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Abstract: Back-arc basins in continental settings can develop into oceanic basins, when extension
lasts long enough to break up the continental lithosphere and allow mantle melting that generates
new oceanic crust. Often, the basement of these basins is not only composed of oceanic crust, but
also of exhumed mantle, fragments of continental crust, intrusive magmatic bodies, and a complex
mid-ocean ridge system characterised by distinct relocations of the spreading centre. To better
understand the dynamics that lead to these characteristic structures in back-arc basins, we performed
2D numerical models of continental extension with asymmetric and time-dependent boundary
conditions that simulate episodic trench retreat. We find that, in all models, episodic extension
leads to rift and/or ridge jumps. In our parameter space, the length of the jump ranges between
1 and 65 km and the timing necessary to produce a new spreading ridge varies between 0.4 and
7 Myr. With the shortest duration of the first extensional phase, we observe a strong asymmetry in
the margins of the basin, with the margin further from trench being characterised by outcropping
lithospheric mantle and a long section of thinned continental crust. In other cases, ridge jump creates
two consecutive oceanic basins, leaving a continental fragment and exhumed mantle in between
the two basins. Finally, when the first extensional phase is long enough to form a well-developed
oceanic basin (>35 km long), we observe a very short intra-oceanic ridge jump. Our models are able
to reproduce many of the structures observed in back-arc basins today, showing that the transient
nature of trench retreat that leads to episodes of fast and slow extension is the cause of ridge jumps,

mantle exhumation, and continental fragments formation.

Keywords: back-arc basins; mid-ocean ridge jumps; continental lithospheric extension; mantle
exhumation; continental fragments formation; subduction zones; back-arc magmatism; numerical

models

1. Introduction

Back-arc basins are common features associated with subduction zones; they develop
behind volcanic arcs as a consequence of extensional stresses in the overriding plates.
Rifting of the lithosphere yields to crustal thinning accompanied by normal faulting and,
in some cases, can lead to continental breakup, seafloor spreading, and formation of
new oceanic basins [1]. Although the process of seafloor spreading in back-arc basins is
similar to that happening at mid-ocean ridges in large oceanic basins, the morphology of
back-arc basins is often quite complicated, reflecting the complex regional tectonic history.
The relationship between extensional processes in the back-arc and subduction dynamics
is key to understanding morphologies, structures, and evolution of back-arc basins [2].
Significantly, trench velocity and upper-plate stresses, which directly affect the evolution
of the basins, are not steady-state features, but can significantly vary within a few millions
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of years. How changes in trench velocity affect the formation and evolution of back-arc
basins is the main focus of this work.

Presently, many back-arc basins are characterised by multiple mid-ocean spreading
centres. Classic examples are the Izu-Bonin-Mariana [3], Tonga-Kermadec [4], South Sand-
wich [5], and Lesser Antilles [6] intra-oceanic subduction zones (Figure 1). In the Lau Basin,
the back-arc basin of the Tonga subduction zone, new segments of the spreading centre
progressively developed along-strike, as rifting and spreading propagated southward [4].
In most cases, however, multiple spreading centres form across-strike due to ridge jumps
that generate new basins progressively younger towards the trench. A variety of processes
have been suggested for the occurrence of ridge jumps in back-arc basins, including: colli-
sion of a buoyant indenter and consequent slab rotation [2], interaction between the slab
and the upper-lower mantle transition zone [7], and the energy unbalance between the
strength of transform faults bounding the basins and the strength of the overriding plate
in narrow subduction zones [8]. Regardless of the mechanism, it is clear that extensional
stresses in back-arc basins are transient [2]. This is also the case for back-arc basins that
initially form in continental settings, as shown in the next paragraphs.

Break-up of continental overriding plate and formation of oceanic back-arc basins has
been largely studied in 2D (e.g., [9-11]) and 3D numerical models (e.g., [12-16]). These
models highlighted the role of lateral heterogeneities within the subducting plate on trench
migration and on extensional stresses in the overriding plate. In particular, lateral collision
of buoyant indenters can cause slab rotation, trench retreat acceleration, and back-arc basin
opening. However, lithospheric scale deformation, particularly plastic rheology, is often
simplified in these large-scale models because it is computationally challenging to numeri-
cally resolve high viscosity contrasts in localised, small regions. In this study, instead, we
use 2D models that are able to create fault-like structures typical of rifting environments
through plastic (brittle) deformation and brittle strain weakening, which take into account
the accumulated stresses and finite strain over time. This allows us to investigate the
dynamics and structural evolution of back-arc basins during episodic extension and ridge
jumps from continental extension to the formation of new oceanic basins.

Intra-Continental Back-Arc Basins

Back-arc basins formed in intra-continental setting are often floored not only by
oceanic crust, but also of exhumed mantle material, off-axis magmatic intrusions, and also
contain continental fragments. This is the case of the Tyrrhenian Basin, which formed by
back-arc extension due to retreat of the Calabrian slab in the Central Mediterranean region
(Figure 1a). It is characterized by multiple sub-basins that progressively formed closer to
the trench, following the path of the slab that retreats towards South-East [17]. The nature
of the basement in the Tyrrhenian is still debated. Some studies suggest the basin is mainly
composed of oceanic crust [18-20], whereas others argue for the presence of exhumed
serpentinised mantle [21,22]. The most recent geophysical studies seem to point at the
presence of exhumed mantle intruded by magmatic bodies and thinned continental crust
between the sub-basins [21,23]. This reflects a complex extensional history, which is still
not fully understood.
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Other interesting examples of multiple extensional phases that affect the morphology
of the back-arc basin include the southern Okinawa Trough and the Banda subduction zone.
The southern Okinawa Trough, located behind the arc of the Ryukyu subduction zone
(Figure 1b), is an example of continental rifting that underwent two distinct extensional
phases; a first phase between 6 and 10 Ma and a second one <2 Ma [24]. It is still debated
whether oceanic spreading has already begun in the South [25,26]. Recent geophysical
studies suggest that the basement of the back-arc basin is made of thinned continental crust
intruded by magmatic bodies, suggesting that, although seafloor spreading might not have
started yet, magmatism associated with extension is certainly occurring [25]. Interestingly,
in a seismic profile perpendicular to the trench, they observed two magma bodies, 15 km
apart from each other; one is the magma chamber below the rift axis, whereas the location
of current magmatism is slightly offset towards the trench. This shows not only that a jump
in the location of magmatism has occurred in the southern Okinawa Trough, but also that
back-arc volcanism is not continuously distributed, especially during the incipient phase
of seafloor spreading.

In the Banda subduction zone, the formation of the highly curved trench is associated
to extension in the back-arc and opening of the Banda Sea basin (Figure 1c). The Banda
Sea is divided in multiple sub-basins, which reflect the complex tectonic history of this
region. The age of the oceanic seafloor in the North Banda Sea, or Sula Basin, is ~10 Ma [27],
whereas the basins in the South, Damar, and Wetar basins are younger. Here, spreading
started at about 7 Ma after the arc split leaving the Nieuwerkerek-Emperor of China
and Lucipara ridges in the northern margin of the basin as remnant arc [28] (Figure 1c).
Magnetic anomalies in the Damar Basin clearly show that a segmented spreading ridge
produced new oceanic crust until 3.5 Ma, which corresponds to the time the oceanic Banda
embayment completely subducted and the Australian continental shelf collided with the
trench [28-30].

