a squared column with a width of 1 metre by 1 metre. Emplacement of the Piedras
gabbro and the activation of the convection cell begins at 8 Myr and is characterised by a sharp increase in melt volume.
The prograde metamorphic history ends at 10 Myr. B. Number of melt extraction steps versus depth for four models, the
muscovite model, the biotite model and their equivalent with water in excess. The colours are the same as in (A). The size
of the markers is proportional to the amount of volume extracted in a layer, and is normalised to the maximum volume
produced in a layer in the three models. The excess water Ms model shows similar behaviour to the Ms model for most of
the layers and is hidden by the muscovite model data points. Only the pelitic and semi-pelitic layers show melt extraction
throughout the 1D sequence.
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Figure 10: Evolution of phase assemblages for the biotite model. Modebox diagrams of the three different initial layers:
pelite, semi-pelite and quartzite, at 3 different depths. Note that time is on the horizontal axis. The red line represents the
temperature. Convection and emplacement of the Piedras gabbro starts at 8 Myr and the prograde metamorphic history
ends at ca. 10 Myr. Melt is extracted when more 7 vol% is present, and 1 vol% of melt remains after extraction. The
abbreviations are following Warr (2021) for the minerals, liq refers to liquid (melt), and Acs. to the accessory phases, which
include e.g. titanium phases and magnetite.
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Figure 11: Evolution of phase assemblages for the muscovite model. Same legend as Fig. 10, but for a different model. In
this model, only the melt produced by the muscovite-breakdown reaction is extracted when 7 vol% is present, and 1 vol%
of melt remains after extraction.
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Figure 12: Evolution of phase assemblages for the excess water biotite model. Same legend as Fig. 10, but for a different
model. In this model, 5 mole of water is added at each minimisation step. As in Fig. 10, the melt is extracted when more 7
vol% is present, and 1 vol% of melt remains after extraction.
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Figure 13: Evolution of phase assemblages for the excess water muscovite model. Same legend as Fig. 10, but for a
different model. In this model, 5 mole of water is added at each minimisation step. As in Fig. 11, only the melt produced
by the muscovite-breakdown reaction is extracted when 7 vol% is present, and 1 vol% of melt remains after extraction.
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Figure 14: A. A/CNK vs. A/NK diagram (Shand, 1943) [molar Al / (2Ca + Na + K) vs. molar Al / (Na + K)]. Similar to
Fig. 4A but with the addition of the predicted composition from the melt extracted from the 9 models. B. B-Mg# diagram
(Debon & Le Fort, 1988) [B = millications Fe + Mg + Ti vs. molar Mg / (Mg + Fe)]. The legend is the same as in (A).
Markers of the natural data with black strokes are from this study, while markers with grey strokes are data from the
literature (Aspden et al., 1995; Riel et al., 2013; Riel et al., 2016; Vinasco Vallejo, 2004).

be more accurately viewed as mixtures of cumulus
phases or even crystal mushes, from which liquids
may have been extracted and subsequently erupted as
dacites or rhyolites (e.g. Bachmann, 2004; Cashman et
al., 2017). These limitations make direct comparison
with natural migmatitic and igneous rocks complex;
however, the results and the discussion presented in
the following sections here demonstrate that mod-
elling still allows insights into the general effect of
melting reactions in the continental crust, and we ar-
gue that this approach is a powerful way of providing
insights into the general effects of melt extraction on
residual composition, volume produced and granitoid
composition on crustal and geological time scales.

6.2. Relation between melt source and plu-
ton emplacement

By comparing the results of the different models with
the natural observations and the data collected in the
El Oro complex in this study and the literature, it is
possible to exclude unlikely scenarios and discuss on
implications at the crustal scale.

