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Metamorphic Facies Distribution in the Western Alps
Predicted by Petrological-Thermomechanical Models of
Syn-Convergent Exhumation

Joshua D. Vaughan-Hammon'! (), Lorenzo G. Candioti!, Thibault Duretz?3, and

Stefan M. Schmalholz!

Institut des Sciences de la Terre, Batiment Géopolis, Quartier UNIL-Mouline, Université de Lausanne, Lausanne,
Switzerland, 2Univ Rennes, CNRS, Géosciences Rennes UMR, Rennes, France, *Institut fiir Geowissenschaften,
Goethe-Universitidt Frankfurt, Frankfurt, Germany

Abstract The distribution of metamorphic rocks throughout the western European Alps indicates
subduction-related metamorphism. However, processes by which high-grade metamorphic rocks exhume
remain disputed. Here, we present two-dimensional petrological-thermomechanical numerical models to
investigate the metamorphic facies evolution during orogenesis. We model closure of an oceanic basin with
exhumed mantle bounded by passive margins. To ensure thermomechanical feasibility, we model also this basin
configuration. Before convergence, we replace the uppermost portions of exhumed mantle with serpentinite.
Location and orientation of subduction are not predefined and subduction initiates self-consistently during
convergence. A weak subduction interface develops if serpentinite is initially thick enough (here 6 km) and
can distribute along the interface. Syn-convergent exhumation of (ultra)high-pressure rocks occurs with minor
erosion, enabled by local upper-plate extension and a crustal-scale normal-sense shear zone. We calculate
metamorphic facies evolutions with peak P and T values of 10,000 markers. Results show (a) peak P and T’
values agreeing with estimates from natural rocks, (b) exhumed, structurally coherent regions with identical
metamorphic facies, indicating absence of significant mixing (mélange), (c) facies distributions corresponding
to that of the Western Alps, which is from eclogite to blueschist to greenschist facies when going from
internal to external domains, and (d) exhumation velocities larger than burial velocities. Models with stronger
subduction interface (3-km serpentinite thickness) develop an orogenic wedge with vertical metamorphic
gradient and minor exhumation. Syn-convergent exhumation is feasible for the Western Alps and calculating
metamorphic facies distribution is useful when testing the applicability of models to natural orogens.

Plain Language Summary Evidence for deep geological processes (>c. 50 km) can be found in
places throughout the Earth's surface where tectonic plates have converged and crustal rocks have been buried
and subsequently exhumed back to the surface. Collision zones, such as those found in the western European
Alps, provide a record of plate convergence and the associated burial-exhumation history. The pattern of
mineral changes due to pressure and temperature conditions (so-called metamorphic facies) provides clues for
the burial and exhumation history of rocks and, hence, for the geodynamic evolution of mountain belts. In the
Western Alps, rocks with the highest metamorphic grade, indicating the most extreme burial and exhumation
history, are closest to the observed collision front. This study presents results of two-dimensional computer
simulations, which are based on fundamental laws of physics, laboratory experiments, and natural observations.
These simulations predict the evolution of the large-scale metamorphic facies architecture of the Western Alps
during continuous plate convergence.

1. Introduction

The dynamic nature of the Earth's crust has become clearer since the observation of regional-scale systematic
changes in index minerals (Barrow, 1893), the subsequent conceptualization of metamorphic facies (Eskola, 1915),
and the recognition of plate tectonics (e.g., Isacks et al., 1968; Le Pichon, 1968; Morgan, 1968; Wegener, 1915).
Observations show that regions of crustal convergence have unique metamorphic facies sequences linked to
specific tectonic processes (Miyashiro, 2012). High-grade rocks exhumed in mountain belts provide an ideal
place to reconstruct deep tectono-metamorphic processes and subduction interface dynamics. In the European
Alps, the distribution of metamorphic facies allows us to identify (a) the spatial distribution of exhumed rocks
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Figure 1. (a) Simplified paleogeographic cross-section reconstruction of the western Alpine Tethys domain between the Adriatic and European margin prior to
convergence (distorted horizontal and vertical scales), modified after Dal Piaz et al. (2001) and McCarthy et al. (2020). (b) Simplified present-day cross section of the
Western Alps colored with respect to the paleogeographic domains in panel (a), modified after Escher et al. (1993) and Steck et al. (2015) (structure of white shaded
area is not well constrained). The location of the cross section is indicated on the map in the lower left part of the figure.

that have been metamorphosed under similar pressure and temperature conditions (e.g., Bousquet et al., 2008;
Frey et al., 1999; Lardeaux, 2014), (b) the ancient subduction direction (e.g., Ernst, 1971), and (c) the spatial
evolution of metamorphism through time (e.g., Lardeaux, 2014).

The vast number of field and geophysical studies as well as advancements in dating metamorphism, in ther-
modynamic methods and in deterministic modeling, has significantly improved our understanding of the
tectono-metamorphic evolution of the Western Alps (Figures 1 and 2). Nevertheless, major questions remain
open regarding, for example, the exhumation mechanisms. For example, some studies suggest that rock exhu-
mation in the Western Alps can occur during continuous plate convergence, so-called syn-convergent exhu-
mation (e.g., Agard, 2021; Butler et al., 2014; Escher & Beaumont, 1997). In contrast, other studies argue that
syn-convergent exhumation is not feasible because it requires unrealistically large erosion for the Western Alps
(e.g., Malusa et al., 2015). Such studies suggest that exhumation occurs during periods of plate divergence (e.g.,
Liao et al., 2018; Malusa et al., 2015). Here, we investigate the metamorphic facies evolution and distribution for
syn-convergent exhumation to test whether syn-convergent exhumation can occur without significant erosion and
can generate a metamorphic facies distribution, which is comparable to that of the Western Alps. Other disputed
issues concerning the Alpine orogeny include, for example, (a) the heat budget during Barrovian metamorphism
in the Lepontine dome (Berger et al., 2011; Burg & Gerya, 2005; Jamieson et al., 1998; Ryan & Dewey, 2019;
Stiiwe, 1998), (b) potential local deviations from lithostatic pressure (Luisier et al., 2019; Schenker et al., 2015;
Vaughan-Hammon et al., 2021b), and (c) the mechanisms by which small volumes of ultrahigh-pressure (UHP)
rocks are exhumed and embedded in lower grade high-pressure (HP) units, for example, the c¢. 1 km thick
Brosasco-Isasca UHP Unit within the HP Dora Maira massif (e.g., Bonnet et al., 2022; Chopin, 1987; Groppo
et al., 2019; Hacker & Gerya, 2013; Kurz & Froitzheim, 2002; Schmalholz & Schenker, 2016; Warren, 2013).
With the aim of contributing to eventually resolving the issues mentioned above, we also (a) investigate the
temporal relation between peak pressure and peak temperature for pressure-temperature-time (P-7-7) paths, and
(b) study the relation between the metamorphic grade of exhumed rocks and their original paleogeographic
position.
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Figure 2. (a) Simplified map of peak Alpine metamorphic facies distribution throughout the Western Alps with major units indicated, modified after Oberhénsli

et al. (2004) and Bousquet et al. (2008) (AA = Aar massif, GO = Gotthard massif, LU = Lucomagno, AD = Adula, MR = Monte Rosa, DB = Dent Blanche,
GP = Gran Paradiso, DM = Dora Maira, BIU = Brossasco-Isasca unit, SE = Sesia, VA = Valaisan, MB = Mont Blanc massif, AR = Aiguilles Rouge massif).
(b) Approximate pressure-temperature metamorphic facies grid (modified after Philpotts & Ague, 2009) with representative P-T estimates for Western Alpine

units (dashed and solid lines are used for clearer visualization), BIU = (Rubatto & Hermann, 2001), MR = (Luisier et al., 2019; Vaughan-Hammon et al., 2021b),

SE = (Lardeaux et al., 1982; Vuichard & Ballevre, 1988), VA = (Bousquet et al., 2002; Goffé¢ & Bousquet, 1997; Wiederkehr et al., 2007), GP = (Bousquet et al., 2008;
Manzotti et al., 2018), LU = (Wiederkehr et al., 2008), DB = (Cortiana et al., 1998), DM = (Groppo et al., 2019), TS = Tambo Suretta (Challandes et al., 2003),

ZS = Zermatt-Saas (Angiboust et al., 2009), GR = Grisons (Bousquet et al., 2002). (c and d) Simplified cross sections of peak metamorphic facies with direction of
decreasing subduction-related metamorphism indicated.

