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show that development and evolution of detachment faults are strongly affected by the brittle-ductile damage coupling. Forced
compression predominantly thickens the weakest near-ridge region of oceanic lithosphere, and reactivates inherited extensional
faults. This results in rotation of blocks along reactivated faults leading to their subsequent locking. As the result, the
development of a new megathrust zone occurs, which accommodates further shortening and subduction initiation. Strain
weakening has a key impact on the collapse of thickening mid-ocean ridge region and the occurrence of near-ridge subduction
initiation. In contrast, grain size evolution of mantle plays a subordinate role in these processes by slightly modifying the
localization of shear zones near brittle-ductile transition. Through comparing with the geological record, our numerical results

provide new helpful insights into natural near-ridge subduction initiation processes recorded by the Mirdita ophiolite of Albani.
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Key Points:
e Upon forced compression, plates shorten, brittle parts thicken and new megathrust zone forms
e Strain-weakening of friction coefficient is crucial for the nucleation of new subduction zones

e Inherited detachment faults control lithospheric shortening but not subduction megathrust
initiation
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Abstract

Although positive buoyancy of young lithosphere near spreading centers does not favor subduction,
subduction initiation near ridges may occur upon forced compression due to their intrinsic
rheological weakness. It has been repeatedly proposed that detachment faults may directly control the
nucleation of new subduction zones. However, recent 3D numerical experiments suggested that
direct inversion of a single detachment fault does not occur. Here, we further investigate numerically
this controversy by focussing on the influence of brittle-ductile damage on the dynamics of near-
ridge subduction initiation. We model self-consistently the inversion of inherited long-term spreading
patterns using 3D high-resolution thermomechanical numerical models combining strain weakening
of faults with grain size evolution in lithospheric mantle. Numerical results show that development
and evolution of detachment faults are strongly affected by the brittle-ductile damage coupling.
Forced compression predominantly thickens the weakest near-ridge region of oceanic lithosphere,
and reactivates inherited extensional faults. This results in rotation of blocks along reactivated faults
leading to their subsequent locking. As the result, the development of a new megathrust zone occurs,
which accommodates further shortening and subduction initiation. Strain weakening has a key impact
on the collapse of thickening mid-ocean ridge region and the occurrence of near-ridge subduction
initiation. In contrast, grain size evolution of mantle plays a subordinate role in these processes by
slightly modifying the localization of shear zones near brittle-ductile transition. Through comparing
with the geological record, our numerical results provide new helpful insights into natural near-ridge
subduction initiation processes recorded by the Mirdita ophiolite of Albani.

Plain Language Summary

Intra-oceanic subduction, comprising 40% of the subduction margins, is widely distributed in the
earth. It can bring oceanic slabs under the overriding parts of oceanic origin, forming oceanic
magmatic arcs worldwide. Although several intra-oceanic subduction initiation models have been
proposed, the question of how and where subduction initiates still remains elusive. Here, through 3D
numerical models, we self-consistently explore the process of oceanic spreading followed by near-
ridge subduction initiation and investigate the influence of brittle-ductile damage on this process.
Numerical results demonstrate that plates shorten and thicken, and near-ridge faults rotate under
forced compression, resulting in the newly formed megathrust zone and the subsequent near-ridge
subduction initiation. Strain-weakening of friction coefficient is crucial for the collapse of thickening
brittle layers. And thermal and compositional heterogeneities inherited from the seafloor spreading
accommodate and control subduction angles and polarity. Furthermore, our model results provide
new insights into the subduction initiation processes recorded by the Mirdita ophiolite of Albani.