The examples above show, once again, how subduction dynamics and back-arc basins
architecture are tightly link. To understand the structures that we observe in back-arc basins
today, we use thermo-mechanical forward models of lithospheric deformation that take
into account the main driving forces of back-arc extension and their characteristic transient
nature. Style of continental rifting can be controlled by many factors, among them the
strength and thermal structure of the lithosphere and the extension rate [31-36]. Variations
of these parameters result in a wide range of time, geometries, and crustal structures. In
this study, we perform a parametric study to investigate the role of duration of extensional
phases and extensional rates on the final architecture of a back-arc basin.
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Figure 1. Natural examples of back-arc basins with ridge jumps and complex architectures described
in the main text. (a) Tyrrhenian Basin, (b) Okinawa Trough, (c) Banda Sea Basin, and (d) Bransfield
Basin. Question marks next to spreading ridges show the uncertainties on whether there is or has
been active spreading in that region. Background image is the global bathymetry ETOPO1 [37]. Bb:
Bransfield Basin, IBM: Izu-Bonin Mariana, LA: Lesser Antilles, Lr: Lucipara Ridge, NBb: North
Banda Basin (or Sula Basin), NECr: Nieuwerkerek-Emperor of China ridge, SBb: South Banda Basin,
SS: South Sandwich, Tb: Tyrrhenian Basin, TK: Tonga-Kermadec.

2. Methods

We model continental lithospheric extension in a 2D Cartesian geometry with the
thermal-mechanical finite element code ASPECT (e.g., [38,39]), which solves the Stokes and
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thermal advection—diffusion equations (see Data Availability for code and parameter files).
Although a 2D setup cannot capture all the three-dimensional complexities of a subduction
zone, one can still take into account the changes in subduction dynamics, hence in trench
migration, by implementing time dependent extensional rates that simulate episodic trench
retreat. Furthermore, the 2D setup allows for a high resolution that is needed to resolve the
brittle structures in the crustal layers.

The Stokes system is defined as

Vau=0 @)

—V-2pue(u) +Vp =pg €

where u is the velocity, j is the viscosity, ¢ is the second deviator of the strain rate tensor, p
is pressure, p is density, and g is gravitational acceleration.

Temperature evolves through a combination of advection, heat conduction, shear
heating, and adiabatic heating;:

oCp (a;; + u~|7T> —V-kVT = pH + 2ue(u) + —apTu-g 3)
where C,, is the heat capacity, T is temperature, t is time,  is thermal diffusivity, « is the
linear thermal expansion coefficient, and H is the rate of internal heating. Respectively, the
terms on the right-hand side correspond to internal head production, shear heating, and a
simplified form of adiabatic heating. Density varies linearly as a function of the reference
density (po), thermal expansivity («), reference temperature (1), and temperature:

p=po(l—a(T—Tp)) 4)

The models’ setup derives from those developed by Naliboff et al. (2020) [40] and
Gouiza and Naliboff (2021) [41], which have been modified to use the extended Boussinesq
approximation, include the asthenosphere, and prescribe asymmetric velocity boundary
conditions. The model domain spans 800 x 400 km, with an initially 100 km thick litho-
sphere and asthenospheric mantle extending from 100 to 400 km (Figure 2a). The mesh
is quadrilateral and its resolution is finer in the region where lithospheric deformation
occurs to make sure that stress localisation and faulting can occur and are well resolved.
Specifically, between 150 and 650 km along the x-axis, the mesh has a 1.25 km resolution
until 50 km of depth and 2.5 km resolution from 50 to 100 km. Outside these domains,
the resolution is 5 km. These resolutions follow those used by Naliboff et al. (2020) [40],
who found transitioning from a resolution of 2.5 to 1.25 km in the upper 50 km produced
similar first-order patterns of deformation, but more highly refined shear zones. The Stokes
solution is solved on Q2Q1 elements, while fields tracking composition and temperature
utilize Q2 elements. The non-linear Stokes system is solved using defect-correction Picard
iterations [42] to a tolerance of 1 x 1072.

Distinct lithologies and other parameters, such as plastic strain, are tracked with
compositional fields. The continental lithosphere is comprised of a 20 km thick layer of
upper crust, a 20 km layer of lower crust, and a 60 km layer of lithospheric mantle [43].
The properties of each lithology are shown in Table 1. At 200 < x < 600 km, within the
lithosphere, we impose an initial random field of plastic strain, with randomly assigned a
value of 0.5 or 1.5. Significantly, this range corresponds with the strain weakening interval,
over which the cohesion and friction linearly decrease by a factor 4 (see below for details on
rheology). This approach simulates heterogeneities within the lithosphere and facilitates
strain localisation (e.g., [40]). To be able to better compare results of the parametric study;,
all models presented in this work have the same initial plastic strain field that is produced
before the models start, stored in a separate file, which is read to define the initial model
composition values, including those for lithologies. However, we tested multiple initial
random fields to make sure that our observations and conclusions are robust. The initial
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temperature profile is computed following [44] for the continental geotherm, which is
merged with an adiabatic profile. We specify surface heat flow of 53 mW/m?, which
results in a temperature at the base of the Moho of 587 °C and 1258 °C at the base of the

lithosphere.
(e) veloit: locit
-0 0 B} free surface : ) - elocity
(b)
Time dependent boundary conditions
. S = | Extension Transition Extension
upper-crust 2 | phase 1 phase phase 2
lowercrust 0 e
' I 2 v,
. g
lithospheric mantle 5 v
- >
asthenosphere
400 free:sHia = . - 1
200 300 400 500 600 700 800 t, t1l, 3Myr time

Figure 2. (a) Initial model setup. Colours show the compositional fields, arrows show the velocity field, isotherms are
plotted every 200 °C, and the dashed rectangle outlines the area where an initial random cohesion and friction field
is imposed. Velocities profiles on the right and left sides show the imposed velocity boundary conditions of the side
boundaries. (b) Variations of velocity boundary conditions during the models’ evolution; a first phase of extension with
imposed velocity vi on the right boundary until time t; is followed by a transition phase of 3 Myr with no extension or a
linear deceleration and acceleration (green line), which is then followed by a second phase of extension with velocity v5.

To produce extension, we impose an outward flow in the top half of the side bound-
aries. For mass conservation, the same flow is imposed inward in the bottom half of those
boundaries (Figure 2). To simulate the asymmetric type of extension in back-arc basins,
during the extensional phases the imposed velocity on the right boundary (1-5 cm/yr) is
larger than that of the left side (1 mm/yr). In the other boundaries, free slip is imposed
at the bottom and free surface at the top. No heat flow is allowed across the side bound-
aries (i.e., thermal insulating boundary conditions) and an initial temperature of 0 °C and
1430 °C is imposed at the surface and bottom (fixed) respectively.

We use a visco-plastic rheology by computing effective stresses for both viscous and
brittle deformation at each point and using the minimum value between these different
deformation mechanisms [40,45]. For the viscous flow in the lithosphere and asthenosphere,
we use dislocation and diffusion creep following the expression:

—1/n:1/n <E+PV>

Uelff =A €eff exp W

where 0/ £f is the second invariant of the effective stress, A is the rheological pre-exponential

factor, n is the stress exponent, ¢, Ff is the effective strain rate, E and V are the activation
energy and volume respectively, P is pressure, R is the gas constant, and T is temperature.
Brittle failure (plasticity) is computed as follows:

U'éff = Ccos® + Psin®

where C is cohesion and @ is the angle of internal friction.

Finally, we take into account strain weakening mechanisms by decreasing values of
friction coefficient and cohesion by a factor 4 as a function of accumulated plastic strain. In
detail, the cohesion and friction are linearly reduced between plastic strain values 0.5 and
1.5, which also corresponds to the initial range of randomized plastic strain values imposed
at the start of the model at 200 < x < 600 km. This allows rapid localization of brittle
deformation through the crust and mantle. At each point, the viscosity is then computed at
each point for the different deformation mechanisms and the minimum value is taken as
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the effective viscosity. The structural evolution of the fault networks and individual faults
from the initial stage of distributed extension to more localized deformation and eventual
breakup follow the first-order patterns observed in Naliboff et al. (2020) [40] and Gouiza
and Naliboff (2021) [41]. We refer the readers to these studies for additional details on the
initiation and evolution of fault networks under a variety of rifting conditions.

In all models, we compute equilibrium melt fraction as a function of temperature and
pressure for an anhydrous peridotitic composition during postprocessing following the
parametrization of [46]. Thus, the presence of melt does not affect temperature, composition
(e.g., depletion), and physical properties of the mantle.