Many petrological studies have compiled large data sets of subduction-related peak metamorphism for the entire
Alps (e.g., Bousquet et al., 2008). Based on this data, many burial and exhumation cycles for rocks in the Alps,
as well as their distribution through time and space, have been suggested in the past (e.g., Bousquet et al., 2008;
Lardeaux, 2014). Both petrological and age data provide ample resources to test the validity of such burial
and exhumation cycles. Furthermore, deterministic numerical models can be used to test the physical feasi-
bility of proposed burial and exhumation cycles. Deterministic numerical models are based on fundamental
laws of physics, which are expressed by a system of partial differential equations describing conservation of
mass, momentum, and energy, and incorporate mechanical properties and flow laws derived from laboratory
rock deformation experiments. Such numerical models have been applied to investigate the mechanisms of exhu-
mation of (U)HP rocks within Alpine-type collisional belts (e.g., Burov et al., 2001; Butler et al., 2014; Gerya
et al., 2002; Ruh et al., 2015; Stockhert & Gerya, 2005; Warren et al., 2008; Yamato et al., 2008, 2007). Several
of these studies trace individual numerical markers (e.g., Gerya & Yuen, 2003) in order to assess P-T-t trajec-
tories during syn-convergent exhumation (e.g., Butler et al., 2014; Gerya et al., 2002; Regorda et al., 2021; Ruh
et al., 2015; Stockhert & Gerya, 2005; Warren et al., 2008; Yamato et al., 2008, 2007). Although such numerical
models successfully reproduce individual exhumation P-T-f trajectories that are comparable to the Alps (e.g.,
Butler et al., 2014; Gerya & Yuen, 2003; Ruh et al., 2015; Warren et al., 2008; Yamato et al., 2008, 2007),
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only few numerical modeling studies (e.g., Butler et al., 2014; Regorda et al., 2021) attempted to reproduce
the spatially continuous distributions of metamorphic facies and the entire, regional-scale metamorphic archi-
tecture of the Western Alps (Figure 2). If only individual markers are traced, it is not possible to determine (a)
whether exhumed rock units underwent significant tectonic mixing and (b) whether the exhumed rocks form
a regional trend of metamorphic facies, which is comparable to that of the Western Alps. Therefore, we use
here a petrological-thermomechanical numerical model to trace pressure and temperature of c¢. 10,000 numerical
markers for each simulation. We use the P-T record from these markers to generate cross sections showing the
metamorphic facies distribution after syn-convergent exhumation, which we compare to published metamorphic
facies distributions.

Furthermore, common to most published models is that the initial geometry of the ocean basin and passive
margins is predefined ad hoc and/or that the location and orientation of the subduction zone is predefined by
a prominent weak zone across the modeled lithosphere (e.g., Butler et al., 2014; Warren et al., 2008; Yamato
et al., 2008). Here, we do not predefine ad hoc the passive margin geometry and do not employ a weak zone to
predefine subduction initiation. In contrast, we model the preconvergence basin and passive margin geometry
with a numerical simulation (e.g., Candioti et al., 2021; Petri et al., 2019). During subsequent convergence of
the basin-passive margin system, subduction initiates self-consistently by strain localization due to local ther-
mal softening, which was shown recently by several numerical studies (e.g., Auzemery et al., 2020; Candioti
et al., 2021, 2022; Kiss et al., 2020). The motivation for not prescribing ad hoc the preconvergence basin geome-
try and a prominent weak zone is that we want to predetermine as little as possible the modeled subduction zone
and the associated burial and exhumation cycles. In other words, we want to test the feasibility of syn-convergent
exhumation with numerical models in which none of the main features controlling the burial-exhumation cycle
are predefined (e.g., a weak zone controlling the location and orientation of subduction zone initiation or a weak
interface of an already existing subduction zone).

Moreover, many studies highlight the importance of mechanically weak serpentinite for the exhumation of (U)
HP rocks (e.g., Agard et al., 2018; Candioti et al., 2020, 2021; Guillot & Hattori, 2013; Guillot et al., 2015; Ruh
et al., 2015; Schwartz et al., 2001). Serpentinite presumably contributes to the weakening of the plate interface
during subduction (e.g., Agard et al., 2018; Hess, 1955; McCarthy et al., 2020), assisting the exhumation of
buoyant crustal units (Agard et al., 2018; Guillot & Hattori, 2013; Guillot et al., 2015; Ruh et al., 2015). However,
the detailed rheological properties of serpentinite during subduction are still not well constrained (e.g., Amiguet
et al., 2014; Guillot & Hattori, 2013; Guillot et al., 2015; Hilairet et al., 2007; Hirth & Kohlstedt, 2003). Here, we
also investigate the impact of serpentinite on exhumation and the resulting spatio-temporal distribution of meta-
morphic facies. We account for ocean floor serpentinization by including a low-strength layer at the top of the
exhumed mantle lithosphere, prior to imposing plate convergence. We do not model in detail the serpentinization
process (e.g., latent heat, hydration reaction, fluid flow, etc.).

2. Tectono-Metamorphic Evolution of the Western Alps

The present-day large-scale tectonic architecture of the Western Alps is derived from the convergence and ulti-
mate collision of the formerly hyper-extended margins of the northern Adriatic continent and southern European
continent (Figure 1). Subduction presumably started in the distal parts of the Adriatic margin and persisted from
the late-Cretaceous (85-65 Ma, Sesia-Lanzo zone: Duchéne et al., 1997; Engi et al., 2011; Inger et al., 1996;
Manzotti, Ballevre, et al., 2014; Rubatto et al., 1999) to the late-Eocene (35-32 Ma, Dora Maira: Di Vincenzo
et al., 2006; Duchéne et al., 1997; Gebauer et al., 1997; Tilton et al., 1989). Later-stage folding events (e.g.,
c. 40-35 Ma, Mischabel folding: Barnicoat et al., 1995; Keller et al., 2005; Steck et al., 2015) combined with
earlier subduction-related nappe emplacement resulted in the current tectonic configuration (Figure 1b). Geolog-
ical cross sections can be constructed due to the strong Alpine topography, axial plunges of exhumed units,
and interpretation of high-resolution seismic data (e.g., Escher & Beaumont, 1997; Escher et al., 1993; Malusa
et al., 2021; S. Schmid & Kissling, 2000; S. M. Schmid et al., 2017; Steck et al., 2015). Paleogeographic recon-
structions of the Western Alps (e.g., Dal Piaz et al., 2001; De Graciansky et al., 2011; Lemoine et al., 1986;
McCarthy et al., 2020; S. M. Schmid et al., 2004; Steck et al., 2015; Triimpy, 1975) define five main domains
(Figure 1a): (a) the structurally highest Adriatic margin consisting of the Ivrea Zone and Sesia-Dent Blanche
continental units, presumably separated by the exhumed sublithospheric mantle (e.g., Lanzo peridotites) from the
main Adriatic margin, (b) the Piemonte-Liguria Oceanic domain, or upper Penninic, separating Adria and Europe
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(e.g., Zermatt-Saas ophiolites), (c) the Briangonnais, or middle Penninic (e.g., Monte Rosa and Siviez-Mischabel
units), (d) the Valais Zone, or lower Penninic, with units of sublithospheric mantle (e.g., Geisspfad peridotites),
and (e) the Jura-Helvetic domain including the external crystalline basement massifs (e.g., Mont Blanc) and sedi-
mentary cover series (e.g., Morcles nappe).

Widespread occurrences of deeply subducted oceanic domains, such as the former Piemonte-Liguria Ocean
(e.g., Zermatt-Saas ophiolites) comprises significant proportions of serpentinite (c. 50%, e.g., Angiboust
et al. (2009)). Continental internal crystalline massifs, such as the Monte Rosa units, are almost entirely envel-
oped in serpentinite-bearing oceanic domains (Zermatt-Saas and Antrona units; Figure 1b). The presence of
serpentinite-bearing oceanic domains is presumably important for the Alpine orogeny, due to its relatively lower
density and viscosity compared to surrounding crustal and mantle rocks (e.g., Angiboust et al., 2009; Forster
et al., 2004; Hess, 1955; McCarthy et al., 2020).

Metamorphic zoning follows the arcuate shape of the Western and Central Alpine mountain belt (Figure 2a).
Throughout the Western Alps, metamorphic facies conditions related to subduction are observed, from UHP to
greenschist facies (Figures 2a and 2b; Berger & Bousquet, 2008; Bousquet et al., 2008; Oberhénsli et al., 2004).
Studies from the early 1970s provide the first overview of the metamorphic facies distribution in the Alps
(Ernst, 1971) and a first overview of the mineralogy and distribution of metamorphic indicators was provided in
the 26th International Geological Congress (Saliot et al., 1980), although UHP rocks were not identified until a
few years after (e.g., Agard, 2021; Chopin, 1984). Soon after, it was becoming more apparent that there exists a
regional metamorphic trend, with an internal zone of HP domains and decreasing metamorphic grade toward the
external, foreland basin direction (Figures 2a, 2¢ and 2d; see also recent review by Agard (2021)).

Figure 2 shows a simplified distribution of metamorphic rocks within the Western Alps, modified after Oberhinsli
et al. (2004) and Bousquet et al. (2008), based on approximate pressure and temperature ranges for basic meta-
morphic facies (Philpotts & Ague, 2009). Petrologically determined pressure-temperature pathways for a range
of lithologies and from various locations within the Western Alpine metamorphic belt typically exhibit clockwise
burial and exhumation pathways (Figure 2b). This subduction-related metamorphism is, in some places, over-
printed by a thermally dominated metamorphic event, for example, Lucomagno nappe heating during decom-
pression (LU in Figure 2b; Wiederkehr et al., 2008). This thermal perturbation within the Central Alps is known
as the Lepontine Dome, and is characterized by a metamorphic domal structure of concentric thermal isograds
(e.g., Steck & Hunziker, 1994) that presumably crosscut early Alpine HP, low-temperature nappe boundaries of
the Penninic units (e.g., Burg & Gerya, 2005). This heating event reaches amphibolite to granulite facies condi-
tions c. 600°C + 150°C (e.g., Engi et al., 1995) dated between 40 and 30 Ma (e.g., Schlunegger & Willett, 1999),
as well as local anatexis in the southern Central Alps close to the late Alpine Bergell intrusion (32.8-22 Ma:
Gianola et al., 2014; Gregory et al., 2009; Oberli et al., 2004; Rubatto et al., 2009; von Blackenburg, 1992). In
cross section, late-Alpine thermal overprinting is mainly confined to rocks derived from the subducting European
plate (Figure 2c; Bousquet et al., 2008). Compared to earlier subduction-related metamorphism, the mechanisms
for the late thermal event are still disputed, with interpretations including viscous heating or increased radiogenic
heat production (e.g., Burg & Gerya, 2005; Jamieson et al., 1998).