1 Introduction

Subduction initiation and infancy remain controversial due to the limited observational
constraints from the early stages of subduction (Stern and Gerya, 2018; Crameri et al., 2020;
Lalemand and Arcay, 2021). Previous studies have categorized the subduction initiation into two
modes - spontaneous and induced (Stern and Gerya, 2018) and proposed several tectonic settings
such as (1) fracture zones or transform faults (Stern and Bloomer, 1992), (2) passive continental
margins (Erickson, 1993; Regenauer-Lieb et al., 2001), (3) mantle plume (Gerya et al., 2015), (4)
oceanic detachment faults (Maffione et al., 2015; Gulcher et al., 2019) and (5) oceanic spreading
centers (Spray, 1983; Gurnis et al., 2004; Qing et al., 2021). However, despite the fact that oceanic
spreading centers are some of the weakest parts of the Earth (Gurnis et al., 2004), the positive
buoyancy of the young oceanic lithosphere presumably hampers the near-ridge subduction initiation.
In particular, oceanic lithosphere should be at least 10 Myr old to become subductable due to own
negative buoyancy compared to the ambient mantle (Cloose, 1993). In contrast, very young and
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positively buoyant lithosphere near spreading centers can only start subducting by forced
compression (Keenan et al., 2016). Paradoxically, under forced compression, near-ridge subduction
can start considerably easier than the subduction of older an stronger oceanic lithosphere, which
requires larger horizontal forces to cause the initial plate bending (Forsyth and Uyeda, 1975).

Young lithosphere with slow-ultraslow spreading rates deforms by slipping along large-offset
detachment faults in large parts of the Atlantic, Indian, and Arctic Oceans (Dick et al., 2003; Cann et
al., 1997; Escartn et al., 2008; Tucholke et al., 2008). Although lithosphere at fast-spreading ridges
accretes through symmetric normal faults with relatively constant crustal thickness, it may also form
detachment faults just prior to their termination due to the lowering of the spreading rate (Maffione et
al., 2015). Lower crustal and mantle rocks are exhumed along detachment faults, forming dome-
shaped structures at the seafloor (Garces and Gee, 2007; Morris et al., 2009; MacLeod et al., 2011;
Sauter et al., 2013; Smith et al., 2008; Whitney et al., 2013). The rate of accretion of the oceanic crust
varies dramatically, especially along ultraslow-slow spreading ridges, both in space and in time due
to strongly fluctuating magma supply (Bown and White, 1994; Morgan and Chen, 1993; Liu et al.,
2022). Studies from geophysical observations and numerical models indicated that the depth of
detachment faults can reach 10-30 km, enhancing the hydrothermal circulation and alternation at
spreading centers (e.g., Andreani et al., 2014; Bach et al., 2004, 2006; Beard et al., 2009; Bickert, et
al., 2020; Boschi et al., 2006, 2013; Klein et al., 2009; Maffione et al., 2014; Mével, 2003; Pliimper
et al., 2012, 2014; Schroeder et al., 2002). At the root of detachment faults, especially at amagmatic
sections, stain and stress concentrations lead to dynamic recrystallization, forming grain size
reduction zones (Bickert et al., 2021). The combined effects of hydrothermal alteration and grain size
reduction zones may further reduce near-ridge oceanic lithospheric strength and facilitate the stain
location under compression, resulting in near-ridge subduction initiation along an inherited single
detachment fault (Maffione et al., 2015).

Observations and computational simulations have both been used to investigate the
subduction initiation by ridge inversion in the past (Gurnis et al., 2004; Keenan et al., 2016;
Beaussier et al., 2019a, 2019b; Gulcher et al., 2019; Qing et al., 2021). Through comparing the
oceanic crustal age with the overlaying lithospheric age and studying the timming of subduction
intiation in the western Philippines, Keenan et al., (2016) found, at the time of subduction initiation,
oceanic crust was less than 1 Myr old and implied that forced subduction initiated at a spreading
ridge evolving from divergence to convergence. In 2D and 3D numerical models, effects of thermal
states and geometries of spreading ridges were explored and numerical results indicated that warm
paleo-ridge structures controlled by a short transition time from divergence to convergence favour the
near-ridge subduction initiation (Gurnis et al., 2004; Beaussier et al., 2019a, 2019b; Qing et al.,
2021). 2D models with a prescribed detachment fault suggested that ridge-inversed subduction may
be directly controlled by the single detachment fault which reduces the lithospheric strength and
enhances the strain localization (Maffione et al., 2015). However, recent 3D thermomechanical
models suggested that the single detachment fault inversion is unlikely (Gulcher et al., 2019).
Instead, the base of several inherited detachment faults become cut by newly formed subduction
zone. Thus, the dynamic evolution and the rheological mechanisms of preexisting detachment faults
formation and inversion remain controversial and require further numerical investigation.