By measuring the current average thickness of the
Marcabelí pluton perpendicular to its structure on the
geological map, the estimated thickness ranges from
approximately 1000 to 3000 m (Fig. 1). This is assum-

ing that the current exposure of the Marcabelí pluton
is representative of its 3D structure. As such, this
estimate could be underestimating or overestimating
the real volume of the pluton. If it is assumed that
the amount of melt extracted in the models has to
correspond approximately to the current thickness of
the Marcabelí pluton, it shows that the current results
are in the same order of magnitude, with volumes
of melt extracted ranging from around 500 to 3300
m (Fig. 9) and knowing than 1 third of the layers,
composed of quartzite, are not producing any melt in
the models. This result is limited by the fact that plu-
ton emplacement and segregation of melt processes
are ultimately part of a 3D problem but is consistent
with the La Bocana unit being the main source of the
Marcabelí pluton.

As these models also provide time, it is possible
to compare not only the volumes produced but also
the duration of melt extraction between models. For
example, the muscovite and excess water muscovite
models predict that most of the melt is extracted be-
tween 4 and 8.5 Myr, while the remaining models
show that most of the extraction takes place between
4 and 10 Myr (Fig. 9). Based on the geochronological
constraints on the duration of emplacement of the
Marcabelí pluton in the El Oro complex by Chapter
III, a steady extraction for a longer duration is more
consistent with the current data. The extraction of the
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melt from the biotite dehydration is therefore likely
required based on time constraints.

In terms of the evolution of the phase assemblages,
the excess water biotite model predicts the appear-
ance of cordierite, while the other three models don’t
or only as a minor phase. No cordierite has been ob-
served in the La Bocana unit samples and its absence
was also reported by Riel et al. (2013). Moreover, the
residual compositions in the layers show a very high
depletion in alkali content at the end of the model
due to the very high volume of melt extracted and
the consumption of feldspars (Fig. 15B). This allows
us to exclude this scenario from the others.

Therefore, based on the duration and volume of
melt extracted, we propose that the biotite model best
reproduces what is observed at the scale of the se-
quence. However, it is likely that the muscovite and
excess water muscovite models are locally relevant,
for some parts of the sequence. This is consistent
with localities showing evidence of high melt frac-
tions and diatexitic textures (e.g. Fig. 2). Distin-
guishing between the muscovite or the excess water
muscovite models on the basis of residual composi-
tion and phase assemblage at the outcrop scale in
migmatites would be difficult, as they predict similar
assemblages, and K-feldspar is expected to crystallise
from the high melt volume fraction predicted in the
excess water model during cooling. This is consistent
with recent investigations on excess water melting
(Schwindinger et al., 2019) and this highlights the
potential underestimation of the effect of excess water
during partial melting.

6.3. Mixing with the metagabbro of the
Piedras unit

The discrepancies observed between modelled melt
chemistry and bulk rock analyses of the El Oro com-
plex granitoids (Figs. 15A and 14) need to be ad-
dressed. None of the hypotheses explored in the
models, such as fractional crystallisation or peritectic
mineral entrapment, allow the trends and the values
of the natural data to be reproduced, particularly in
terms of alkali content, A/NK ratio, and maficity.
This could be the result of limitations in the models,
as discussed in section 6.1. However, the presence
of hornblende and mafic enclaves in the Marcabelí
pluton suggests a contamination from a more mafic
source (Fig. 3; Aspden et al., 1995; Riel et al., 2013;
Vinasco Vallejo, 2004). A potential source of this con-

tamination is the (meta)gabbro of the Piedras unit.
Mafic xenoliths and lenses are also present in the La
Bocana unit (e.g. Fig. 2F) and the intrusive nature
of the Piedras unit in the La Bocana unit has been
suggested (Aspden et al., 1995; Riel et al., 2013). The
lack of overlap between the modelled composition
and the natural data is therefore interpreted to be
mainly due to the absence of this mafic component in
the modelling.