3. Numerical Model
3.1. Model Approach and Overview

We apply a numerical model to simulate the convergence of a marine basin with exhumed mantle that is bounded
by two magma-poor passive margins (Figure 3b). We do not design this initial basin configuration ad hoc, but
generate this basin configuration with a lithospheric rifting simulation using the same numerical model. The
model characteristics such as the size of the basin, the rifting and convergence velocities, or the duration of rifting
and convergence are chosen to be applicable to the Western Alpine orogeny, which likely resulted from a Wilson
Cycle involving an embryonic ocean (e.g., Candioti et al., 2021; Beaussier et al., 2019; Chenin et al., 2019; Erd6s
et al., 2019; J. F. Dewey & Burke, 1974; Mohn et al., 2010; Wilson, 1966). The term embryonic implies that the
ocean basin mainly formed by ultraslow spreading without the generation of significant mature oceanic crust
(e.g., McCarthy et al., 2020). Although the numerical simulation covers an entire extension-convergence cycle,
we focus here only on the last stages of the convergence period involving subduction and exhumation of conti-
nental crust. Our modeling approach is, hence, different from most previous numerical models as we do not
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Figure 3. Numerical results showing the evolution of model units and effective viscosity (#,) of the mantle prior to
continental collision. (a) Rifting of continental lithosphere and exhumation of the mantle. (b) End of thermal relaxation phase
and serpentinization of upper portions of exhumed mantle. (c) Convergence of model and single-sided subduction initiated
below distal portions of a hyper-extended continental margin. Colors of continental units changed to blue for subducting plate
in order to delimit and imitate the European margin subducting below Adria (Figure 1). (d) Closure of ocean basin and onset
of subduction of continental crust.

prescribe ad hoc the preconvergence passive margin architecture and a prominent trans-lithospheric weak zone to
predetermine the location and orientation of the subduction zone.

We first simulate the initial basin configuration with two subsequent model periods: (a) Extension for 50 Myr of
a continental lithosphere with initially constant thickness (see Table S1 and Figure S1 in Supporting Informa-
tion S1), which leads to the formation of asymmetric passive continental margins bounding a marine basin floored
by exhumed mantle (Duretz et al., 2016; Petri et al., 2019; Figure 3a). We apply 1.0 cm yr~! absolute boundary
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velocity during extension, which corresponds approximately to the average extension velocities during Alpine
Mesozoic rifting (Le Breton et al., 2021). (b) A 60 Myr long period without far-field extension or convergence
allowing for thermal equilibration of the evolved basin-margin system (e.g., Le Breton et al., 2021; Figure 3b).
At the end of this cooling period, we parameterize a serpentinization front at the upper portions of the mantle
exhumed in the basin (e.g., McCarthy et al., 2020). The simulated basin configuration, involving the serpentinite,
serves as initial model configuration for the convergence simulation.

Figure 3b displays the initial configuration for the convergence simulation, which is separated into two periods:
(a) Convergence is applied with 1.5 cm yr~! absolute boundary velocity for 30 Myr to model plate boundary
formation by subduction initiation and basin closure (e.g., Handy et al., 2015; J. Dewey et al., 1989; Manzotti,
Ballevre, et al., 2014; S. M. Schmid et al., 1996; Figure 3c). (b) The applied boundary velocity is reduced to
1.0 cm yr~! for the rest of the simulation when the continental crust of the lower plate starts subducting. Subduc-
tion and exhumation of continental crustal rocks takes place during this period with reduced convergence velocity
(e.g., Handy et al., 2015; S. M. Schmid et al., 1996; Figure 3d), which is the main focus of our study.

3.2. Numerical Algorithm and Model Configuration

The applied petrological-thermomechanical model is a state-of-the-art model for lithosphere and upper
mantle deformation (Candioti et al., 2020, 2021; Duretz et al., 2016; Petri et al., 2019). The model considers
visco-elasto-plastic incompressible deformation, gravity, heat transfer, a simple erosion model, and thermody-
namically constrained densities. The mathematical model, the numerical algorithm, and its calibration to the
lithosphere-upper mantle system are described in detail in the open-access articles of Candioti et al. (2020, 2021).
We therefore do not describe these details here again but, for completeness, provide a detailed description of the
applied petrological-thermomechanical model in Supporting Information S1.

The initial model configuration for the extension model consists of a model domain with dimensions
1,600 x 680 km (Figure S1 in Supporting Information S1). We employ a global numerical resolution of 1 X 1 km.
Modeled units include a 25 km thick mechanically heterogeneous upper crust and a 8 km thick homogeneous
lower crust (Figures S1b and S1c in Supporting Information S1). Heterogeneities in the upper crust are modeled
with initially elliptical regions having different mechanical properties than the surrounding, background crust
(see Figure S1c in Supporting Information S1; see also Candioti et al. (2021)). The lithospheric mantle extends
down to 120 km depth and we include the upper mantle down to a depth of 660 km. The upper regions of the
mantle lithosphere also contain heterogeneities with different mechanical properties compared to the surrounding
mantle (see Figure S1c in Supporting Information S1; see also Candioti et al. (2021)).

After the extension and cooling period (Figures 3a and 3b), the upper crust is separated by a basin with exhumed
mantle lithosphere. The top of the exhumed mantle is replaced by a layer of serpentinite with different thickness,
either 3, 5, or 6 km. Based on this initial configuration, we performed a systematic analysis of 18 numerical
simulations, which test the impact of three parameters on the subduction and exhumation dynamics: (a) conti-
nental crustal strength using a flow law of either Westerly granite or wet anorthite, (b) degree of parameterized
serpentinization by applying different initial serpentinite thickness (3, 5, or 6 km), and (c) different convergence
velocities after basin closure (see Figures S3 and S4 in Supporting Information S1). The applied flow laws for the
lower crust (wet anorthite), mantle lithosphere (olivine), the initially elliptical heterogeneities, and serpentinite
(antigorite) are specified in Table S1 in Supporting Information S1. From these 18 simulations, we selected two
representative simulations: the flow law for the crust is that of Westerly granite, the convergence velocity after
basin closure is 1.0 cm yr~! but the initial serpentinite thickness is either 3 or 6 km. We chose these two simu-
lations because they show two endmember scenarios for orogenic wedge formation applicable to the Western
Alps: (a) an orogenic wedge without significant exhumation (for 3-km serpentinite thickness) and (b) an orogenic
wedge with significant exhumation (for 6-km serpentinite thickness; Figure 4, the results are discussed in detail
in Section 4). For the simulation with 6-km serpentinite thickness (Table S1 in Supporting Information S1), we
also performed four additional simulations with different properties of the crustal heterogeneities in the subduct-
ing crust to investigate the impact of these heterogeneities on the burial and exhumation dynamics (Figure 5 and
Figure S6 in Supporting Information S1).

For the convergence simulations, the variation of the density with pressure and temperature is calculated before
the simulations for all model units with Perple_X phase equilibria models (Connolly & Petrini, 2002). The
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Figure 4. Numerical results showing several characteristics of the subduction interface during continental collision for simulations with initially 3-km serpentinite
thickness (left column) and 6-km thickness (right column). (a and e) Model units. (b and f) Effective viscosity (7,;), highlighting the low-viscosity plate interface
propagating to the surface in the 6-km serpentinite model. (c and g) Square root of the second invariant of the deviatoric stress tensor (o). (d and h) Density distribution
(p). Scientific color maps used are provided by Crameri (2018).

average bulk rock compositions assumed for the model units are given in Table S2 in Supporting Information S1
and the employed phase diagram density fields are displayed in Figure S2 in Supporting Information S1.

The term “model-age (Myr)” presented in each figure denotes the use of simulated time being analogous to
geological time used in many petrological studies, whereby the present day is regarded as 0 million years ago
(Ma) and increases positively into the past. In this study, we adopt the same approach, whereby the final time
step has a model-age of 0 Myr. When applying the presented models to the Western Alps, the relative timescale
of events should be considered. The absolute “model-ages™ are of no significance, and 0 Myr (for the end of each
simulation) has been chosen to aid comparison of timescales of orogenic activity, and therefore, should not be

compared with absolute timing in the geological history of the Alps.
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Figure 5. Numerical results showing the evolution of model units and isotherms for models with 6-km serpentinite thickness and varying properties of crustal
heterogeneities in the distal regions of the subducting plate (light blue units). (a—c) Weaker and denser heterogeneities in the distal portions of the subducting plate,
compared to the background upper crust (referred to as standard configuration in the text; physical properties are given in Supporting Information S1). (d-f) Weaker
and much denser crustal heterogeneities. (g—i) Stronger and denser crustal heterogeneities. (j—1) Stronger and much denser crustal heterogeneities. (m-o) The properties
of the light blue heterogeneities (standard configuration) have been interchanged with the properties of the more proximal, dark blue heterogeneities (stronger and much
denser; standard configuration). Color plots of densities and effective viscosities are displayed in Figures 4f, 4h and Figure S6 in Supporting Information S1.