Furthermore, the coupled brittle-ductile damage induced by strain weakening of faults and
grain damage in the lithosphere (e.g., Gerya et al., 2021) may be a critical potential mechanism to
facilitate both detachment faults formation and subduction initiation by ridge inversion. Sufficient
grain damage in the lithosphere promotes shear localization and long-lived weak zones, resulting in
the accumulation of weak plate boundaries (Bercovici and Ricard, 2012, 2014). Spontaneous and
accumulated brittle-ductile damage caused by lateral stress may facilitate passive margins collapse
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(Bercovici and Mulyukova, 2021). Previous numerical models with grain size evolution suggested
that grain size reduction can produce weakening in the ductile regime, which leads to sufficient
localization to trigger an oceanic transform fault (Schierjott et al., 2020). And brittle-damage damage
localization in the subduction zone can produce pervasive subducting slab weakening and dynamic
slab segmentation (Gerya et al., 2021). However the effect of brittle-ductile damage on ridge-
inversed subduction initiation has never been investigated numerically, which gives further
motivation for performing systematic numerical modeling.

In this paper, we focus on the influence of brittle-ductile damage on both the detachment
faults formation and the subsequent ridge-inversed subduction initiation. We model the spontaneous
formation and inversion of inherited spreading patterns after long spreading through 3D high-
resolution thermomechanical numerical modeling combining strain weakening of faults with grain
growth and grain damage in the mantle lithosphere. The intensity of strain weakening, grain damage,
mantle potential temperature, and convergence rates are studied. And the influence of spreading rates
and initial ridge geometries in the formation and inversion of detachment faults and transform faults
are also explored. In addition, a new ridge-inversed subduction evolution process is proposed and
compared with the recorded by the Mirdita ophiolite of Albani.

2 Methods and model setup

2.1 Numerical methods

Follwing Gerya, (2013) and Liu et al., (2022), we use 3D high-resolution thermomechanical
numerical models which solve the incompressible mass, momentum, and heat conservation equation
through the staggered finite differences method and marker-in-cell techniques (Gerya and Yuen,
2007). Brittle/plastic and viscous deformation mechanisms are implemented through the effective
viscosity in this study. The strain-dependent Drucker-Prager criterion is used in the brittle/plastic part
to simulate the fracture-related strain weakening:

L= ineld (1)
nplastlc 28}1 ’

Oyield = C]/ + (P - Pf)' (2)

Where np45tic 18 the effective plastic viscosity, gy;.4 is the scalar yield stress, and &j; is the second
invariant of the strain rate tensor. C, is the cohesion, P is the total pressure in the solid matrix, and Py
is the hydrostatic fluid pressure. ¢ is the internal friction coefficient which is controlled by the plastic
strain y (time-integrating the second invariant of the plastic strain rate tensor &;;(plastic)) through the

linear interpolation:
@ = 1,when P < P (tensile fracture)), (3a)

¢ = @o,fory <vo
$1— Po )
p=po+ - Vo)ﬁ.for Yo <Y =Y1;,when P = P; (confined fracture), (3b)
0

1
¢ =@, fory >
Where ¢ and ¢, are the upper and lower limits of friction coefficient, respectively.

Following Liu et al., (2022), in the ductile part, the effective ductile viscosity following a
composite law is calculated by harmonic averaging of both dislocation and diffusion creep
mechanisms. A constant grain size is used in the crustal material, while the process of both grain
growth and grain damage are implemented in the mantle rocks. The dominant rheology is calculated
through viscosity ratios of both dislocation and diffusion creeps. Final effective viscosity is a
combination of plastic and ductile rheology and defined as the minimum value:
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Nefr = MIN(Mpiastic: Nauctite)- More details about numerical method and grain size evolution can be
obtained from the Supporting information and and Liu et al., (2022).