To test and to quantify this hypothesis of magma
mingling, a simple mixing model, using the median
composition of the bulk rock major element data from
the metagabbro of the Piedras unit, and the volume-
weighted mean of the composition of each model as
two end-members, was conducted. The model follows
the mixing test from Fourcade and Allègre (1981), and
is based on this equation, following mass balance (e.g.
Janoušek et al., 2016):

(C⃗Marcabeli − C⃗gabbro) = f (C⃗model − C⃗gabbro), (33)

where C⃗gabbro is the vector containing the median com-
position of the metagabbro analyses from the Piedras
unit, C⃗Marcabeli is the vector of the median composition
of the Marcabelí pluton bulk rock analyses, C⃗model is
the vector of the volume-weighted mean composition
of the melt extracted from a model and f is a lin-
ear function. All the compositions are expressed in
wt%. The slope of f corresponds to the ideal mixing
fraction value considering all the components of the
compositional vectors and is determined by finding
the best fit to the data points.

The results are shown in Fig. 16. The models
including fractional crystallisation were excluded, as
they cannot be considered as a simple mixing model,
since fractional crystallisation is a progressive pro-
cess (e.g. Janoušek et al., 2016). The results show
that all models predict a similar contribution of 85
to 93% from the crustal melts, with the entrapment
garnet model showing the highest number. This is ex-
pected as all the models predict similar melt-extracted
compositions. The contribution of the gabbroic com-
position is therefore estimated to be between 15 and 7
%. This estimate of the potential contribution of a gab-
broic end member is considered to be a lower estimate
as samples without mafic enclaves were selected for
bulk rock analysis of the Marcabelí pluton. All mixing
models show that the K2O content is quite far from
the predicted mixing lines. This is consistent with
the TAS diagram, which doesn’t show a simple linear

109



Coupling thermal and phase equilibrium modelling to investigate time constraints in melting processes

relationship between the modelled melt composition,
the felsic igneous samples, and the metagabbro from
the Piedras unit (Fig. 15A). This is interpreted as a
lack of another melt source, either from a deeper part
of the crust that is no longer present, or from other
protoliths not directly observed in the unit La Bo-
cana unit, such as a meta-igneous or metagreywacke
source. It is also a possible limitation of the numerical
models, for example by underestimating the geologi-
cal processes that occur between the melt extraction
and the granitoid emplacement (e.g. Bachmann, 2004;
Cashman et al., 2017).

6.4. Advection vs. convection: what con-
trolled the thermal regime in the El Oro
complex?
The results of the two thermal models presented in
section 4.2 showed that they both satisfy the peak
P–T estimates and the current geochronological con-
straints of the heat source (Fig. 7). This indicates that
both advection and emplacement of melt, and whole-
rock flow by to convection, are physically plausible
mechanisms, based on the conservation of energy, for
reproducing the geothermal gradient recorded by the
metamorphic sequence of the El Oro complex in the
middle to deep crust.

Both mechanisms have been proposed to explain
quasi-isothermal gradients on other metamorphic se-
quences, especially migmatitic cores of gneiss domes,
but melt advection as a mechanism has been favoured
in most cases. For instance, heat advection induced
by regional-scale magmatism has been proposed to
explain the observations on the geothermal gradi-
ent of the Central Gneiss Complex of western British
Columbia (Depine et al., 2008), the Variscan Montagne
Noire gneiss dome (Trap et al., 2017), the Velay dome,
in the French Massif Centrale (Barbey et al., 2015;
Laurent et al., 2017), the Variscan Pyrenees (Connop
et al., 2024; Siron et al., 2020) or the Higo metamor-
phic complex (Miyazaki, 2004). On the other hand,
convection of lower crust has been proposed to gen-
erate large-scale crustal magmas during the Central
Andes orogeny (Babeyko et al., 2002) or to explain
the cyclicity in the zircon record of the Naxos dome
(Vanderhaeghe et al., 2018).

For the El Oro complex, the advection model
shows that a significant intrusion thickness of about
5 km and a high M factor of 10 is required to reach
the temperatures of the P–T estimates within 5 Myr.