3.3. Defining Numerical Metamorphic Facies

To assess the distribution of metamorphic facies within the modeled orogen, P-7- histories for numerical mark-
ers are analyzed. A Marker-in-Cell method (Gerya & Yuen, 2003) is employed to transport physical properties
throughout the numerical grid. Nearly 56 million Lagrangian markers are used to transport physical properties
at each time step. From the 56 million markers in total, ¢. 10,000 representative markers are chosen for each
simulation from the continental passive margin of the subducting plate prior to subduction. Following the P-T
trajectory of markers during subduction, the maximum values of P and 7 are used to define a metamorphic facies
(Figure 2b). This metamorphic facies identity at peak conditions is then stored for each individual marker regard-
less of its position during subsequent exhumation. Although a simplified metamorphic facies grid (Philpotts &
Ague, 2009), that is neglecting subdivision such as upper greenschist facies and blueschist subdivisions etc., the
main subdivisions are captured, for example, eclogite-UHP transition defined by quartz-coesite. Also, a limiting
geothermal gradient of 5°C/km for the forbidden zone conditions is illustrated for clarity in Figure 2b. These
metamorphic facies divisions are similar to those used in studies characterizing the metamorphic structure of
metasediments throughout the European Alps (Figure 2; e.g., Bousquet et al., 2008).
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Since we are assessing subduction-related metamorphism, that is peak-metamorphic conditions, several assump-
tions are made. First, a major assumption is that peak-metamorphic conditions define an equilibrium state in a
rock, and thus peak-metamorphic rates are attained at peak conditions (e.g., Spear, 1989). Second, rocks defined
by facies domains are assumed to be saturated and in equilibrium with water. Third, we do not define transition
zones between facies that could correspond to variations in bulk rock compositions or kinetic factors, which is a
mixture of the above-mentioned assumptions (Philpotts & Ague, 2009). Overall, we do not numerically model
mineral assemblages that evolve during changing P-T conditions, rather, we infer the range of P-T conditions that
would define an assemblage. This enables us to build a picture of the relative P-T conditions for subducted and
exhumed continental rocks (Ghent, 2020).

A caveat of this approach is that the maximum P and maximum T of P-T pathways rarely correspond to the
same point in P-T space. Therefore, we evaluate two peak metamorphic condition scenarios: (a) maximum 7 and
corresponding P (herein referred to as max. 7), and (b) maximum P and corresponding 7T (herein referred to as
max. P). For each numerical simulation, we present the results for both facies based on the max. P or max. 7. A
graphical representation of the difference between the max. P and max. 7 facies and the resulting metamorphic
facies identity can be found in Figure S5 in Supporting Information S1.

4. Results
4.1. Preconvergence Situation and Subduction Initiation

Lithospheric extension leads to crustal breakup and the formation of two conjugate asymmetric magma-poor
continental margins (Figures 3a and 3b). After cooling at 70 Myr, a ¢. 360 km wide marine basin has formed,
which is floored by exhumed mantle (Figure 3b). Thermal convection in the upper mantle has stabilized the ther-
mal and mechanical thickness of the lithosphere to c. 120-140 km (region without velocity glyphs in Figure 3b).
At the end of the cooling period, the top 3 or 6 km of the exhumed mantle are replaced by material properties of
serpentinite (Table S1 in Supporting Information S1). The extension and cooling period has generated a configu-
ration of a basin with exhumed mantle bounded by two asymmetric passive margins with the following character-
istics: (a) the basin-passive margin geometry is thermomechanically feasible, (b) the basin-passive margin system
is mechanically and isostatically stable since there are no significant horizontal and vertical displacements during
the cooling period, (c) an equilibrium conductive geotherm has established across the lithosphere and stable ther-
mal convection cells have stabilized an average adiabatic thermal gradient in the upper mantle (see also results of
Candioti et al. (2020)), and (d) there are no major predefined weak zones across the lithosphere. This simulated
basin-passive margin configuration serves as initial configuration for the convergence simulations.

During the early stages of convergence, subduction initiation is horizontally forced and caused by strain localiza-
tion due to thermal softening (for more information see Auzemery et al. (2020), Candioti et al. (2021, 2022), and
Kiss et al. (2019, 2020)). Subduction initiation occurs below the distal portions of one continental hyper-extended
margin (Figure 3c). The location and polarity of subduction initiation is not prescribed, but develops spon-
taneously in both models with a 3- and 6-km serpentinite layer thickness. Subduction initiation is, hence, a
self-consistent thermomechanical feature of the converging basin-passive margin system. Furthermore, the char-
acteristics of the emerging subduction plate interface have not been predefined and this interface also emerges
in a spontaneous manner. During basin closure and subduction, the serpentinites are strongly deformed, partly
sheared off the subducting slab, and eventually reorganize along the subduction interface (Figure 3d). In this
study, we focus on the model evolution after basin closure, starting from the onset of subsequent subduction of
continental crust during the final 40 Myr (Figures 4 and 5).

4.2. Subduction and Syn-Convergent Exhumation

Figure 4 highlights the main characteristics of the subduction plate interface during subduction and orogenic
wedge formation. For both models with initially 3- and 6-km thick serpentinite, a weak plate interface, having
an effective viscosity of less than c¢. 10% Pas, develops in depths larger than c. 25 km (Figures 4b and 4f). The
situation is different for the uppermost 25 km. For the 3-km serpentinite model, a weak plate interface with low
effective viscosity (<10%° Pas) is unable to develop within the uppermost 25 km due to the absence of serpentinite
in this region (Figures 4a and 4b). Largest deviatoric stresses are ¢. 200 MPa in the uppermost 25 km (Figure 4c).
These large deviatoric stresses form a more or less continuous horizontal layer indicating that the entire upper part
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of the orogen is under compression (Figure 4c). In contrast, for the 6-km serpentinite model, a weak plate inter-
face made of serpentinite develops in the uppermost 25 km (Figures 4f and 4g). Deviatoric stresses are smaller
in the uppermost 25 km of the orogen center, compared to the 3-km serpentinite model (Figure 4g). The different
strength of the plate interface in the upper region of the orogen has a strong impact on the syn-convergent exhu-
mation, as will be discussed below. For both the 3- and 6-km serpentinite models, the overall density structure is
similar (Figures 4d and 4h), so that differences in density and buoyancy are most likely not causing differences in
exhumation dynamics between the two models. In contrast to the simulation with 3-km serpentinite thickness, the
simulation with 6-km serpentinite thickness shows syn-convergent exhumation of subducted upper crust, which
is also visible by the upwards-bent isotherms associated with thermal advection during exhumation (Figure 4e).
In this simulation, the crustal heterogeneities in the distal region of the subducting crust (light blue regions in
Figure 4e) have an effective viscosity that is smaller than the one of the surrounding, background crust (blue
color in Figure 4e; viscosities shown in Figure 4f) but a density that is larger than the one of the background
crust (Figure 4h). The heterogeneities in the more proximal region of the subducting crust (dark blue regions in
Figure 4e) have an effective viscosity that is larger compared to the background crust (Figure 4f) and a density
that is much larger compared to the background crust (Figure 4h). We refer to these properties of the crustal heter-
ogeneities in the subducting crust as the standard configuration. Since only this simulation with 6-km serpentinite
thickness shows significant exhumation, we also investigate the impact of the effective viscosity and density of
the crustal heterogeneities on the syn-convergent exhumation (Figure 5).

Figure 5 presents subduction-exhumation dynamics for five simulations with 6-km serpentinite thickness and
with varying density and effective viscosity of the heterogeneities in the distal and more proximal regions of the
subducting crust (with light and dark blue color). Colorplots of the representative values of densities and effec-
tive viscosities are shown in Figures 4f and 4h and Figure S6 in Supporting Information S1. For the simulation
with distal heterogeneities (light blue color in Figure 5) having the standard configuration (same simulation as
shown in Figures 4e—4h; physical properties are given in Table S1 in Supporting Information S1), syn-convergent
exhumation occurs (Figures 5a—5c). If the distal heterogeneities are kept weaker (i.e., standard configuration) but
densities are much denser (by employing the densities of the more proximal, dark blue heterogeneities) relative to
the background upper crust, then syn-convergent exhumation still occurs (Figures 5d—5f). We observe a similar
exhumation style to that of the simulation with standard configuration (Figures 5a—5c). If the distal heteroge-
neities are kept denser (i.e., standard configuration), but the heterogeneities are made mechanically stronger
(by employing the flow law parameters of the more proximal, dark blue heterogeneities), then syn-convergent
exhumation also still occurs (Figures 5g—5i). For this simulation, the exhumation style is different since the light
blue heterogeneities deform significantly less during subduction and exhumation (Figures 5g—5i). The light blue
heterogeneities show a very coherent exhumation and the uppermost exhumed light blue heterogeneity shows the
geometry of a fold nappe with an overturned and highly sheared (thinned) limb (Figures Sh and 5i). If the distal
heterogeneities are made both much denser and mechanically stronger as the background upper crust, then signif-
icant syn-convergent exhumation does not occur anymore for the distal region (Figures 5j—51). Some exhumation
still occurs at the transition between the distal and proximal regions of the subducted crust (dark and light blue
heterogeneities in region with upward-bent isotherms in Figure 51). Finally, if the properties of the distal, light
blue heterogeneities with standard configuration are interchanged with the properties of the more proximal, dark
blue heterogeneities with standard configuration, then no significant exhumation occurs (Figures 5Sm—50). Defor-
mation is localized in the proximal regions with dark blue heterogeneities, which is visible by the strong defor-
mation of these dark blue heterogeneities (Figures Sm—50). The evolving orogenic wedge without significant
exhumation is similar to the thrust-diapir mode of orogenic wedges in the classification of Candioti et al. (2021).
The different properties of the distal, light blue heterogeneities also affect the timing of the onset of exhumation
(Figures 5a, 5d and 5g). If heterogeneities have standard configuration, then exhumation starts earliest (22 Myr;
Figure 5a) and if heterogeneities are stronger and denser, then exhumation starts later (15 Myr; Figure 5g). In the
following, we focus on the simulation with standard configuration (Figures 5a—5c¢) for the comparison between
simulations with 3- and 6-km serpentinite thickness.