2.2 Model setup

As shown in Fig. 1, the model domain is defined as a box of 202 X 98 x 202 km with 0.5 km
high grid resolution in each direction and around 130 million randomly distributed Lagrangian
markers. We set symmetrical oceanic plates (0.1 Myr in the center and 10 Myr at both left and right
boundaries) with 7-km thick oceanic crust along x direction to mimic the incipient oceanic spreading.
The half-space cooling model with constant thermal diffusivity (Turcotte and Schubert, 2002) is used
to implement the initial thermal configuration. Constant temperatures are implemented at the upper
and lower boundaries. To simulate various mantle potential temperatures, different temperatures are
implemented at the lower boundary (Liu et al., 2022). Spreading/convergent rates are implemented at
left and right boundaries along x direction (Vspreading = Viert + Vright> a0d Vigrr = Vpigne). TO
ensure the mass conservation in the computational domain, we set the compensating velocities at the
upper (for the sticky air and water layer) and lower (for mantle rocks) boundaries along y direction.
The transition from extension to compression is calculated by linear interpolation (Fig. 1c). The
duration of the transition scales with the initially imposed spreading rate to ensure a constant rate of
plate velocity change. Upon forced compression, subduction initiation occurs at or near the spreading
center.

x: 202 ki

right

.................

bottom
C .
© Vel \0c1ty (mm/yr)
A
v
Extension .
p Time (Myr)
Temperature (°C) 0 A L T >
900 1000 1100 1200 1300 Composition iCOmpl‘eSSiOn
Stick U L , Mot -V
Elah!c y|:|Water -crggf g cr?l\:ter -L1th03phere -litﬁogkrllpere

Figure 1. Initial model setup and boundary conditions.
Composition and thermal configurations. Sticky air and water are implemented at the top boundary
to simulate the topography. (b) Boundary conditions are lateral inflow/outflow in x direction and
compensating through vertical influx velocities in y direction (vio, and vpotrom). (c) Prescribed
lateral velocity boundary conditions. Transition (t, —t,) from extension to compression is
computed by linear interpolation. 0 mm/yr is at t;.

3 Numerical results

23 numerical models are run to systematically investigate the influence of brittle-ductile
damage on the near-ridge subduction initiation by modeling the inversion of inherited spreading
patterns after long spreading (Table 1). Spreading rates, mantle potential temperature, convergence

5
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rates, ridge geometries, and brittle-ductile damage are explored in these models. Representative
numerical results are discussed below.

3.1 Reference model development from divergence to convergence

The reference model is implemented with the ultraslow spreading rate (10 mm/yr) and
constant mantle potential temperature (1340°C) to simulate the formation of detachment faults and
explore the effect of brittle-ductile damage in the ridge-inversed subduction initiation. The interval
from divergence to convergence is set to 3Myr (12 -15 Myr) to ensure a smooth transition. Numerical
results at both divergence and convergence stages are presented in Fig. 2. Over 12 Myr of oceanic
spreading, fundamentally different magmatic and amagmatic ridge sections (Liu et al., 2022) with
long-lived detachment faults form spontaneously and alternate along the spreading ridge (Fig. 2a).
Hot and thin brittle/plastic layer are produced in magmatic sections with elevated topography and
normal thickness of oceanic crust (Fig. 2a, 3a), while mantle-derived rocks with grain damage are
exhumated into the seafloor in amagmatic ridge sections with lowered topography, cold and thick
brittle/plastic layer (Fig. 2a, 3b). Grain damage occurs at the root of the detachment fault and
weakens the rheological strength in which deformation is dominated by grain size sensitive diffusion
creep (Fig. 3), especially in amagmatic sections. In contrast with oblique spreading ridges in wide
amagmatic sections (Fig. 2a), narrow and weak fracture zone with grain damage leads to a large
offset between adjacent magmatic spreading ridge segments. After the transition to convergence
(from 13.5 Myr), inherited detachment faults near spreading centers are reactivated, resulting in
shortening of former spreading ridges, thickening of brittle layer, and rotation of inherited
blocks(Fig. 3). Under the continued compression, gradual cooling and/or grain damage lead to the
narrow weak region with smaller grain size beneath the former spreading ridge (Fig. 3 at 13.9 Myr),
and then strain localization induced by the rotation goes deeply along this narrow weak region with
further and deeper grain size reduction in the mantle (Fig. 3 at 15 Myr). Subduction initiates along
the newly generated strain localization zone once movements of tectonic blocks near the former
spreading centers become arrested within the relatively uniform thickened brittle/plastic lithospheric
layer (Fig. 3 at 15-16 Myr). A pronounced subduction thrust forms at 17 Myr (Figs. 2b and 3) with a
trench located 20-40 km away from the former spreading center.