In the western part of the complex, the La Florida
pluton may be evidence of this process (Fig. 1). How-
ever, no similar plutons have been observed in the
western part of the La Bocana unit. Granitoids have
been observed and reported in the migmatites near
the town of La Bocana (field evidence; Aspden et al.,
1995; Riel, 2012), but estimation of the size of these
bodies is hampered by the outcrop conditions. In
addition, the complexity of distinguishing between
granitoids and diatexitic migmatites, the possible re-
melting of previous igneous rocks during prograde
metamorphism, and the possibility that such plutons
have been eroded or remain buried beneath the cur-
rent surface, complicate the assessment. Finally, the
emplacement of melt for 5 Ma suggests the need for
both a significant heat and melt source. While man-
tle upwelling is thought to have provided the heat
for this metamorphic event, ensuring a durable and
steady supply of heat, the source of the melt is more
challenging. Producing 5 km of melt thickness would
require a thick and fertile crust. However, there is cur-
rently no evidence of such a body beneath the Tahuín
group, largely due to the intrusion of the Piedras unit
gabbro and subsequent tectonic processes. It is likely
that a thicker crust once existed, but was subsequently
delaminated, since only about 25 km of paleo-crust
is currently preserved in the Tahuín group. Further-
more, no older basement was observed at the base
of the sequence, on which the sediments of the La
Bocana unit would have been deposited. This makes
it difficult to exclude or validate this mechanism.

A similar conclusion can be reached for the con-
vection hypothesis. One of the arguments in favour
of convection from a field perspective would be the
regional scale structure indicating whole-rock flow.
No clear preferred orientation was observed at the
unit scale. However, local folding structures at the
multimeter scale have been interpreted as convection
driven by Riel et al. (2016). These folds could also
result from other ductile deformation mechanisms
induced by the weakening of partially molten rock
and extraction of melt (e.g. Brown et al., 1995; Wein-
berg et al., 2013). Finally, the model assumes a com-
bined rock and melt viscosity of about 1015 Pa s to
create a convection cell. Estimating the viscosity of
partially molten rocks with increasing melt fraction
is a complex issue and there are large uncertainties
about the viability of this value under these conditions
(connollyViscosityCrystalMushes2022; e.g. Hashim
et al., 2013).

In conclusion, we estimate that the present ob-
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Figure 16: Results from the mixing test of Fourcade and Allègre (1981). This diagram compares the effects of 6 models on
the theoretical mixing between the volume-weighted mean melt composition from each model (Cmodel) and the median
composition of the metagabbro from the Piedras unit (Cgabbro). The targeted composition is the median of the whole-rock
analyses from the Marcabelí pluton (CMarcabelí). All three compositions are anhydrous and renormalised to 1 without
P2O5. The lines correspond to the best fit for each model. The slope of each line corresponds to the estimated contribution
between the two end-members, Cmodel and Cgabbro, considering all major elements. The brown areas correspond to zones
where the mixing ratio is inverted compared to the white areas.

servations and the 1D thermal models are currently
insufficient to exclude one model from the other.
Both mechanisms could also play a role on differ-
ent timescales, with a single pulse of melt injection
being much faster than whole-rock convection and
we argue that both mechanisms could take place in
the El Oro complex. We propose that the contribu-
tion of each mechanism to the overall heat budget
could be estimated by developing more advanced 2D
coupled thermo-mechanical models, which is beyond
the scope of this study. However, the thermal mod-
els show that both mechanisms produce similar peak
P–T conditions (Fig. 7). Although the choice of ther-
mal mechanism has important implications for the
geological history of the metamorphic sequence, we
expect that the choice of one thermal model over the
other for coupling with phase equilibrium modelling
should not affect the main results presented in this
study.