We use color coding of markers based on their initial paleogeographic position prior to subduction to study
their P-T trajectories during subduction, collision, and exhumation (Figure 6). We focus on the passive margin
of the subducting plate. Furthermore, we analyze representative P-T pathways of individual markers (Figure 6).
Numerical simulations with a 3-km serpentinite thickness (Figures 6a—6¢) subduct continental portions of the
distal hyper-extended domain to depths of >100 km. However, these HP domains are unable to exhume to depths
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Figure 6. Evolution of model units with markers indicating initial paleogeographic position. (a—c) Model with initially 3-km serpentinite thickness where markers
are colored by paleogeographic position at the former hyper-extended margin, as well as representative P-T evolution for selected subducted continental particles.
Marker colors vary from white (proximal domain) to black (distal domain). (d—f) Model with initially 6-km serpentinite thickness where markers are colored by
paleogeographic position at the former hyper-extended margin, as well as representative P-T evolution for subducted continental particles.

shallower than 40 km (Figure 6¢) and are prevented from reaching the surface by the over-riding plate. These
subducted units do not retain their coherency and subsequently form a mechanical mixture below the overriding
plate (Figure 6¢). The overriding plate also forms a strong buttress to the more proximal domains toward the
foreland, preventing them from being subducted (Figures 6a and 6¢). The continental collision subsequently
initiates foreland-directed folding and thrusting of continental material at shallow depths, as seen by the defor-
mation of the weak and strong heterogeneities within the crust of the subducting plate (Figure 6¢). Numerical
simulations with a 6-km serpentinite thickness (Figures 6d—6f) also subduct continental portions of the distal
hyper-extended domain to depths of >100 km. In contrast to the simulation with 3-km serpentinite thickness,
considerable portions of the subducted rocks are exhumed to <5 km depth (Figure 6f). P-T trajectories for repre-
sentative markers within the subducting crust exhibit a clockwise burial and exhumation pathway (Figure 6f). The
structural coherency of subducted and exhumed continental portions is maintained. The former paleogeographic
transition from distal to proximal can still be observed in the final exhumed configuration, where distal parts are
found within the core of the orogeny and proximal portions toward the foreland (Figure 6f). During the early
stages of decompression, after peak P has been attained, buoyant exhumation of continental markers follows a
near-isothermal decompression pathway (Figure 6f).

Figure 7 shows the temporal evolution of pressure, temperature, and depth for individual markers indicated in
Figure 6 for both models with 3- and 6-km serpentinite thicknesses. Due to the lack of exhumation of deeply
subducted particles for the 3-km serpentinite model, we do not observe notable cooling after peak conditions
are attained (Figure 7a). In contrast, for the 6-km serpentinite model we observe cooling during exhumation into
the shallower and cooler regions of the lithosphere (Figures 7b and 7d). For both models, we observe that peak
values of P and T do not occur at the same time (Figures 7a and 7b). Typically, peak T values post-date peak P
values with larger discrepancies occurring for models with 3-km serpentinite (Figure 7a). For the 3- and 6-km
serpentinite models, the average vertical burial velocities of markers buried deeper than 50 km are c. 4.5 mm/
yr (Figures 7c and 7d). The average exhumation velocities for the 3-km serpentinite model do not exceed 3 mm/
yr (Figure 7c). The exhumation velocities are, hence, slower than the burial velocities. The average exhumation
velocities for the 6-km serpentinite model are c. 6.5 mm/yr (Figure 7d). However, for short time intervals of few
million years, exhumation velocities can exceed 10 mm/yr (e.g., marker indicated by solid black circle between c.
9 and 7 Myr in Figure 6d). These exhumation velocities, hence, are larger than subduction-related burial velocities

VAUGHAN-HAMMON ET AL.

12 of 28



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009898

I

700

~
o
o

4 Y 6 km serpentinite
1550 3

3 km serpentinite

w
[¢)]
a
o

Pressure [GPa]
N
N
o
o
Temperature ['C]

1400 2
1 250 1 1250
0 100 ¢ 100
40 40 30
0 0
£ =0 -50
S
oy &
8 -100 -100 2
g
&
-150 . + . . - . -150 . ’ . . . .
35 30 25 20 15 10 5 35 30 25 20 15 10 5
Model-age [Myr] Model-age [Myr]

Figure 7. Pressure, temperature, and depth evolution with time of selected markers, whereby marker symbols indicate the
conditions of peak metamorphic grade (same markers as those in Figure 6). Left column shows results for models with
initially 3-km thick serpentinite and right column results for 6 km. (a and b) P-7-time evolution with peak temperature
and peak pressure conditions indicated. (c and d) Depth-time evolution with maximum depth indicated and representative
exhumation velocity gradients. Dashed boxes in panels (b and d) highlight the contribution of tectonic pressure for the red
circle marker (see text for details).

(Figure 7d). For one marker of the simulation with 6-km serpentinite, a significant deviation from the lithostatic
pressure is observed (red circle marker, Figures 6e and 6f, 7b and Figure S5 in Supporting Information S1). This
marker is buried to a maximal depth of c. 25 km (Figure 7d). The peak P (indicated by the red circle) is similar to
the peak P of a neighboring marker (indicated by the purple circle), which has been buried c. 14 km deeper. The
two markers are indicated in the dashed boxes in Figures 7b and 7d, to easily compare their similar peak P but
different maximal burial depth. For the marker indicated with the red circle (Figures 7b and 7d), the peak P is c.
0.4 GPa higher with respect to the corresponding lithostatic pressure, indicating a tectonic overpressure (see also
Figure S5 in Supporting Information S1).

4.3. Peak Metamorphic Conditions

Peak metamorphic conditions of continental markers that are subducted during convergence are presented in
Figure 8. For similar areas within the hyper-extended margin (Figures 6a and 6d), the distribution of peak P and T’
conditions for models with 3- and 6-km serpentinite vary considerably (Figure 8). The paleogeographic position
of markers prior to subduction also varies for the two models. For 3-km serpentinite, the range of peak P-T condi-
tions spans a considerable range of pressures; however, the temperature ranges for the corresponding pressure
values are more narrow for max. T values (Figure 8a), compared to max. P values (Figure 8b). The paleogeo-
graphic position shows that markers showing lower-grade conditions originate from the more proximal portions
of the hyper-extended margin, whereas markers that record high-grade conditions originate from distal regions
(Figures 8a and 8b). For the 6-km serpentinite model, the temperature ranges for the corresponding pressure
values span a broader temperature range compared to 3-km serpentinite models (Figures 8c and 8d). This temper-
ature range does not vary as considerably between max. T (Figure 8c) and max. P (Figure 8d) compared to the
3-km serpentinite model. The paleogeographic position correlates stronger with temperature rather than pressure,
with more proximal regions reaching higher peak 7 compared to more distal regions (Figures 8c and 8d).

Considering only the markers that are subducted and subsequently exhumed to <25 km depth (red points
Figures 8 and 9), we observe a significant difference between models with 3- and 6-km serpentinite: markers for
the 3-km serpentinite model do not record P > 1 GPa and T > 400°C (Figures 9a and 9b), compared to markers
for the 6-km serpentinite model that record P > 3.0 GPa and 7' > 600°C (Figures 9c and 9d). The majority of ages
of peak P and T for the 3-km serpentinite model occur late in the model evolution (15-5 Myr before the model
stops at 0 Myr; Figures 9a and 9b). Peak metamorphic ages for the 6-km serpentinite model based on max. T
show a trend of older ages (25-5 Myr) compared to the 3-km serpentinite model, where we observe younger ages
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Figure 8. Maximum P-T conditions attained by analyzed markers (indicated in white to black colors in Figure 6), colored as
function of initial paleogeography within the hyper-extended margin prior to subduction (see Figure 6). Particles exhumed
to <25 km depth are indicated in red. Max. temperature (a and c) corresponds to P-T conditions determined by using the
maximum temperature attained during subduction. Max. pressure (b and d) corresponds to P-T conditions determined by
using the maximum pressure attained during subduction (see methods in Section 3.3). Top row (a and b) shows results for
simulation with initially 3-km thick serpentinite and bottom row (c and d) results for 6 km.

at higher temperatures and lower pressures (e.g., 0.5 GPa and 400°C, Figure 9a). Peak metamorphic ages corre-
sponding to max. P values in the 6-km serpentinite model show predominantly older ages (40-5 Myr) compared
to max. T values (Figure 9¢c). Ages for max. T and max. P values exhibit a general trend of older ages for peak
metamorphism with increasing temperature (Figure 9d). Furthermore, the results show that the highest peak 7 of
exhumed rocks is ¢. 620°C (Figure 9d) and the highest peak P is c. 3.5 GPa (Figure 9d).