Brittle-ductile damage thus plays significant role for both the inversion of inherited spreading
patterns by lithospheric shortening and subsequent subduction initiation. Due to narrower weak
regions and more uniform thickness of the brittle layer in cold amagmatic sections compared to hot
magmatic sections, subduction initiates earlier in amagmatic sections than in magmatic ones (cf. Fig.
3b and 3a). Furthermore, different spreading configurations inherited from divergence in each section
cause different geometries, resulting in variable subduction angles (Fig. 2b). Brittle-ductile damage
in amagmatic sections helps creating initial curved subduction megathrust interface (Fig. 2b).

Focusing on the evolution of the reference model (Fig. 3), we can see that inherited
detachment faults formed during divergence are not able to directly control the subduction initiation.
Under convergence, inherited faults are reactivated and lead to the rotation of blocks within
shortening and thickening spreading ridges. As the result, inherited low-angle faults rotate toward
unfavorable steep/vertical angles which lead to their gradual locking and strain localization along the
newly formed shallower angle thrust zone. Therefore, inherited brittle-ductile damage along
detachment faults controls lithospheric shortening rather than subduction megathrust initiation.
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(a) Time: 12 Myr | Time: 12 Myr

(b) Time: 17 Myr . Time: 17 Myr

Temperature (°C)
0 200 400 600 800 1000 1200
Figure 2. Reference model results at both of divergence and convergence stages.

Distribution of composition (left) and detachment faults along the ridge (right) at 12 Myr which is
the start of transition from divergence (a) to convergence (b). (a) Rock types distribution (left) and
ridge structure (right) at 12 Myr when the oceanic spreading ends. The dashed red line shows the
location of spreading ridges. Grain damage is present in amagmatic sections (Amg) and fracture
zones (FZ) with blue color in the right panel. Newly formed oceanic crust without grain size
evolution is shown by grey color in the magmatic sections. (b) Composition distribution (left) and
subduction slab (right) at 17 Myr when the subduction megathrust formed. The dashed white line
marks the subduction trench. Subduction slab with thermal distribution is extracted through the
high strain rate, > 5e — 14 s~. Grain damage (light green) and high strain localization (orange)
along spreading centers in the horizontal depth of 20 km at the end of divergence are presented.
The translucent plane of the second strain rate invariant at the depth of 20 km at 17 Myr are shown
in rights panels of (a) and (b). Dashed lines A-A” and B-B’ mark locations of vertical profiles in Fig. 3.
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Figure 3. Evolution of the reference model from divergence to convergence.
(a) Profiles along A — A’ at the magmatic section. (b) Profiles along B — B’ at the amagmatic section.
The second invariant of strain rate, grain size, and rheological mechanism are presented from left to
right. Locations of profiles are marked in Fig. 2. Div, divergence. Con, convergence. Tran, transition.
BDT, brittle-ductile transition.

3.2 Influence of strain weakening and grain damage

Previous studies have proved that various weakening mechanisms have a significant impact
on both oceanic spreading patterns and ridge-inversed subduction initiation (Keenan et al., 2016;
Gulcher et al., 2019; Beaussier et al., 2019a, 2019b; Qing et al., 2021; Liu et al., 2022). Here, we
explore the effects of two main weakening mechanisms: strain-dependent friction coefficient
weakening to localize deformation and grain damage by dynamic recrystallization.

Models with varying strain weakening intensities and grain damage are shown in Fig. 4. In
the model with strong strain weakening (¢, = 0) and grain damage, strongly curved spreading
ridges at the end of divergence are prominent, which indicates a greater weakening of fractured rocks
and a larger offset of detachment faults. Magmatic and amagmatic sections alternate with the almost
same length. Under compression, detachment faults near spreading centers are reactivated and then
rotated, resulting in the newly formed strain localization. The ridge-inversed subduction initiates
towards the spreading centers along the new weak zone. With the decreasing of strain weakening
intensity (increasing ¢ ), smaller strain weakening intensity results in a smaller offset of detachment
faults and much straighter spreading ridges. And amagmatic sections become much sparser and
narrower. The model with only grain size evolution as the sole weakening mechanism develops
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conjugate faults, rooting into the brittle-duction transition (Fig. 5). The intersection of both conjugate
faults reaches below the seafloor at the end of divergence, forming the axial rift. The spreading
pattern with conjugated faults is obviously different from the spreading pattern in the reference
model which develops long-lived large offset detachment faults. Upon forced compression, conjugate
thrusts form at former spreading centers in models with smaller strain weakening intensity.
Continued compression is mainly accommodated by shortening of the swelling ridges with high
topography till its collapse in these models. Yet, due to extremely small strain weakening intensity in
models with the largest ¢4 (0.6), the swelling ridges are difficult to collapse and fail to develop
subduction initiation.