Table 1. Physical properties of the different lithologies [40]. 1 Wet quartzite [47], 2 wet anorthite [48],
3 dry olivine [49]. Friction angle and cohesion can decrease by a factor of 4 due to strain weakening.
* Here we provide reference values for density, in the ASPECT parameter file these values are slightly
different to be consistent with the extended Boussinesq approximation.

Parameters, Symbol (Unit) Upper Crust!  Lower Crust 2 Mantle 3
Reference density * (kg m3) 2700 2900 3250
Viscosity pre-factor, A (Pa—" m~P s 1) 8.57 x 10728 7.13 x 10718 6.52 x 10716
Power law stress exponent, n 4 3 3.5
Activation energy, E (k] mol 1) 223 345 530
Activation volume, V (m® mol 1) - - 18 x 10
Heat capacity, C, (J Kg~! K1) 750 750 750
Thermal expansivity, a (K™1) 2x107° 2x107° 2x107°
Heat production, H (W m~3) 1x 107° 0.25 x 106 -
Friction angle, ® (deg) 30 30 30
Cohesion, C (MPa) 20 20 20

Parametric Study

To investigate how episodic trench retreat controls the final architecture of the back-
arc basin, we focus on key parameters such as the duration and rate of extension. The
extensional history of most models is shown in Figure 2b and can be divided in three
phases: (1) Extension phase 1—initial phase of extension until t;; (2) Transition phase—a
3 Myr long phase with a very low extension rate (1 mm/yr outflow velocity on the right
boundary), which we refer to as a phase of no extension for simplicity; and (3) Extension
phase 2—a final phase in which extension is resumed with the same (or higher) extensional
rate as extension phase 1. We also ran a set of models in which the transition between the
various phases is smoother, with a linear deceleration and following acceleration during
the pause phase (Figure 2b). We note that imposing a period of low extension rates between
faster rift phases follows the approach used in Naliboff and Buiter (2015) [33] to examine
how durations of conductive cooling during tectonic quiescence controls the transition
between continental rift reactivation and migration.

To obtain different geometries before the pause phase (e.g., thinned continental litho-
sphere, continental break-up, oceanic spreading, we vary the duration of extension phase 1
(from 4 to 14 Myr). We also tested different durations of the transition phase (2 and 4 Myr),
but we found that although the timing of rift jumps changes, the same final geometries
are observed. We, thus, decided to only present results of models with a 3 Myr long
pause phase.

The other key parameter is extension velocity, which is 1 and 2 cm/yr during extension
phases 1, and 1, 2, and 5 cm/yr during extension phase 2. These values are within the
range of the present day back-arc deformation rates of the majority of subduction zones in
which the overriding plate is under extension with the exception of a few outliers, such as
Tonga and New Britain subduction zones that have higher values [50].
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3. Results

Results from our parametric study can be divided in three main groups (i.e., scenarios)
according to their evolution: asymmetric margins, continental fragment formation, and
intra-oceanic ridge jump. In the following paragraphs, we first describe the dynamics and
resulting basin structure of each scenario, second, the magmatic production, and, finally,
we draw a comparison between the different scenarios. For each scenario, we describe in
detail one model, referred to a reference model, that most clearly illustrates the key features
characteristic of each scenario.

3.1. Asymmetric Margins

The reference model for this scenario is a model with an extension velocity on the
right boundary of 1 cm/yr for both phases of extension and with the duration of extension
phase 1 t; = 8 Myr (Figure 3). Lithospheric deformation is widespread in the first 2 Myr
of the model, with distributed high-angle normal faulting across the initial plastic strain
damage zone within brittle sections of the upper, lower crust, and uppermost few km of
the lithospheric mantle. At these early stages of extension, brittle faults in these layers
are separated by ductile layers at the base of the upper and lower crust, although low-
angle ductile shear zones may connect brittle faults at different depths. Initially, three
basins about 70 km long and with a subsidence of 0.5 km develop. After 2 Myr, however,
deformation mainly localizes in the central basin that continues to subside. Below this
basin, lithospheric thinning is underway (Figure 3a). At this stage, the ductile layers in the
upper and lower crust have thinned sufficiently that high-angle brittle faults may extend
from the surface to the brittle-ductile transition in the mantle lithosphere. Lower-angle
brittle structure observed in the plastic strain field (Figure 3, right column) reflect rotation
of previously high-angle structure (e.g., [40,51]).

During lithospheric thinning in the central basin, the lower crustal layer thins faster
than the rest of the lithosphere and, by 7 Myr from the onset of extension, breaks up, leaving
the upper crust in direct contact with the lithospheric mantle (Figure 3b). By the end of
extension phase 1 (8 Myr), the continental lithosphere in its thinnest point is only ~19 km
thick (6 km of upper crust and 13 km of lithospheric mantle), subsidence reaches 1 km, and
the basin is ~140 km long with about 20 km in the centre that misses the lower crustal layer.
During the 3 Myr of the transition phase, thermal thickening of the lithosphere occurs as
conductive cooling outpaces advective heat transfer from the asthenosphere (Figure 3c). As
the extension rate is much lower, but not zero, stretching of the continental crust continues,
albeit very slowly.

Quickly after extension is resumed for the second phase (at 11 Myr), the lithospheric
mantle exhumes through large displacement along the rift-bounding normal faults onto
the ocean floor in the same location where rifting was occurring during extension phase 1
(Figure 3d). Subsequently, the location of extensional deformation migrates closer to the
trench (i.e., closer to the right boundary) (Figure 3e). After 7 million years of resumed
extension, continental break-up occurs in this new location. As a result, the right flank of
the rift from extension phase 1 hyperextends and becomes the left flank of the new rift.
Following continental break-up, a seafloor spreading centre develops almost 50 km away
from the previous location of rifting, forming an oceanic basin in the back-arc (Figure 3f).

In this scenario, the final architecture of the basin is characterized by a strongly
asymmetric geometry, with a hyperextended margin of the basin on the left side (about
120 km long in this model) and a much shorter margin on the right (~40 km), the side
closer to the trench (Figure 3f). On the hyperextended margin, we observe necking of the
lithosphere; the thinnest part is where mantle is exhumed, which also corresponds to the
first location of rifting. Closer to the oceanic basin, between the first and the second rifting
axis location, continental lithosphere experienced the largest amount of stretching. Here,
we observe a ~50 km long region of <1 km thick layer of upper crust and <5 km thick layer
of lithospheric mantle, that gradually thinness towards the ocean. On the other side of the
basin, the transition between continent and ocean is more abrupt.
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Figure 3. Asymmetric margins. Evolution of model with vi =1 ecm/yr, vo =1 cm/yr, and t; = 8 Myr. Left column shows the
compositional field (see Figure 2 for legend) and right column shows the non-initial plastic strain field (a,b) Lithospheric
thinning during the first phase of extension, but extension is not enough for mantle melting and spreading ridge to form.
(c) Pause in extension, from 8 to 11 Myr. (d) After extension is resumed lithospheric mantle exhumes in the previous rifting
location, then (e,f) rifting migrates closer to the trench and continental break-up and spreading ridge formation occur in
a new location. At the end of the model, the continental margin on the left of the basin is much more stretched than its
conjugate margin on the right. When melt is present, contours of melt fraction are shown. Isotherms are plotted every
200 °C. Empty triangles show the first rifting location, while orange triangle show the location of the spreading ridge during
the second phase of extension. Figure S3 in the supplementary material shows the effective viscosity for the same time steps.
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In our parametric study, models that show this behaviour and final margin architecture
are those with the shortest duration of extension phase 1, regardless of the imposed
velocities. In the two models with low extension rate (i.e., 1 cm/yr) and t; = 10 Myr,
the relocation of the rift happens towards the left side of the model. In this case, the
asymmetric margins are still observed, but the longest margin is on the right side of the
basin (Figure S1).