As outlined in Section 3.3, peak metamorphic facies are mapped within the modeled orogen for continental crust
that has been subducted and exhumed. This peak metamorphic facies analysis has also been undertaken on 6-km
serpentinite simulations where we vary the mechanical properties of the heterogeneities in the upper crust (see
Figure S7 in Supporting Information S1). Figures 10a and 10c shows the metamorphic facies distribution for
the 3-km serpentinite model based on peak P-T values corresponding to max. 7' (Figures 10a and 10b) and max.
P (Figures 10c and 10d). Overall, the metamorphic facies are distributed in a horizontally layered manner, in
cross-section view, across the orogen (Figures 10a and 10c). The majority of subducted markers record eclogite
facies and are confined to depths larger than c. 40 km. Minor volumes of UHP facies are present in the deeper
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Figure 9. Age of maximum P-T conditions attained by particles subducted and exhumed to <25 km depth, colored as a
function of age of peak metamorphic conditions. Top row (a and b) shows results for simulation with initially 3-km thick
serpentinite and bottom row (c and d) results for 6 km. Max. temperature corresponds to P-T conditions determined by using
the maximum temperature attained during subduction. Max. pressure corresponds to P-T conditions determined by using the
maximum pressure attained during subduction (see methods in Section 3.3).

portions of the orogen where substantial tectonic mixing has occurred (c. 40 km; Figures 10a and 10b). Higher
volumes of blueschist and UHP facies are present for peak conditions based on max. P values (Figures 10c
and 10d), than compared to max. T (Figures 10a and 10b). Figures 10e and 10g shows the metamorphic facies
distribution for the 6-km serpentinite model. Overall, metamorphic facies of continental regions exhumed to
depths <25 km are distributed laterally across the orogen. The highest grades are observed within the core of the
orogen closer to the upper plate and decrease in grade toward the foreland (Figures 10e and 10g). For peak meta-
morphic values based on max. 7, metamorphic grades ranging from UHP, eclogite, blueschist, greenschist, and
zeolite are observed within the uppermost 25 km (Figure 10e). Similar to the 3-km serpentinite model, the 6-km
serpentinite model also contains relatively larger volumes of UHP and blueschist facies for peak conditions based
on max. P values (Figures 10g and 10d), compared to max. T (Figures 10e and 10f). High-temperature amphi-
bolite facies occur in small volumes between 30 and 40 km depth for max. T-based facies models (Figure 10e),
something that is not observed in max. P-based facies models (Figure 10g).

VAUGHAN-HAMMON ET AL.

15 of 28



A2 |
MNI
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009898

20 Ezkgsepenie

©w

Max.
temperature

- N
SR

Pressure [GPa]

-

o
2

1000

1000

Pressure [GPa]

200 400 600 800 1000

Max.
pressure
5

-200 150 100 -50 0 200 T400 600 °C800 1000
[km] emperature ['C]
i

Figure 10. (a) Numerically calculated metamorphic facies distribution for the model with initially 3-km serpentinite
thickness, based on max. temperature. (b) Representative maximum P-T conditions plotted over metamorphic facies grid
(black squares; modified after Philpotts and Ague (2009)) and representative P-T loops (similar to markers in Figures 6 and 7
where peak conditions are indicated by colored markers). (c) Metamorphic facies distribution (3-km serpentinite model)
based on max. pressure. (d) Representative maximum P-7 conditions plotted over metamorphic facies grid (black squares)
and representative P-T loops (similar to markers in Figures 6 and 7 where peak conditions are indicated by colored markers).
(e) Metamorphic facies distribution (6-km serpentinite model) based on max. temperature. (f) Representative maximum P-T
conditions plotted over metamorphic facies grid (black squares) and representative P-T loops (similar to markers in Figures 6
and 7 where peak conditions are indicated by colored markers). (g) Metamorphic facies distribution (6-km serpentinite
model) based on max. pressure. (h) Representative maximum P-T conditions plotted over metamorphic facies grid (black
squares) and representative P-7 loops (similar to markers in Figures 6 and 7 where peak conditions are indicated by colored
markers).
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S. Discussion
5.1. Serpentinite Thickness and Subduction Interface Strength

The variation in initial thickness of serpentinized exhumed mantle (here 3 or 6 km), separating the hyper-extended
passive margins formed during rifting, has a dramatic effect on the subduction and exhumation style in the
modeled orogens. In our models, the weak serpentinite is the main model feature that controls the strength of the
emerging subduction interface. Where serpentinite is present and numerically resolvable along the subduction
interface, there the interface is weak. Where serpentinite is missing, or numerically not resolvable, there the
interface is strong (Figure 4). In nature, the emerging subduction interface strength is likely also controlled by
more complex processes such as fluid-induced softening, reaction-induced softening, partial melting, grain size
reduction, or anisotropy development. These microscale and multiphase processes are currently not considered
in our large-scale lithosphere-upper mantle model. Therefore, the presence and distribution of serpentinite along
the emerging subduction interface is a proxy for the subduction interface strength. In our model, an initial serpen-
tinite thickness of 6 km is required so that a subduction interface with a layer of sheared serpentinite can develop
and be numerically resolved. A layer of 6-km thick serpentinite is larger than typically observed thicknesses of
serpentinites above exhumed mantle, such as in the exhumed units from the former Piemonte-Liguria domain
(McCarthy et al., 2020). However, serpentinized peridotite has been suggested to reach depths of 8 km, which is
also supported by geophysical evidence (Andréani et al., 2007; Chian et al., 1999; McCarthy et al., 2020). The
main reason for including a potentially too large initial serpentinite thickness in our model is due to the numerical
resolution of 1 X 1 km. In order to form a numerically resolvable layer of serpentinite after significant shearing
and thinning during subduction, an initial thickness of 6 km is required in our model. Consequently, the applied
initial thickness of serpentinite should be considered with caution when compared directly with typical natural
thicknesses of serpentinite.

5.2. Impact of Density and Strength of Crustal Heterogeneities

Including initially elliptical mechanical heterogeneities throughout the upper regions of the model lithosphere
(Figure S1 in Supporting Information S1) is motivated by field observations in the Central and Western Alps,
which indicate a mechanically heterogenous preconvergence lithosphere (Duretz et al., 2016; Petri et al., 2019).
Systematic studies by Duretz et al. (2016) and Petri et al. (2019) highlight the influence of mechanical hetero-
geneities during passive margin formation. These numerical studies show that mechanical heterogeneities can
generate a variety of features which are observed in exhumed portions of the former Alpine passive margins, such
as extraction faults, metamorphic pressure jumps, high-angle and low-angle normal faults, anastomosing shear
zones, and decoupling horizons. Simulations with mechanical heterogeneities of orogenic wedge formation were
also performed by Candioti et al. (2021).

During the extension simulation, the weak elliptical heterogeneities have been deformed during passive margin
formation (Figure 3). Hence, the heterogeneities in the distal region of the passive margin that will eventu-
ally subduct (light blue heterogeneities) have a more complex geometry before the onset of crustal subduc-
tion (Figure 3d). We show, with simulations having 6-km serpentinite thickness, that the style and timing of
syn-convergent exhumation is affected by the density and mechanical strength of the heterogeneities in the
subducted upper crust (Figure 5 and Figure S6 in Supporting Information S1).

The simulation with weak distal heterogeneities having densities of ¢. 3,300 kgm~3 (Figures 5d—5f and Figure
S6b in Supporting Information S1) shows that these very dense rock units are exhumed during ongoing conver-
gence (Figure S6b in Supporting Information S1). Hence, this simulation can explain the exhumation of smaller
volumes of denser rocks (e.g., eclogite facies rocks) together with larger volumes of less dense rocks, which
has been already suggested by previous studies (e.g., Burov et al., 2014; England & Holland, 1979) but was not
shown with numerically highly resolved crustal heterogeneities as presented here. Furthermore, distal hetero-
geneities that are mechanically stronger as the background crust exhume as structurally coherent units and can
form structures resembling fold nappes with a thinned and stretched overturned limb (Figures 5h, 5i and Figure
S6c¢ in Supporting Information S1). If the distal heterogeneities are both stronger and much denser than the back-
ground crust, then significant syn-convergent exhumation of the distal crustal units does not occur (Figures 5j-51,
Figures S6g and S6e in Supporting Information S1), likely because for this scenario, shear forces and resisting
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exhumation are larger than buoyancy forces. The interplay between buoyancy versus shear forces during orogenic
wedge formation has been studied in more detail in Candioti et al. (2021).

5.3. Syn-Convergent Exhumation, Local Extension, and Normal-Sense Shear Zones

Published syn-convergent exhumation models (e.g., Butler et al., 2014) have been criticized because they often
require significant erosion, which is not observed in the Western Alps in several regions within proximity to
exhumed (U)HP terranes (e.g., Liao et al., 2018; Malusa et al., 2015). In our syn-convergent exhumation model
with a weak subduction interface (6-km serpentinite thickness), significant erosion is not required (Figures 5, 6
and 11). The low-viscosity serpentinites form a weak subduction interface in the uppermost 25 km (Figures 4e
and 4f and 5). The upper crust of the upper plate can, therefore, easily thrust above the lower plate toward the
foreland. The subducted buoyant crust of the lower plate pushes upward and causes the upper plate to neck, or
to boudinage, and to ultimately separate (Figure 11). This necking and lateral separation indicates local upper
plate extension. During this local extension, the separated upper plate rocks move toward the foreland, which is
possible due to the weak interface below the separated unit. This separation enables the subducted rocks from the
lower plate to exhume to the surface (Figures 5a—-5i and 11a-11c).