In contrast to strain weakening, the effects of grain damage are relatively small for both the
formation of spreading patterns and the ridge-inversed subduction initiation. In models with strong
strain weakening (¢, = 0), curved spreading ridges are observed both with and without grain
damage. Alternate magmatic and amagmatic sections are also documented in both types of models
and ridge-inversed subduction initiates toward spreading ridges along the newly formed weak
thrusting zone. Subduction angles are accommodated by amagmatic sections. Especially, narrow
fracture zones with large offset lead to the rapid transition of subduction angles (Fig. 2) or opposite
subduction polarity (Fig. 4), which may be mainly controlled by the shortening and rotation of faults
near former spreading ridges. In models with small strain weakening intensity (¢, < 0.3), regardless
of grain damage, spreading ridges are always straight and swelling ridges form under compression.
However, due to the grain damage at roots of detachment faults in amagmatic sections and brittle-
ductile transition (Fig. 5), the weak mantle is prone to swell instead of collapse under compression.
Therefore, the stronger swelling ridges in models without grain damage are easier to collapse and
develop the subduction initiation (Fig. 4).
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Figure 4. Effects of strain weakening intensities and grain damage in the ridge-inversed
subdcution.
Former spreading centers are presented in green (magmatic segments) and blue (amagmatic
segments) dashed lines. Subduction zones are indicated through purple lines with triangles. Dashed
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purple lines mark the transition. Red dashed lines in the model of nwn00 mark locations of vertical
profiles in Fig 5.
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Figure 5. Ridge-inversion results of the model, nwn00, without strain weakening.
(a) Profiles along A — A’ at the magmatic section. (b) Profiles along B — B’ at the amagmatic section.
The second invariant of strain rate and grain damage are presented from left to right. Locations of
profiles are marked in Fig. 4. Color codes are the same with Fig. 3.

3.3 Influence of variable mantle potential temperature

The effects of increasing/decreasing mantle potential temperature are explored (Fig. 6). The
most obvious difference between these models is the temperature configuration and the magma
supply beneath spreading centers which significantly influence the distribution of magmatic and
amagmatic sections along spreading ridges and subsequent ridge-inversed subduction initiation.

During divergence, high potential temperature leads to hot thermal configuration and a great
amount of magma supply, resulting in the only formation of the magmatic section with thick oceanic
crust and grain growth in the mantle. Owing to the hot and weak mantle, very large offset (over 100
km) detachment faults with rolling-hinge mode form and transform faults develop (Fig. 6a). Yet, cold
thermal structure in the model with low mantle potential temperature produces a small magma supply
and causes thick brittle lithospheric layer, resulting in only several small magmatic sections observed
(Fig. 6¢). Under compression, when compared to the reference model, due to the weaker mantle in
the model with high potential temperature, reactivated faults near spreading centers slightly rotate,
and then subduction initiates along the reactivated fault which is far away from the spreading center.
However, in the low mantle potential temperature, after shortening and thickening, the newly formed
weak zone is opposite with former and near-ridge detachment fault. Grain damage along the new
weak zone facilitates the subduction initiation. Furthermore, according to locations of narrow fracture
zones and opposite subduction polarity, the presence of inherited narrow fracture zones with large
offset are a potential mechanism to trigger the development of opposite subduction polarity.

11
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Figure 6. Ridge-inversed subduction with variable mantle potential temperatures.
(a-c) Left panel: Ridge-inversed subduction results with variable mantle temperatures; right panels:
results of evolution along the red line in the left panel. Strain rate and grain size distribution are

displayed. The color codes are the same with Figs. 3 and 4.

3.4 Influence of variable convergence rates

Previous studies have suggested that convergence rates have a significant impact on the

rheological coupling between plates (Faccenda et al., 2008). Slow convergence rates cause strong
rheological coupling between plates, while fast convergence rates lead to weak rheological coupling.
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Therefore, we systematically investigated the effect of variable convergence rates in the formation of
ridge-inversed subduction.