3.2. Continental Fragment Formation

When extension phase 1 lasts longer than in the previous case, we observe a scenario
in which a continental fragment detaches from the main continent. The dynamics of
the continental rifting in the first phase of extension are similar to those described in
the previous section, with the formation of multiple basins, followed by localisation of
extension in the central basin that progressively lengthens and deepens (Figure 4a). The
reference model for this scenario is a model with an extension velocity on the right boundary
of 2 cm/yr for both phases of extension and with the duration of extension phase 1
t; = 6 Myr (Figure 4). In this case, the lower crust breaks up after 4.4 Myr from the beginning
of the model, followed by the break-up of the upper crustal layer at 5.4 Myr. A thin layer
of lithospheric mantle subsequently exhumes to the surface in the central part of the basin.
Full continental break-up and the onset of extension within exhumed mantle occur just
prior to the end of extension phase 1. As for the previous scenario, during the transition
phase, the lithosphere thermally thickens and predicted melting of upwelling mantle stops
(more details on magmatism in Section 3.4). At this point, the rifted margins are fairly
symmetric, except in distal regions where the exhumed mantle on the left margin is ~20 km
long (Figure 4c).

As soon as extension starts again at 9 Myr, deformation localises on the right margin,
towards the trench, where the lithosphere has been highly stretched by the first extensional
phase and only contains thin layers of upper crust and lithospheric mantle (Figure 4d).
Here, continental break-up reoccurs less than 2 Myr after extension is resumed and about
35 km away from the location of the previous spreading centre. The development of a
new spreading centre produces an oceanic basin closer to the trench (Figure 4e). Thus,
ridge jump creates a continental fragment, which was originally part of the continental
margin situated to the right in our model, and which after the ridge jump remains stranded
between two oceanic basins. This continental fragment is about 25 km long and 4.5 km
thick at its thickest point. It is made of a very thin layer of upper continental crust and of
lithospheric mantle, which also outcrops for ~4 km on the left side, adjacent to the first
oceanic basin (Figure 4f).

At the end of models that fall into this scenario, the floor of resulting back-arc basin
contains a complex sequence structure: starting from the margin farthest from the trench
(left margin), we observe a transitional zone of thinned continental lithosphere that ends
in a region of outcropping lithospheric mantle, a small oceanic basin, another region of
exhumed lithospheric mantle from the continental fragment, continental upper crust, and
a second oceanic basin (Figure 4f).

In models with a lower extensional velocity during phase 1 (i.e., vi =1 cm/yr) that
show this behaviour, ridge jump occurs away from the trench (i.e., to the left of the first
spreading centre) (Figure S2). Therefore, in these cases, the small oceanic basin is the one
closer to the trench and the continental fragment comes from the left margin. However, the
final structure of the basin is very similar to the reference model, in that it is characterized by
the presence of a continental fragment and adjacent exhumed mantle material in between
two oceanic basins.
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Continental fragment formation
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Figure 4. Continental fragment formation. Evolution of model with v; =2 cm/yr, v, =2 cm/yr, and t; = 6 Myr. Left
column shows the compositional field (see Figure 2 for legend) and right column shows the non-initial plastic strain field.
During the first phase of extension (a) the lithosphere thinness and (b) continental break-up, exhumation of lithospheric
mantle on the left margin, and formation of a spreading ridge occur. (c) Pause in extension, from 6 to 9 Myr, tapers melt
production, until no melt is formed. (d) After extension is resumed adiabatic decompression melting starts again and (e,f) a
new spreading ridge forms closer to the trench. At the end of the model, the basin is made, from left to right, of exhumed
mantle material, an abandoned spreading ridge, a continental fragment of upper crust and lithospheric mantle, and a new
spreading ridge that produces new oceanic crust. When melt is present, contours of melt fraction are shown. Isotherms are
plotted every 200 °C. Black triangles show the location of the first spreading ridge, while orange triangles show the location
of the spreading ridge during the second phase of extension. Figure S3 in the supplementary material shows the effective
viscosity for the same time steps.
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3.3. Intra-Oceanic Ridge Jump

Models with the longest extension phase 1 have time to develop a larger oceanic basin
during the first stage. This is the case, for instance, in the model with an extension velocity
on the right boundary of 2 cm/yr for both phases of extension and with the duration of
extension phase 1 t; =7 Myr. In this model, the initial stages of extension are the same as
for the reference model of continental fragment formation (Figure 5a). However, because
extension phase 1 lasts longer, the oceanic basin that forms after continental break-up is
more developed, (i.e., about 30 km long) (Figure 5b). During the transition phase, the
lithosphere thickens and melt production gradually decreases (Figure 5c). When extension
resumes, fast subsidence followed by the formation of a new spreading centre occur in
less than 1 Myr (Figure 5d,e). The location of the new spreading centre is only a few
kilometres to the right of the old one, towards the trench. Therefore, in this scenario,
only one spreading ridge and oceanic basin forms because the length of the ridge jump is
very small.

The final architecture of the basin is fairly simple, with a slightly longer margin away
from the trench, which ends in a few kilometres of exhumed lithospheric mantle material
and one oceanic basin that formed through pulses of magmatic activity (Figure 5f).

3.4. Episodic Mantle Melting

The different scenarios described above have also very interesting differences in terms
of predicted melt generation through adiabatic decompression of asthenospheric mantle
that rises during extension. In these models, melt is computed at a postprocessing stage
and represents the equilibrium melt fraction as a function of pressure and temperature.

Figure 6 shows the amount (volume) and location (x-coordinate) of predicted mantle
melts during the evolution of the reference models for each scenario. In models that
result in asymmetric margins, very little or no melt is produced during the first phase
of extension. This is because extension phase 1 does not last long enough to break the
continental lithosphere apart and/or to thin it to a point that allows the mantle rising
towards the surface to melt via adiabatic decompression melting. As thinning of the
lithosphere continues during the second phase of extension, the initial location of rifting
established during the first phase is abandoned and the mantle starts rising in a new
location, closer to the trench. In the reference model, because the extension rate is low,
this process is slower and the amount of mantle melt is lower compared to models with
2 or 5 cm/yr extension velocities. Nevertheless, a spreading ridge eventually forms.
The location of this spreading ridge gradually migrates towards the trench due to the
asymmetric boundary conditions (Figure 6a).

In the other two scenarios, we can clearly observe two distinct sets of peaks of melt
production that are results of ridge jumps (Figure 6b,c). In the case of continental fragment
formation, there is almost no overlap between location of melting during the first and
second phases (Figure 6b). This is because the first set of peaks corresponds to melt and new
oceanic crust that form the first small basin, whereas the second set of peaks corresponds to
the melt produced under the younger basin on the other side of the continental fragment.
When the ridge jump is within the same basin (intra-oceanic ridge jump scenario), the
location of melt before and after the pause phase is almost the same, although it keeps
migrating towards the trench. Indeed, the two sets of peaks largely overlap (Figure 6¢).
However, it is still possible to observe a slight jump in the location of the spreading ridge
between the two extensional phases.
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Intra-oceanic ridge jump

| 9seyd - uoisuaixy ——

-

mantle

aseyd uonisuel] +——

]
T

- 10.6 Myr

<

7 9seyd - Uoisuaixg

300 350 400 450 500 550 600 300 350 400 450 500 550 600

x (km) Melt fraction Plastic strain X (km)

0 0.1 0.2 1 3 5

Figure 5. Intra-oceanic ridge jump. Evolution of model with v; =2 ecm/yr, vo =2 cm/yr, and t; = 7 Myr. Left column shows
the compositional field (see Figure 2 for legend) and right column shows the non-initial plastic strain field. Snapshots
(a,b) are similar to those of Figure 3, with continental lithospheric thinning, break-up, exhumation of lithospheric mantle,
and formation of a spreading ridge occur. (c) Pause in extension, from 7 to 10 Myr, tapers melt production, until no melt
is formed. (d) After extension is resumed adiabatic decompression melting starts again and (e, f) a new spreading ridge
forms slightly offset towards the trench, but very close to previous spreading ridge location. At the end of the model, the
basin is made of exhumed mantle material on the right margin and new oceanic crust everywhere else. When melt is
present, contours of melt fraction are shown. Isotherms are plotted every 200 °C. Black triangles show the location of the
first spreading ridge, while orange triangles show the location of the spreading ridge during the second phase of extension.
Figure S3 in the supplementary material shows the effective viscosity for the same time steps.
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Figure 6. Depth-integrated melt production and location during the three main scenarios: (a) Asym-
metric margins, (b) continental fragment formation, and (c) intra-oceanic ridge jump. Each curve
corresponds to a time step with an interval of 0.5 Myr in (a) and 0.2 Myr in (b,c). Peaks on the left
with darker colours show location and amount of melt during the first phase of extension and the
pause in extension. All models show a clear jump between the location of spreading ridge (or rift)
during phase 1 and location of the spreading ridge in phase 2.