Another feature of our syn-convergent exhumation model is a prominent shear zone with a normal shear sense
(Figure 11). To visualize the shear sense, an initially rectangular box, whose long axis is parallel to the subduction
interface, is plotted using four numerical markers that define the corners of the rectangle (Figure 11a). During
subduction, the box is progressively sheared with a normal sense of shear as the material below the subduction
interface is being exhumed (Figures 11b—11d). The sides of the initial rectangle parallel to the subduction inter-
face remain at fixed distances during progressive exhumation, attesting to the coherency of the exhuming mate-
rial (Figures 11c and 11d). The sides of the initial rectangle perpendicular to and across the subduction interface
are significantly extended (Figure 11d). Using the deformed box as a shear sense indicator, we observe local
normal sense (extensional) shear between the overriding plate and the exhuming continental units. Our results
show that local extension and crustal boudinage, as well as the formation of large-offset, crustal-scale shear zones
with normal sense, can occur during continuous plate convergence.

The model with a strong subduction interface (3-km serpentinite thickness) does not show significant exhu-
mation. The absence of exhumation is largely due to the behavior of the overriding plate (Figures 4a—4c). The
overriding plate acts like a strong lid and prevents HP units from exhuming to the surface. Local extension of the
upper plate is inhibited, due to the lack of a weak plate interface in the uppermost 25 km and the collision of the
upper crusts of the two passive margins (Figures 4a and 4b).

5.4. Predictive Modeling of Metamorphic Facies

Our results indicate that using the peak P and 7, incurred by markers during their clockwise P-T path, is a good
approximation for the distribution of subduction-related metamorphic facies (Figure 10). The assumptions made
here with regard to “freezing” in time the peak metamorphic grades, expressed in petrology as assemblages
(Section 3.3), do not differ considerably from the assumptions made when applying geo-thermobarometers to
natural samples. These assumptions are mainly, (a) equilibrium conditions in pseudo-section calculations, (b)
equilibrium due to water presence or water saturated conditions, (c¢) peak metamorphic conditions can be identi-
fied with textural observations, and (d) kinetics can be neglected. Questions arising from the assumption that the
relative phases in a peak assemblage equilibrated at a single P-T condition are not evaluated in this study (e.g.,
Spear, 1989; Spear et al., 2017). Such factors as the kinetics of metamorphic reactions during prograde pathways
focus on the scale of the mineral, whereas peak metamorphic conditions applied to the entire orogeny focus on
regional-scale trends (Figure 2). Considerable effort has been made to map such large-scale subduction-related
metamorphic trends throughout the Western Alps (e.g., Agard et al., 2002; Babist et al., 2006; Beltrando,
Compagnoni, & Lombardo, 2010; Berger & Bousquet, 2008; Bousquet et al., 2008; Oberhénsli et al., 2004),
and these trends primarily focus on peak P and T conditions. Therefore, we find the application of our simplified
metamorphic facies model to regional metamorphic facies distributions observed in natural orogens justified.

Differences in the metamorphic architecture of the modeled orogeny arise when using max. P or max. T values
for defining the metamorphic facies in P-T space (Figure 10 and Figure S5 in Supporting Information S1).
Although the larger-scale metamorphic structure is consistent, occurrences of blueschist facies and UHP facies
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Figure 11. Evolution of accumulated strain (¢, [ ] is the time integral of the strain rate invariant at each numerical grid point and is dimensionless, where white colors
indicate low strain and dark colors high strain) with pressure-temperature paths and depth-time paths for four selected markers that form the red parallelogram in the
leftmost panels. Selected markers from overriding plate are yellow and markers from subducting plate are blue to visualize exhumation and lateral separation of upper
plate during local extension. Dashed black lines indicate isotherms and numbers on dashed lines indicate temperature in °C. Rows (a—d) show results for four different
model ages. Results are from the model with initially 6-km serpentinite thickness. The four corners of the red parallelogram are defined by markers whereby the two
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black markers are from the upper plate and the two white markers are from the subducting plate. The progressive shear deformation of the red parallelogram during
exhumation indicates a normal-type shear sense between exhuming units and upper plate.

P-T conditions are more widespread in both 3- and 6-km serpentinite models when using max. P (Figures 10c
and 10g). This is primarily due to peak P and T values not being consistent (Figure S5 in Supporting Informa-
tion S1), for example, where a decrease in P occurs during continued heating. Peak 7 can be between 50°C and
100°C hotter than the corresponding 7T at peak P (e.g., red circle marker, Figures 6e, 6f and 7b). The observed
increase in blueschist and UHP facies occurrences for max. P values likely reflects the pressure dependent slope
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of the lower boundaries of metamorphic facies in P-T space (Figure 2b). This P dependency is exemplified if
we consider what facies are being replaced by blueschist and UHP facies when considering max. P. Typically,
blueschist facies replaces greenschist facies, and UHP facies replaces HP facies (Figures 10e and 10g). Therefore,
the use of metamorphic facies in our models indicates relative P-T conditions (Ghent, 2020).

5.5. Deviations From Lithostatic Pressure

The rock pressure cannot strictly be lithostatic, or hydrostatic, everywhere within the crust during orogeny,
because plate driving forces, rock deformation, and lateral topography variations are caused by differential
stresses (e.g., Schmalholz et al., 2014, 2019; Turcotte & Schubert, 2002). The magnitude of the deviation of
rock pressure from lithostatic pressure during orogeny is disputed. Several studies suggest that some observed
metamorphic rock units indicate pressures that deviate significantly from the lithostatic pressure, say deviations
>0.2 GPa (e.g., Jamtveit et al., 2018; Luisier et al., 2019; Putnis et al., 2021; Vaughan-Hammon et al., 2021b).
These potential deviations from lithostatic pressure, so-called tectonic pressure (e.g., Gerya, 2015; Moulas
et al., 2013; N. S. Mancktelow, 2008; Petrini & Podladchikov, 2000; Schmalholz & Podladchikov, 2013), are
commonly proposed for smaller units, such as lenses or shear zones, typically having a size of less than 100 m.
Our model cannot resolve such small scale units, which usually are interpreted to have significantly different
strength than the surrounding rocks. However, one region of the syn-convergent exhumation model presented (the
red circle in Figure 6 shows a representative marker) shows a deviation from lithostatic pressure of c. 0.4 GPa.
A representative numerical marker of this region belongs to portions of the background (i.e., not an elliptical
heterogeneity) continental crust, which builds up significant differential stress during subduction. This differen-
tial stress and associated tectonic pressure is the result of the mechanically heterogeneous precollisional conti-
nental lithosphere, due to weak and strong ellipses, which is motivated by field studies in the Western Alps
(Petri et al., 2019). Several studies suggest such deviations from the lithostatic pressure in the order of a few
hundreds of MPa, based on the metamorphic rock record in the Monte Rosa unit (Luisier et al., 2019, 2021;
Vaughan-Hammon et al., 2021a, 2021b). Furthermore, some studies propose that deviations from lithostatic
pressure can also be caused by differential volumetric deformation, for example, due to dehydration reactions
(Luisier et al., 2019, 2021; Schmalholz et al., 2020; Vaughan-Hammon et al., 2021a). Such volumetric changes
are not considered in our model assuming incompressible deformation. Therefore, due to the applied numerical
resolution of 1 X 1 km and the assumption of incompressible deformation, our model results are not suitable to
study potential deviations from lithostatic pressure occurring on spatial scales of less than 1 km.

5.6. Application to the Western Alps

For the model with a strong subduction interface (3-km serpentinite thickness; Figures 10a and 10c), the magni-
tudes of peak metamorphic grades are in agreement with exhumed (U)HP units observed in the Western Alps
(Figures 10b and 10d). However, for this model, the rocks with (U)HP facies remain at depths of >40 km
and do not exhume close to the surface. The absence of significant exhumation is evident in the horizontally
layered metamorphic architecture (Figures 10a and 10c) as well as the absence of closed clockwise P-T loops
(Figures 10b and 10d). Therefore, the model with a strong subduction interface is not applicable to the Western
Alps, mainly due to the lack of exhumation of (U)HP units. The resulting metamorphic architecture for the model
with a weak subduction interface (6-km serpentinite) and syn-convergent exhumation agrees to first order with
the metamorphic facies distribution in the Western Alps (Figures 2, 10 and 12). In the Western Alps, high-grade
internal metamorphic zoning exists showing a decrease in grade toward the foreland (e.g., Ernst, 1972). The
same trend exists in the modeled metamorphic facies distribution (Figure 12). However, more external (also
lower grade) domains in the Alps (e.g., Aar massif) are observed to have horizontal (or doming) peak meta-
morphic zoning patterns (e.g., Nibourel et al., 2021). Hence, the younger, postcollisional deformation in the
external Alps might be closer to our models with strong subduction interface, which resemble the formation
of a fold-and-thrust wedge (Figures 4a and 4b). The metamorphic facies gradient from high to low grade also
predicts the subduction polarity (Ernst, 1971, 1972), whereby the direction of increasing grade is the direction
of lower-plate subduction (Figure 12). The metamorphic facies distribution, hence, preserves, or “fossilizes,”
the subduction-related metamorphic architecture that was formerly at greater depths. Serpentinites control (to
some extent) this “fossilization” process by aiding exhumation of (U)HP units to the surface via buoyancy and
lubrication of a low-viscosity subduction interface. The widespread occurrences of serpentinites associated with
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Figure 12. Comparison of observed metamorphic facies distribution (in cross-section view) with numerically calculated
metamorphic facies. (a and b) Simplified cross sections of observed metamorphic facies distributions of the Western Alps
(modified after Oberhinsli et al. (2004) and Bousquet et al. (2008); see Figure 2 for location of the two cross sections). (c)
Numerically calculated metamorphic facies distribution (based on maximum temperature) for model with initially 6-km
serpentinite thickness. (d) P-T metamorphic facies grid (modified after Philpotts & Ague, 2009) comparing peak numerical
P-T values for all markers (colored in gray) and exhumed markers (colored in white) with representative P-T estimates for
major Western Alpine units (references and abbreviations are given in Figure 2). The vertical and horizontal scales for the
cross sections in panel (a—c) are identical.