Divergence and convergence rates explored by different models are shown in Fig. 7(a). The
spreading rates remained constant in these models whereas different convergence rates (and their
different partitioning between the plates) are implemented during the convergence stage. In
particular, variable convergence directions with the same full convergent rate (10 mm/yr) are
implemented in models flm3, continl, and continr. Half of the full rate is implemented in both left
and right boundaries in model flm3, while the full rate is prescribed in the left boundary in model
continl and in the right boundary in model continr. Numerical results show that, at 17 Myr, except for
the trench locations, subduction slabs share similar patterns in these three models (Fig. 7b) and are
accommodated by amagmatic sections and fracture zones. In addition, variable convergence rates are
implemented in models rheol (20 mm/yr), rheo2 (40 mm/yr), and rheo4 (80 mm/yr). As shown in
Fig. 7(c), a low convergence rate (rheol) causes the same subduction direction, while high
convergence rates (40 and 80 mm/yr) induce opposite subduction polarity. This may indicate that
convergence rates play a significant role in the rheological couping during the shortening, thickening,
and rotation of inherited detachment faults. Regardless of convergence partitioning between plates,
the same convergence rates always develop similar subduction initiation patterns. However, variable
convergence rates may change the convergent process, brittle-ductile damage, and the rheological
coupling conditions, which further leads to different newly formed lithospheric strain localization
pattern. Subduction initiates along the new weak shear zones and forms opposite subduction polarity

in different ridge sections.
® ®) P

Full rate (mm/yr)
A .
10 Extension Tran Time (MYT)‘ ﬁ
TR ' \ [5 i 7|
-10 fim3 € |
220 \\ - rheol \
< \\ .
-40 zheol § ) continl
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Figure 7. Ridge-inversed subduction initiation results from different convergence rates.
Prescribed lateral velocity boundary conditions. (b) Ridge-inversed subduction results with variable
convergence directions. (c) Ridge-inversed subduction results with variable convergence rates.
Convergence lengths in all models are almost the same, about 30 km.

4 Discussion

Due to the positive buoyancy at young spreading ridges, ridge-inversed subduction initiation
has been considered difficult until recently. Although many numerical models have investigated its
mechanisms and processes (Gurnis et al., 2004; Maffione et al., 2015; Keenan et al., 2016; Beaussier
et al., 2019a, 2019b; Gulcher et al., 2019; Qing et al., 2021), this mechanism still remain partly
elusive. Through 3D high-resolution self-consistent magmatic-thermomechanical numerical models,
we find that tectonic patterns inherited from seafloor spreading and new weak shear zones formed
after shortening, thickening, and rotation of former detachment faults near spreading centers upon
forced compression (Fig. 8) have a great impact on the ridge-inversed subduction initiation. In
addition, thermal and compositional heterogeneities from magmatic and amagmatic sections and
transform faults accommodate and control subduction angles and polarity.
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4.1 Near-ridge lithospheric stain localization under compression

In our models, detachment fault can be formed not only in slow-ultraslow spreading rates but
also at the terminal stage of spreading in intermediate spreading models (Table 1). Previous studies
have proposed that near-ridge subduction initiation is directly controlled by the single detachment
fault (Maffione et al., 2015) or the nascent subduction zone cuts through the base of previous
detachment faults (Gulcher et al., 2019). Different from these studies, through systematic numerical
models, we find that the ridge-inversed subduction initiation goes through three main stages (Fig. 8):
(1) inherited tectonic pattern from seafloor spreading. It may include thermal and compositional
heterogeneities, geometries of spreading ridges, faults orientations, transform faults, et al. (2)
Shortening and thickening of spreading ridges. Under compression, spreading ridges are gradually
shortening and thickening, resulting in relatively uniform brittle lithospheric layer in both plates and
the rotation of near-ridge faults and blocks. Afterward, the newly formed strain localization goes
deeply through the narrow weak region. (3) Subduction initiates along the newly formed strain
localization zone towards former spreading ridges. Subduction angles are accommodated by the
inherited tectonic patterns. Opposite subduction polarity may occur, which is triggered by inherited
transform faults. In addition, along spreading ridges, owing to brittle-ductile damage, the earlier
strain localization in wide amagmatic sections promotes the strain localization in adjacent magmatic
sections.