3.5. Length and Time of Rift and/or Ridge Jumps

The duration of the first extensional phase controls the type of scenario (Figure 7 and
Table 2). Models with the shortest phase 1 display asymmetric margins that result from the
combination of the continental lithosphere not being fully broken up at the end of phase
1 and relocation of rifting during phase 2. In contrast, symmetric margins happen when
phase 1 lasts longer, allowing for continental break-up and oceanic basin formation during
phase 1. Continental fragment formation happens when phase 1 lasts slightly longer than
the asymmetric margins scenario and is characterized by large jumps that result in the
formation of a second oceanic basin. Finally, when extension phase 1 lasts even longer, a
single well-developed oceanic basin is formed and ridge jumps during phase 2 are shorter,
occurring near the former oceanic spreading.
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Figure 7. Plots showing the (a) length and (b) time of the rift/ridge jumps in all models as a function of the duration of
the first phase of extension and (c) their relationship. Jump time is computed from the moment extension phase 2 starts.
Different symbols represent the different observed scenarios: asymmetric margins (circles), continental fragment formation

(diamonds), and intra-oceanic ridge jump (squares). Colours show the different extension velocities.

Table 2. List of model’s parameters and results. For models with acceleration and deceleration during the transition phase,
the jump time is computed from the moment acceleration starts, whereas for all the other models the jump time is computed
from the moment extension phase 2 starts.

Models’ Parameters Results
t \41 A% . . Jump Length Jump Time
(Myn) (cm/y) (cm/yD) Resulting Regime (km) (Myn)
4 2 2 Asymmetric margins 19.8 22
5 2 2 Asymmetric margins 30.1 1.6
6 2 2 Continental fragment 37.1 1.6
7 2 2 Intra-oceanic ridge jump 2.8 0.4
4 2 5 Asymmetric margins 22.7 1
5 2 5 Asymmetric margins 25.6 0.5
6 2 5 Continental fragment 354 0.5
7 2 5 Intra-oceanic ridge jump 11.2 0.5
55*% 2 2 Asymmetric margins 254 2.3
6.5% 2 2 Continental fragment 31 2.3
75%* 2 2 Intra-oceanic ridge jump 3.6 1.1
8.5* 2 2 Intra-oceanic ridge jump 2.6 0.9
8 1 1 Asymmetric margins 62.5 7
10 1 1 Asymmetric margins © 46.6 5.5
12 1 1 Continental fragment * 50.7 6
14 1 1 Continental fragment ° 64.6 6
9 1 2 Asymmetric margins 26.2 2
10 1 2 Asymmetric margins ® 335 2
12 1 2 Continental fragment ° 371 2
14 1 2 Continental fragment * 49.9 2

* Models with a deceleration for 1.5 Myr and acceleration for 1.5 Myr during the transition phase. * Models with jump away from trench.

The time necessary to produce a new spreading ridge after the onset of the second
extensional phase spans between 0.4 and 7 Myr, whereas the length of the jump ranges
between about 1 and 65 km (Figure 8). We observe the shortest jumps (<2 km) in the
intra-oceanic ridge jump scenario and the fastest within each group of models with the
same extensional velocities. The asymmetric margins scenario presents the largest range
of values of both time (0.5-7 Myr) and length (23-62 km) of rift to ridge jumps. In the
continental fragment scenario, the length of the jump is always >30 km. Models with the
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highest velocity in the second phase of extension show consistently shorter time of the
ridge jump compared to the other models.
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Figure 8. Plots showing the range of values for (a) length and (b) time of the rift/ridge jumps in all models as a function of

their resulting scenarios. Jump time is computed from the moment extension phase 2 starts. Colours show the different

extension velocities.

Generally, longer jumps require more time to occur, however this is more evident
in models with low extensional rates. Importantly, extensional rate of the second phase
controls the time of the jump: the lower the extensional rate, the longer it takes for a new
spreading centre to occur, which is to be expected.

4. Discussion

Our numerical study shows that episodic extension exerts a first-order influence on
rift and ridge jumps. In back-arc basins settings, discontinuous extension can be caused
by episodic trench retreat and, more generally, by changes in subduction dynamics. In
this work, we focused on the lithospheric scale deformation that leads to the formation
of oceanic basins starting from a continental overriding plate. The initial dynamics of
continental extension are similar to many previous numerical models that studied rifting
processes [31,32,34,36,40,52]. Two important differences between these previous models
and this study are the asymmetry and time-dependency of the velocity boundary conditions
(similar to [33]), which we use to simulate changes in trench retreat. Interestingly, although
the imposed extension in our models is asymmetric, the final architecture of the margins
is symmetric in some cases. Indeed, in the continental fragment formation and intra-
oceanic ridge jump scenarios the margins of the basins are rather symmetric. However,
we do observe asymmetric margins in models with the shortest first phase of extension,
in which only one margin is hyperextended. Therefore, the largest asymmetry is not due
to the boundary conditions, but it is created by the fact that jumps in extension location
happens before the continent is fully broken up and the second extensional phase continues
stretching continental material only at one margin. This is consistent with results from
Brune et al. (2014) [32] and Naliboff and Buiter (2015) [33], who showed that rift migration
can explain continental margin asymmetry. Moreover, this asymmetric geometry is found
in basins, such as the Bransfield Strait, which is the back-arc basin of the South Shetland
subduction zone (Figure 1d). This is an example of a continental back-arc basin that is
still at a rifting stage, which started about 4-5 Myrs ago, but close to the spreading phase,
since magmatism is already active [53]. Similarly to our models, the flanks of the basin
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are asymmetric, in that the margin close to the trench is steeper than the margin on the
Antarctic side, which is more stretched [54].

Rift and/or ridge relocation is a direct consequence of a period of no or little extension
that allows cooling and thickening of the lithosphere after the first extensional phase [55].
This process strengthens the lithosphere to a point that the first rift is not the weakest
point any longer. Thus, when extension is resumed, deformation localizes somewhere
else. Numerical models of multiphase extension by Naliboff and Buiter (2015) [33] showed
that it is the relative integrated brittle strength between the initial rift and the surrounding
regions that controls the occurrence of rift migration. Relocation of the rift and /or ridge
away from the trench occurs only in models with the slowest extension rate. van Wijk
and Cloething (2002) [55] suggested that when extension is very slow (<1 cm/yr), syn-rift
cooling can play a role in basin migration. Thus, rift relocation in our models with slow
extension is potentially also affected by this process in addition to the episodic extension,
resulting, in some cases, in a jump on the opposite side compared to the rest of the models.