HP domains within the Western Alps, for example, the Zermatt-Saas ophiolite (e.g., Forster et al., 2004), could
indicate their involvement in exhumation processes (Agard et al., 2018; Chang et al., 2009; Guillot et al., 2015;
Ruh et al., 2015; Schwartz et al., 2001; Yang et al., 2020).

The differences between the two models with strong (Figure 4a) and weak (Figure 4e) interfaces in the modeled
metamorphic architecture arise due to two contrasting styles of orogeny: (a) pure wedge-like thrusting associated
with horizontally layered metamorphic zoning for a strong interface (Figures 4a and 10a), and (b) wedge forma-
tion involving syn-convergent exhumation associated with vertically layered metamorphic zoning for a weak
interface (Figures 4e, 5a—5i and 10e). The two numerical models presented here are end-member representa-
tions of metamorphic facies development, whereas in nature, and specifically the Alps, a combination of these
endmembers likely generated many natural orogens. The impact of serpentinite strength, upper crustal strength,
and buoyancy on the style of orogenic wedge formation has also been investigated by Candioti et al. (2021).

Inherited structural complexity deriving from extensional tectonics within the former passive margin (Figure 1a)
may also contribute to the structurally complex and minor volumes of exhumed coherent UHP units observed
throughout the Western Alps, for example, Brossasco-Isasca unit (BIU; peak P is c. 3.5-4.0 GPa and peak T is
¢. 700°C-750°C) within the Dora Maira massif (Figure 2; e.g., Bonnet et al., 2022; Groppo et al., 2019; Rubatto
& Hermann, 2001). In our models with a weak interface, there are subducted and exhumed units that have peak
P-T values similar to the ones of most units of the Dora Maira massif (2-2.4 GPa and 500°C-540°C: Bonnet
et al., 2022; Groppo et al., 2019). However, the UHP and high-T markers similar to values for the BIU are not
exhumed (Figure 12d), but the largest peak P-T values of rocks exhumed in our model (3.5 GPa and 620°C) are
quite close to peak values of the BIU. The BIU is a very small tectonic slice (c. 1 km thickness) and our model
cannot resolve such small units and shear zones around such small units due to the numerical resolution of
1 X 1 km. Also, the BIU might have been an individual extensional allochthon, structurally separated from the
main distal passive margin (e.g., Bonnet et al., 2022). Such extensional allochthonous are also not included in our
preconvergence model configuration (Figure 3b). In nature, the BIU might have been exhumed as a small individ-
ual slice, but the exhumation mechanism remains disputed. Simple numerical models have shown that significant
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of subducted material (e.g., Chemenda et al., 1995; Duretz et al., 2012;
Froitzheim et al., 2006, 2003; Keller et al., 2005; Figure 11). This model also
shows the separation of the upper plate crust during exhumation (Figures 11c

600 800 1000

and 11d, yellow particles). Such separation of the Adriatic upper plate could
explain the far-traveled Adria-derived units within the external domains of
the Western Alps, such as the Gets and Simme nappes, which have been
correlated to the Adriatic passive margin (Figure 1; Escher et al., 1997;
Ferrando et al., 2004; Gasinski et al., 1997).

Estimated exhumation velocities for some exhumed continental (U)HP units

in the Western Alps indicate that exhumation velocities are approximately
equal to or larger than burial velocities (e.g., Agard et al., 2009; Manzotti et al., 2018; Rubatto & Hermann, 2001).
In our syn-convergent exhumation model, the fastest burial velocities are c¢. 4.5 mm/yr and average exhumation
velocities are 6.5 mm/yr (Figure 7d), sometimes exceeding 10 mm/yr (Figure 7d). Our syn-convergent exhuma-
tion model, therefore, agrees with estimated exhumation velocities for major tectonic units of the Western Alps
(e.g., Agard et al., 2009; Manzotti et al., 2018).

We compare all peak P and T data of exhumed rocks from our three simulations with significant syn-convergent
exhumation (simulations shown in Figures 5a-5i) with two data sets (Agard, 2021; Agard et al., 2018;
Penniston-Dorland et al., 2015) of peak P and T values from the Alps, which were estimated from natural rocks
(Figure 13). The data from Penniston-Dorland et al. (2015) include data from the entire Alps, including oceanic
and continental rocks, whereas the data from Agard et al. (2018) and Agard (2021) include only data from oceanic
rocks. Overall, our modeled peak P and T values are well within the wide range of peak P and T estimates from
natural rock (Figure 13). In the peak P range between 1.5 and 2.5 GPa, our modeled data provide peak 7 values of
maximal 600°C while estimates from natural rocks include peak values of up to 750°C (Figure 13). Peak T esti-
mates from natural rocks vary widely between 500°C and 750°C for corresponding peak P values in the range of
1.5-2.5 GPa. This wide range of peak T estimates for natural rocks, especially peak T estimates >600°C, suggests
considerably variable thermal conditions in both space and time within the Alpine belt, which could be related to
processes not considered in our models, such as magmatism, exothermic hydration reactions, and advective heat
transport associated with fluid flow.

In summary, our model of syn-convergent exhumation agrees with the following eight tectono-metamorphic
features, observations, and data from the Western Alps: (a) regional-scale structurally coherent units with the
same metamorphic facies (Figures 2 and 12), (b) a continuous metamorphic facies gradient with the highest
grades in the internal domain and lowest grades in the external domain (Figures 2 and 12), (c) modeled P-T-¢
paths that agree with estimated P-7-t paths for representative volumes of major tectonic units, such as the Dora
Maira massif (Figure 12), (d) exhumed rock units with a range of peak P and T values that lie within the wide
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range of estimated peak P and T values from natural rocks in the Alps (Figure 13), (e) exhumation without signif-
icant erosion, visible by the essentially constant area of crustal model units (Figures 5 and 11), (f) normal shear
sense observed in the upper regions of some exhumed units (Figure 11), (g) remnants of tectonic units originating
from the Adriatic margin, which are found in the external domain of the Western Alps (e.g., Simme and Gets
nappes; Figures 1, 5 and 11), and (h) exhumation velocities that are larger than the burial velocities (Figure 7).

6. Conclusions

We show with a petrological-thermomechanical numerical model that syn-convergent exhumation of UHP
rocks at a subduction zone can occur without significant erosion. In our model, we do not predefine the loca-
tion of subduction initiation, the geometry of the subduction zone, or the strength of the subduction interface;
syn-convergent exhumation develops spontaneously. Syn-convergent exhumation is enabled by a weak subduc-
tion interface in combination with local upper-plate extension, which occurs during continuous subduction and
plate convergence. In our model, the initial thickness of serpentinites, before convergence and subduction initi-
ation, represents a proxy for the strength of the subsequently developing subduction interface. A weak interface
(here for 6-km initial serpentinite thickness) enables significant burial and exhumation of crustal units, while a
strong interface (here for 3-km thickness) inhibits exhumation to the surface. The strength of the subduction inter-
face has, therefore, a major impact on the orogenic style: an orogenic wedge with syn-convergent, extrusion-type
exhumation develops with a weaker interface, and an orogenic wedge dominated by thrust-type nappe stacking
develops without significant exhumation with a stronger interface.

The applied model calculates the metamorphic facies evolution and distribution during orogenesis with approx-
imately 10,000 numerical markers recording peak temperature and pressure. For a strong subduction interface
without significant exhumation, the metamorphic facies varies mainly in the vertical direction. In contrast, for
syn-convergent exhumation, the resulting metamorphic facies varies mainly in the horizontal direction and shows
two main characteristics: (a) exhumed, structurally coherent regions with the same metamorphic facies, which
indicate the absence of significant mechanical mixing, or tectonic mélange, and (b) a facies distribution which
shows a transition from eclogite to blueschist to greenschist facies when going from the internal to the external
(toward foreland) domains.

The modeled structural coherency and the facies distribution agree, to first order, with observations in the
Western Alps. Also, the modeled pressure-temperature-time paths, as well as minor erosion in the models and
modeled exhumation velocities that are larger than burial velocities, largely agree with representative data from
the Western Alps. Furthermore, the modeled orogenic wedge exhibits far-traveled units from the overriding plate
in the external domains, which also agrees with natural observations of far-traveled Adria-side units within the
external domains of the Western Alps, such as the Gets and Simme nappes. Moreover, the simulations show that
a crustal-scale shear zone with normal sense forms during syn-convergent exhumation and that smaller rock
volumes with mantle densities can exhume together with larger rock volumes having typical crustal densities,
which are also two features relevant for the Western Alps. Based on our results, we conclude that syn-convergent
exhumation is a physically feasible mechanism for exhumation of UHP units in the Western Alps, and likely in
other orogens worldwide.

We propose that future numerical modeling studies of orogeny should also generate metamorphic facies distribu-
tions, because the comparison of modeled and natural facies distributions represents a useful test for the applica-
bility of numerical models to specific natural orogens.

Data Availability Statement

All data relevant for this study are available on the general-purpose open-access repository Zenodo (https://
zenodo.org/record/6619759%23.Yp9FsuxBzcw).
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