7. Conclusion

The integration of thermal and phase equilibrium
models at the crustal scale provides an opportunity
to evaluate the mass balance between the volume
and composition of the melt produced and the oc-
currence and composition of granitoids at the crustal
scale. This allows hypotheses to be tested to infer
the contribution of different sources during a melting
event. In particular, the ability to include time with
phase equilibrium modelling brings new insights by
allowing comparison with the timescales of melting
processes provided by petrochronology. As time is
constrained by the conservation of energy based on a
thermal model, it is also important to have good con-
straints on the P–T–t path history of the metamorphic
sequence before applying this type of modelling.

This model was applied to the El Oro complex,
from which additional bulk rock compositions were
produced during this study. The models showed,
based on volume, that the amount of melt produced
by partial melting in the La Bocana unit was compa-
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rable to the observed volume of the Marcabelí pluton.
This implies that the total time of emplacement of
this pluton should be compatible with the timescale
of the melting event occurring during prograde meta-
morphism in the crust, if the extraction of melt is
progressive, and is in agreement with the results pre-
sented in Chapter III of a long-lived pluton. The total
duration of melt extraction in the biotite model was
∼6 Myr. While this is comparatively shorter than the
20 Myr estimate based on geochronology from Chap-
ter III, this duration does not include the retrograde
metamorphic history which is recorded in zircons
from migmatites.

The discrepancies between modelled melt com-
positions and bulk rock compositions were not re-
solved by fractional crystallisation or garnet entrap-
ment. Therefore, we explored mixing ratios between
granitoid melts and the Piedras gabbro to examine
if this could explain the discrepancy. This showed
that mixing of at least 7 to 15 % of the composition
of the current metagabbro was required to reproduce
the composition of the Marcabelí pluton, which is a
conservative estimate. This mixing test showed that
simple binary mixing is not sufficient to fully explain
the discrepancy between the modelled compositions
and the bulk composition of the granitoids, especially
in terms of alkali content. Future work should vary
the initial composition of the layers and testing dif-
ferent protoliths with more complex layering in the
models could be investigated to see if the trends ob-
served in the Marcabelí pluton can be explained in
this way, or if some other processes are required to
explain this discrepancy.

Code and data availability

The code used in this study allowing reproducibil-
ity of the data is available on GitHub (https://gi
thub.com/Iddingsite/PhD2024CodeElOro) and
at a permanent DOI repository (Zenodo): https:
//doi.org/10.5281/zenodo.13854597. The code is
written in the Julia programming language. Refer to
the repository’s README for additional information.
The code is distributed under the GPL-3.0 license.
The bulk rock compositions produced in this chap-
ter, alongside the compilation made from the litera-
ture, are also available at a permanent DOI repository:
https://boris-portal.unibe.ch/handle/20.500.12422
/44675.
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Conclusion

T
his thesis demonstrates that a multidisciplinary approach is required to improve our understanding
of melting processes in the continental crust. This is necessary because of the complex interplay
between melt producing metamorphic reactions, rheology, melt transport and extraction, and igneous
processes associated with pluton emplacement. Emphasis was placed on numerical modeling, and

the need to reconcile time constraints with these models. Time is a particularly important variable because
systems involving melt are dynamic, with transport of matter and heat, and with complex interactions between
rock and melt. Therefore, the plausibility of different models can be assessed if they occur on in similar
timescales to those observed in real systems. Lastly, the main findings of each chapter of this thesis are
summarised below.

In Chapter II, we made an important contribution to paving the way for more accurate and performant
reactive transport modelling involving melt in the crust in the future. This chapter demonstrated the potential
of using the WENO-5 algorithm to model the chemical advection of a melt during its ascent. This was assessed
by coupling a two-phase flow solver with chemical advection in 2D, and the robustness of the WENO-5 scheme
was tested against three other algorithms.