We find that only continuous and constant extension generates an oceanic basin
completely floored with new oceanic crust. This is the case for the models with intra-
oceanic ridge jump scenario, where the first phase of extension is long enough to form a
large oceanic basin with continuous production of mantle melts. However, in subduction
zones it is more common that extensional rates in the overriding plate change often and
rapidly. In this case, we observe that the final structure of the basin is more complex than a
‘classic” oceanic basin. Indeed, models in which ridge jumps occur within the continental
lithosphere result in highly thinned continental lithosphere at the margin and exhumed
mantle material inside the basin. Moreover, small pieces of continent can remain entrained
between the old and new spreading ridge locations. It is, therefore, possible to find in
back-arc basins an alternation of oceanic crust, exhumed mantle, and continental crust. This
is in very good agreement with the structure observed in the basement of the Tyrrhenian
Basin [21] (Figure 1a). We suggest that the episodes of fast and slow retreat of the Calabrian
slab [17] cause multiple basins to form (via ridge jumps) and allow mantle exhumation
and continental fragment formation in the Tyrrhenian Basin. Moreover, in our models,
magmatism is not only active during clear phases of spreading, but gradually decreases
and increases again during the end of one extensional phase and the beginning of the
next one, respectively. This can result in intrusive magmatism in the thinned parts of
continental lithosphere, as it is the case in the Tyrrhenian Basin. The Southern Okinawa
Trough (Figure 1b) is another example of a basin floored with thinned continental crust
intruded by magmatic bodies. A recent 15 km trenchward shift in location of magmatism
observed in geophysical data [25] could be linked to the onset of a new extensional phase
(<2 Ma) after a ~4 Myr old pause [24].

Model Limitations

Length and time of ridge jumps in the models are partly dependent on the rheological
properties of the continental lithosphere, which feature large uncertainties. In our models,
we observe jumps of the order of tens of kilometres. The distance observed within the
different sub-basins in the examples reported above is in most cases larger. However, this
can be due to the fact that the region experienced more extension since the moment the
jump happened. Another factor that could affect the distance between the old and the
new location of extension is the mantle flow associated to the slab dynamics. Although
we model the flow of the mantle towards the trench by imposing asymmetric boundary
conditions, this does not include the larger mantle flow that involves the entire upper
mantle. It is also important to note that, although we impose a random initial field
of heterogeneities, we do not model larger-scale pre-existing weaknesses that could be
inherited from previous orogenesis. These structures can be reactivated during rifting
and can control the final shape of the basin [56]. van den Broek et al. (2020) showed that
these inherited weaknesses might be responsible for formation of much larger continental
fragments and micro continents, compared to what we observe in our models. Indeed, in
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this study we look at structures on a smaller scale that do not need pre-existing weak regions
to form. Furthermore, lithosphere in back-arc settings is usually considered to be hotter
than the typical continental lithosphere as a consequence of ongoing extension. In this
work, we looked at how the lithosphere deforms from the onset of the extension without
imposing a pre-existing hotter region. Ad hoc models with initially hotter geotherms and
inherited structures could be used to study specific regions. Future 3D ad hoc models could
also take into account changes in the direction of trench migration, hence in the direction
of extension in the back-arc.

The calculation of melt production and volumes here is solely a postprocessing feature
that does not have any feedback on the physical properties of the system. In reality, mantle
melting would generate new oceanic crust and leave a depleted mantle. A rheology that
takes into account the presence of new oceanic lithosphere could have an effect on the time
and length of the ridge jumps in models that show a spreading ridge relocation within
the same oceanic basin. Moreover, we do not consider the potential presence of fluids
that derive from the vicinity to the slab that dehydrates at depth. The presence of fluids
could increase the amount of melt produced at the back-arc and generate a thicker than
average oceanic crust, as observed for instance in the Lau Basin [57]. Finally, here we
focus on extension located in the back-arc, but it is also possible that extension localises in
the volcanic arc splitting the arc itself. Future work that includes all these complexities is
needed, especially when looking at ridge jumps in oceanic back-arc basins.

5. Conclusions

We investigated the role of multiple phases of extension in a continental back-arc basin
on the style of lithospheric deformation and final architecture of the basin and its margins.
We find that episodic trench retreat can develop multiple basins due to the occurrence of
ridge jumps. The duration of the first extensional phase is the most important parameter
that controls the final structure of the basin. If extension stops before continental break-up
has occurred, a hyperextended margin and long jump to a new location of extension are
observed. In some cases, the continental overriding plate can break up in more than one
location and multiple oceanic basins form, leaving a continental fragment and exhumed
mantle material in the middle of the back-arc. However, when extension is continuous
and steady for a longer time, we observe only small ridge jumps within the oceanic
basement. Episodic trench retreat can explain the geology and geometry of many active, or
recently active, back-arc basins around the world in which ridge jumps occurred during
their evolution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ geosciences11110475/s1, Figure S1: Asymmetric margins with ridge jump to the left, Figure S2:
Continental fragment formation with ridge jump to the left, Figure S3: Viscosity field plots of the
reference models for each scenario.

Author Contributions: Conceptualization, V.M. and M.P; methodology, V.M. and J.N.; formal
analysis, investigation, writing—original draft preparation, all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by the Research Council of Norway through its Centers of
Excellence funding scheme, Project Number 223272 and made use of the UNINETT Sigma 2 com-
putational resource allocation (Notur NN9283K and NorStore NS9029K). ICM and M. Prada had
funding support of the ‘Severo Ochoa Centre of Excellence” accreditation, of the Spanish “Ministerio
de Ciencia, Innovacion y Universidades”. 2020-2023 (CEX2019-000928-S).

Data Availability Statement: The models run for this publication used ASPECT version 2.30-pre
(master, commit d5995ea), deal.Il 9.2.0, Trilinos 12.10.1, and p4est 2.2.0. The code and the main
parameter files can be found in the repository at https:/ /github.com /valemagni/aspect/tree/Magni_
etal_2021_geosciences (assessed on 11 November 2021).

Acknowledgments: We thank the editors and four anonymous reviewers for their constructive
feedback.


https://www.mdpi.com/article/10.3390/geosciences11110475/s1
https://www.mdpi.com/article/10.3390/geosciences11110475/s1
https://github.com/valemagni/aspect/tree/Magni_etal_2021_geosciences
https://github.com/valemagni/aspect/tree/Magni_etal_2021_geosciences

Geosciences 2021, 11, 475 19 of 21

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Martinez, E; Okino, K.; Ohara, Y.; Reysenbach, A.-L.; Goffredi, S.K. Back-Arc Basins. Oceanography 2007, 20, 116-127. [CrossRef]

2. Wallace, L.M,; Ellis, S.; Mann, P. Collisional model for rapid fore-arc block rotations, arc curvature, and episodic back-arc rifting
in subduction settings. Geochem. Geophys. Geosystems 2009, 10. [CrossRef]

3. Lallemand, S. Philippine Sea Plate inception, evolution, and consumption with special emphasis on the early stages of Izu-Bonin-
Mariana subduction. Prog. Earth Planet. Sci. 2016, 3, 15. [CrossRef]

4. Taylor, B.; Zellmer, K.; Martinez, F.; Goodliffe, A. Sea-floor spreading in the Lau back-arc basin. Earth Planet. Sci. Lett. 1996, 144,
35-40. [CrossRef]

5. Dalziel, LW.; Lawver, L.A.; Norton, 1.O.; Gahagan, L.M. The Scotia Arc: Genesis, evolution, global significance. Annu. Rev. Earth
Planet. Sci. 2013, 41, 767-793. [CrossRef]

6. Boschman, L.M.; van Hinsbergen, D.J.; Torsvik, T.H.; Spakman, W.; Pindell, ].L. Kinematic reconstruction of the Caribbean region
since the Early Jurassic. Earth-Sci. Rev. 2014, 138, 102-136. [CrossRef]

7. Faccenna, C.; Funiciello, F; Giardini, D.; Lucente, P. Episodic back-arc extension during restricted mantle convection in the
Central Mediterranean. Earth Planet. Sci. Lett. 2001, 187, 105-116. [CrossRef]

8.  Schliffke, N.; van Hunen, J.; Gueydan, F; Magni, V.; Allen, M.B. The role of transform faults during back-arc spreading
centre jumps. In Proceedings of the EGU General Assembly 2020, Online Event, 4-8 May 2020; p. 16952. Available online:
https:/ /ui.adsabs.harvard.edu/abs/2020EGUGA..2216952S /abstract (accessed on 15 November 2021).