The focus of Chapter III was on reconciling the different timescales from melt source to pluton emplacement.
This was done by collecting a large amount of geochronological and trace element data from zircons of the El
Oro complex, from both migmatites and granitoids, using LA-ICP-MS. The results showed that zircon dates
are spread over more than 20 Myr, both in migmatites and in granitoids. We proposed that this indicates
the existence of multiple short magmatic pulses. The absence of major tectonic events and regional-scale
deformation during the history of prograde metamorphism allowed the plutons to be long-lived in this
metamorphic sequence. Trace elements were also used to show evidence of open system behaviour in low-melt
fraction migmatites. This chapter has shown the appeal of collecting more zircon analyses per sample, along
with trace element data, to try to constrain not only the age but also the duration of a melting/magmatic
event.

Finally, Chapter IV explored a new modelling approach by combining a 1D crustal thermal model with
phase equilibrium modelling . This approach allows the modelling of phase assemblages along P–T–t paths,
adding a time constraint compared to conventional phase equilibrium modelling. This approach was applied
to the El Oro complex, using the new geochronological constraints obtained in Chapter III. Eight different
models were tested to explore different processes associated with melt production by partial melting and
transport towards the pluton. An assessment was made of the mass balance between the volume of melt
produced at the crustal scale and the volume of pluton observed in reality was made. It was also used to
compare melt-extracted compositions along the 1D crustal profile with migmatite and pluton bulk composition
data. Melt production by the models lasted between 4.5 and 6 Myr, depending on the model, and produced
a melt volume compatible with the size of the Marcabelí pluton. This is consistent with the idea that the
La Bocana unit is the main source of this pluton. However, the predicted compositions of the melts were
consistently different from the granitoid bulk rock analyses of the El Oro complex. Mixing with the gabbro of
the Piedras unit was proposed to explain this discrepancy, and a mixing test predicted a contribution from the
gabbro of between 7 and 15 %.

In conclusion, this thesis has demonstrated the value of developing and using numerical models to
decipher melting processes in the continental crust. It also emphasised the need to constrain these models
with observations, natural and analytical data. This work also highlights the potential of studying geological
systems where both the melt source, such as migmatites, and the final product, granitoids, are accessible, such
as the El Oro complex. Finally, an effort has been made to make all the codes used in the numerical models in
this thesis available in public repositories. Further efforts should be made as a community to promote the
systematic distribution of codes used in studies. Reproducibility and replicability are an important part of
science so that results can be verified and validated.
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A.1. Supplementary material for chapter III

The following section includes the concordia diagrams of the different samples and analyses used in chapter III.
In addition to that, the concordant inherited cores from the La Bocana unit are also used for provenance analyses.
The complete dataset used in chapter III, containing the U–Pb and trace element analyses of zircon and titanite,
is available at a permanent DOI repository: https://boris-portal.unibe.ch/handle/20.500.12422/44675.
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Figure A.1.1: Analyses from inherited zircon cores from the 6 samples of the La Bocana unit. A. Wheterill concordia
diagram of analyses older than 300 Ma and concordant at 2σ, calculated using IsoplotR (Vermeesch, 2018). B. Kernel
density estimate of the same analyses as in A. The dates older than 1100 Ma are calculated from the 207Pb/206Pb ratio and
the younger dates are calculated from the 206Pb/238U ratio, calculated using IsoplotR (Vermeesch, 2018).
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Figure A.1.2: Tera-Wasserburg concordia diagram of the zircon analyses from the granitic samples from the El Oro complex,
calculated using IsoplotR (Vermeesch, 2018). Only dates younger than 270 Ma and concordant at 2σ are reported. Blue and
red ellipses correspond to 16 and 30 µm laser spot size, respectively.
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Figure A.1.3: Tera-Wasserburg concordia diagram of the zircon analyses from the migmatitic samples from the La Bocana
unit, calculated using IsoplotR (Vermeesch, 2018). Only dates younger than 270 Ma and concordant at 2σ are reported.
Blue and red ellipses correspond to 16 and 30 µm laser spot size, respectively.
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