9.  Vogt, K,; Gerya, T.V,; Castro, A. Crustal growth at active continental margins: Numerical modeling. Phys. Earth Planet. Inter. 2012,
192-193, 1-20. [CrossRef]

10. Dymkova, D.; Gerya, T.; Burg, ].-P. 2D thermomechanical modelling of continent-arc—continent collision. Gondwana Res. 2016, 32,
138-150. [CrossRef]

11.  Erd6s, Z.; Huismans, R.S.; Faccenna, C.; Wolf, S.G. The Role of Subduction Interface and Upper Plate Strength on Back-Arc
Extension: Application to Mediterranean Back-Arc Basins. Tectonics 2021, 40, e2021TC006795. [CrossRef]

12. Van den Broek, ].M.; Magni, V.; Gaina, C.; Buiter, S.].H. The Formation of Continental Fragments in Subduction Settings: The
Importance of Structural Inheritance and Subduction System Dynamics. |. Geophys. Res. Solid Earth 2020, 125, e2019]JB018370.
[CrossRef]

13. Hertgen, S.; Yamato, P.; Guillaume, B.; Magni, V.; Schliffke, N.; van Hunen, J. Influence of the thickness of the overriding plate on
convergence zone dynamics. Geochem. Geophys. Geosyst. 2020, 21, e2019GC008678. [CrossRef]

14. Magni, V.,; Faccenna, C.; van Hunen, J.; Funiciello, F. How collision triggers backarc extension: Insight into Mediterranean style of
extension from 3-D numerical models. Geology 2014, 42, 511-514. [CrossRef]

15. Moresi, L.; Betts, P.G.; Miller, M.S.; Cayley, R.A. Dynamics of continental accretion. Nature 2014, 508, 245-248. [CrossRef]

16. Li, Z.-H,; Xu, Z.; Gerya, T.; Burg, J.-P. Collision of continental corner from 3-D numerical modeling. Earth Planet. Sci. Lett. 2013,
380, 98-111. [CrossRef]

17.  Faccenna, C.; Becker, TW.; Lucente, EP,; Jolivet, L.; Rossetti, F. History of subduction and back arc extension in the Central
Mediterranean. Geophys. J. Int. 2001, 145, 809-820. [CrossRef]

18.  Vignaroli, G.; Faccenna, C.; Rossetti, F.; Jolivet, L. Insights from the Apennines metamorphic complexes and their bearing on the
kinematics evolution of the orogen. Geol. Soc. Lond. Spec. Publ. 2009, 311, 235-256. [CrossRef]

19. Sartori, R.; Torelli, L.; Zitellini, N.; Carrara, G.; Magaldi, M.; Mussoni, P. Crustal features along a W—E Tyrrhenian transect from
Sardinia to Campania margins (Central Mediterranean). Tectonophysics 2004, 383, 171-192. [CrossRef]

20. Duschenes, J.; Sinha, M.C.; Louden, K.E. A seismic refraction experiment in the Tyrrhenian Sea. Geophys. J. Int. 1986, 85, 139-160.
[CrossRef]

21. Prada, M.; Ranero, C.R; Sallares, V.; Zitellini, N.; Grevemeyer, I. Mantle exhumation and sequence of magmatic events
in the Magnaghi—Vavilov Basin (Central Tyrrhenian, Italy): New constraints from geological and geophysical observations.
Tectonophysics 2016, 689, 133-142. [CrossRef]

22. Prada, M, Sallares, V.; Ranero, C.R.; Vendrell, M.G.; Grevemeyer, I.; Zitellini, N.; de Franco, R. The complex 3-D transition from
continental crust to backarc magmatism and exhumed mantle in the Central Tyrrhenian basin. Geophys. J. Int. 2015, 203, 63-78.
[CrossRef]

23. Prada, M.; Ranero, C.R; Sallares, V.; Grevemeyer, L; de Franco, R.; Gervasi, A.; Zitellini, N. The structure of Mediterranean arcs:
New insights from the Calabrian Arc subduction system. Earth Planet. Sci. Lett. 2020, 548, 116480. [CrossRef]

24. Miki, M. Two-phase opening model for the Okinawa Trough inferred from paleomagnetic study of the Ryukyu arc. J. Geophys.
Res. Solid Earth 1995, 100, 8169-8184. [CrossRef]

25. Arai, R; Kodaira, S.; Yuka, K.; Takahashi, T.; Miura, S.; Kaneda, Y. Crustal structure of the southern Okinawa Trough: Symmetrical

rifting, submarine volcano, and potential mantle accretion in the continental back-arc basin. J. Geophys. Res. Solid Earth 2017, 122,
622-641. [CrossRef]


http://doi.org/10.5670/oceanog.2007.85
http://doi.org/10.1029/2008GC002220
http://doi.org/10.1186/s40645-016-0085-6
http://doi.org/10.1016/0012-821X(96)00148-3
http://doi.org/10.1146/annurev-earth-050212-124155
http://doi.org/10.1016/j.earscirev.2014.08.007
http://doi.org/10.1016/S0012-821X(01)00280-1
https://ui.adsabs.harvard.edu/abs/2020EGUGA..2216952S/abstract
http://doi.org/10.1016/j.pepi.2011.12.003
http://doi.org/10.1016/j.gr.2015.02.012
http://doi.org/10.1029/2021TC006795
http://doi.org/10.1029/2019JB018370
http://doi.org/10.1029/2019GC008678
http://doi.org/10.1130/G35446.1
http://doi.org/10.1038/nature13033
http://doi.org/10.1016/j.epsl.2013.08.034
http://doi.org/10.1046/j.0956-540x.2001.01435.x
http://doi.org/10.1144/SP311.9
http://doi.org/10.1016/j.tecto.2004.02.008
http://doi.org/10.1111/j.1365-246X.1986.tb05175.x
http://doi.org/10.1016/j.tecto.2016.01.041
http://doi.org/10.1093/gji/ggv271
http://doi.org/10.1016/j.epsl.2020.116480
http://doi.org/10.1029/95JB00034
http://doi.org/10.1002/2016JB013448

Geosciences 2021, 11, 475 20 of 21

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Yan, Q.; Shi, X. Petrologic perspectives on tectonic evolution of a nascent basin (Okinawa Trough) behind Ryukyu Arc: A review.
Acta Oceanol. Sin. 2014, 33, 1-12. [CrossRef]

Honthaas, C.; Réhault, ].-P.; Maury, R.C.; Bellon, H.; Hémond, C.; Malod, J.-A.; Cornée, ].-J.; Villeneuve, M.; Cotten, J.; Burhanud-
din, S.; et al. A Neogene back-arc origin for the Banda Sea basins: Geochemical and geochronological constraints from the Banda
ridges (East Indonesia). Tectonophysics 1998, 298, 297-317. [CrossRef]

Hinschberger, F.; Malod, J.-A.; Dyment, J.; Honthaas, C.; Réhault, ].-P.; Burhanuddin, S. Magnetic lineations constraints for the
back-arc opening of the Late Neogene South Banda Basin (eastern Indonesia). Tectonophysics 2001, 333, 47-59. [CrossRef]

Hall, R. Cenozoic plate tectonic reconstructions of SE Asia. Geol. Soc. Lond. Spec. Publ. 1997, 126, 11-23. [CrossRef]

Spakman, W.; Hall, R. Surface deformation and slab-mantle interaction during Banda arc subduction rollback. Nat. Geosci. 2010,
3, 562-566. [CrossRef]

Huismans, R.; Beaumont, C. Depth-dependent extension, two-stage breakup and cratonic underplating at rifted margins. Nature
2011, 473, 74-78. [CrossRef]

Brune, S.; Heine, C.; Pérez-Gussinyé, M.; Sobolev, S.V. Rift migration explains continental margin asymmetry and crustal
hyper-extension. Nat. Commun. 2014, 5, 4014. [CrossRef]

Naliboff, J.; Buiter, S.J.H. Rift reactivation and migration during multiphase extension. Earth Planet. Sci. Lett. 2015, 421, 58-67.
[CrossRef]

Svartman Dias, A.E.; Lavier, L.L.; Hayman, N.W. Conjugate rifted margins width and asymmetry: The interplay between
lithospheric strength and thermomechanical processes. J. Geophys. Res. Solid Earth 2015, 120, 8672-8700. [CrossRef]

Jammes, S.; Lavier, L.L. The effect of bimineralic composition on extensional processes at lithospheric scale. Geocherm. Geophys.
Geosystems 2016, 17, 3375-3392. [CrossRef]

Tetreault, J.L.; Buiter, S.J.H. The influence of extension rate and crustal rheology on the evolution of passive margins from rifting
to break-up. Tectonophysics 2018, 746, 155-172. [CrossRef]

Amante, C.; Eakins, B.W. ETOPO1 arc-minute global relief model: Procedures, data sources and analysis. Natl. Geophys. Data
Cent. NOAA 2009. [CrossRef]

Kronbichler, M.; Heister, T.; Bangerth, W. High accuracy mantle convection simulation through modern numerical methods.
Geophys. |. Int. 2012, 191, 12-29. [CrossRef]

Heister, T.; Dannberg, J.; Gassmoller, R.; Bangerth, W. High accuracy mantle convection simulation through modern numerical
methods—II: Realistic models and problems. Geophys. J. Int. 2017, 210, 833-851. [CrossRef]

Naliboff, ].B.; Glerum, A.; Brune, S.; Péron-Pinvidic, G.; Wrona, T. Development of 3-D Rift Heterogeneity Through Fault Network
Evolution. Geophys. Res. Lett. 2020, 47, e2019GL086611. [CrossRef]

Gouiza, M.; Naliboff, ]. Rheological inheritance controls the formation of segmented rifted margins in cratonic lithosphere. Nat.
Commun. 2021, 12, 4653. [CrossRef] [PubMed]

Fraters, M.R.T.; Bangerth, W.; Thieulot, C.; Glerum, A.C.; Spakman, W. Efficient and practical Newton solvers for non-linear
Stokes systems in geodynamic problems. Geophys. J. Int. 2019, 218, 873-894. [CrossRef]

Burov, E.B. Rheology and strength of the lithosphere. Mar. Pet. Geol. 2011, 28, 1402-1443. [CrossRef]

Chapman, D.S. Thermal gradients in the continental crust. Geol. Soc. Lond. Spec. Publ. 1986, 24, 63-70. [CrossRef]

Glerum, A.; Thieulot, C.; Fraters, M.; Blom, C.; Spakman, W. Nonlinear viscoplasticity in ASPECT: Benchmarking and applications
to subduction. Solid Earth 2018, 9, 267-294. [CrossRef]

Katz, R.E; Spiegelman, M.; Langmuir, C.H. A new parameterization of hydrous mantle melting. Geochem. Geophys. Geosyst.
2003, 4. [CrossRef]

Gleason, G.C.; Tullis, J. A flow law for dislocation creep of quartz aggregates determined with the molten salt cell. Tectonophysics
1995, 247, 1-23. [CrossRef]

Rybacki, E.; Gottschalk, M.; Wirth, R.; Dresen, G. Influence of water fugacity and activation volume on the flow properties of
fine-grained anorthite aggregates. |. Geophys. Res. Solid Earth 2006, 111. [CrossRef]

Hirth, G.; Kohlstedt, D. Rheology of the upper mantle and the mantle wedge: A view from the experimentalists. Wash. DC Am.
Geophys. Union Geophys. Monogr. Ser. 2003, 138, 83-105.

Heuret, A.; Lallemand, S. Plate motions, slab dynamics and back-arc deformation. Phys. Earth Planet. Inter. 2005, 149, 31-51.
[CrossRef]

Naliboff, J.B.; Buiter, S.J.H.; Péron-Pinvidic, G.; Osmundsen, P.T.; Tetreault, J. Complex fault interaction controls continental
rifting. Nat. Commun. 2017, 8, 1179. [CrossRef]

Lavier, L.L.; Manatschal, G. A mechanism to thin the continental lithosphere at magma-poor margins. Nature 2006, 440, 324-328.
[CrossRef]

Barker, D.H.N.; Christeson, G.L.; Austin, J.A., Jr.; Dalziel, L W.D. Backarc basin evolution and cordilleran orogenesis: Insights
from new ocean-bottom seismograph refraction profiling in Bransfield Strait, Antarctica. Geology 2003, 31, 107-110. [CrossRef]
Christeson, G.L.; Barker, D.H.N.; Austin, ].A.; Dalziel, LW.D. Deep crustal structure of Bransfield Strait: Initiation of a back arc
basin by rift reactivation and propagation. J. Geophys. Res. Solid Earth 2003, 108. [CrossRef]

Van Wijk, J.W.; Cloetingh, S.A P.L. Basin migration caused by slow lithospheric extension. Earth Planet. Sci. Lett. 2002, 198,
275-288. [CrossRef]


http://doi.org/10.1007/s13131-014-0400-2
http://doi.org/10.1016/S0040-1951(98)00190-5
http://doi.org/10.1016/S0040-1951(00)00266-3
http://doi.org/10.1144/GSL.SP.1997.126.01.03
http://doi.org/10.1038/ngeo917
http://doi.org/10.1038/nature09988
http://doi.org/10.1038/ncomms5014
http://doi.org/10.1016/j.epsl.2015.03.050
http://doi.org/10.1002/2015JB012074
http://doi.org/10.1002/2016GC006399
http://doi.org/10.1016/j.tecto.2017.08.029
http://doi.org/10.7289/V5C8276M
http://doi.org/10.1111/j.1365-246X.2012.05609.x
http://doi.org/10.1093/gji/ggx195
http://doi.org/10.1029/2019GL086611
http://doi.org/10.1038/s41467-021-24945-5
http://www.ncbi.nlm.nih.gov/pubmed/34341352
http://doi.org/10.1093/gji/ggz183
http://doi.org/10.1016/j.marpetgeo.2011.05.008
http://doi.org/10.1144/GSL.SP.1986.024.01.07
http://doi.org/10.5194/se-9-267-2018
http://doi.org/10.1029/2002GC000433
http://doi.org/10.1016/0040-1951(95)00011-B
http://doi.org/10.1029/2005JB003663
http://doi.org/10.1016/j.pepi.2004.08.022
http://doi.org/10.1038/s41467-017-00904-x
http://doi.org/10.1038/nature04608
http://doi.org/10.1130/0091-7613(2003)031&lt;0107:BBEACO&gt;2.0.CO;2
http://doi.org/10.1029/2003JB002468
http://doi.org/10.1016/S0012-821X(02)00560-5

Geosciences 2021, 11, 475 21 of 21

56. Balazs, A.; Matenco, L.; Vogt, K.; Cloetingh, S.; Gerya, T. Extensional Polarity Change in Continental Rifts: Inferences From 3-D
Numerical Modeling and Observations. J. Geophys. Res. Solid Earth 2018, 123, 8073-8094. [CrossRef]

57.  Arai, R,; Dunn, R.A. Seismological study of Lau back arc crust: Mantle water, magmatic differentiation, and a compositionally
zoned basin. Earth Planet. Sci. Lett. 2014, 390, 304-317. [CrossRef]


http://doi.org/10.1029/2018JB015643
http://doi.org/10.1016/j.epsl.2014.01.014

	Introduction 
	Methods 
	Results 
	Asymmetric Margins 
	Continental Fragment Formation 
	Intra-Oceanic Ridge Jump 
	Episodic Mantle Melting 
	Length and Time of Rift and/or Ridge Jumps 

	Discussion 
	Conclusions 
	References