Effects of weakening mechanisms show that strain-dependent friction coefficient weakening
plays an essential role in ridge-inversed subduction initiation. Model without strain weakening (Fig.
4) forms conjugated large normal faults in the terminal stage of spreading. Under forced
compression, symmetric conjugated thrusts cause high ridge swelling and fail to result in a
subduction initiation, which is similar to model results with a high healing rate in Gulcher et al.,
(2019). Although Beaussier et al., (2019a, 2019b) proposed that the failure of ridge swelling from
high gravitational potential energy under the continuous convergence leads to subduction initiation,
our models suggest that strain-dependent friction coefficient weakening rather than high gravitational
potential energy controls the occurrence of ridge-inversed subduction initiation. Ridge-inversed
subduction initiates along the newly formed weak zone in models with strong strain weakening
intensity, even if there is no swelling ridge (Fig. 4). However, if the intensity of strain weakening is
extremely weak even though the ridge swelling is very high, subduction still fails to initiate. In
addition, small effects of grain damage in the root region of detachment faults are observed which are
consistent with the geological observation (Bickert et al., 2021). Compared to strain-dependent
friction coefficient weakening, grain damage thus should only play a subordinate role in near-ridge
lithospheric strain localization and subduction initiation.
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(a) Initial stage - mature spreading patterns

Inactive
detachment faults

hﬂ fault OCcy

Rotation
New weak zone

Figure 8. Schematic diagram of the ridge-inversed subduction evolution.
Mature spreading patterns. Detachment faults formed under slow-ultraslow spreading rates
exhume mantle rocks into the seafloor and yield oceanic core complexes (OCCs). (b) Oceanic pltaes
shorten and thicken under compression. Faults near spreading ridges are reactivated and rotate,
resulting in the newly formed weak zone. (c) Under continued compression, subduction initiates
towards the former spreading centers along the newly formed weak zone. Transform faults or
fracture zones may a potenital location to induce the opposite subduction polarity.

4.2 Effects of inherited tectonic spreading patterns in ridge-inversed subduction

Inherited heterogeneous tectonic patterns from seafloor spreading is crucial for the
development of ridge-inversed subduction in our models. As found by Liu et al. (2022), spreading
rates and mantle potential temperature are key controls for tectonic patterns along spreading centers.
Small conjugate faults forming in symmetric spreading centers are induced by thin brittle/plastic
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layer and intermediate-fast spreading rates. And deeply penetrating asymmetric detachment faults
forming in thick brittle/plastic layer and amagmatic sections exhume mantle rocks and result in
compositional heterogeneity along slow and ultraslow spreading ridges. High mantle potential
temperature induces a high extent of mantle melting and sufficient magma supply, resulting in
smooth bathymetry and uniformly thick oceanic crust along spreading ridges. In contrast, spare
magmatic segments form at low potential temperature with three-dimensional heterogeneity along the
spreading ridge due to insufficient magma supply. Furthermore, initial oblique spreading ridges can
cause more magmatic and amagmatic sections and produce stepped ridge-transform patterns at the
large oblique angle model (Table 1).

Inherited spreading patterns affect lithospheric strain localization and thereby control the
near-ridge subduction angles under compression. Strain localization in cold wide amagmatic sections
with deeply-rooted detachment faults and thick brittle layer forms earlier than that in magmatic
sections with shallower detachment faults and thinner brittle layer. This in turn results in earlier
subduction initiation in amagmatic sections, which in turn promotes subsequent subduction initiation
in adjacent magmatic sections. Due to the composition and thermal differences between magmatic
and amagmatic sections, shapes of subducting slabs are affected by the inherited ridge heterogeneity.
In addition, mature transform faults with offset ridge sections are prone to induce opposite
subduction polarity, which is consistent with previous studies (Beaussier et al., 2019a, 2019b).
However, even the same inherited spreading pattern can still form different subduction polarities
under different convergence rates. It is mainly because convergence rate magnitude can affect brittle-
ductile damage and rheological coupling conditions (Faccenda et al., 2008), induce different strain
localization, and form opposite subduction polarity (Qing et al., 2021). In contrast, the partitioning of
convergence rate between the two plates does not produce any significant effect and results of
experiments remain almost the same irrespective of convergence rate partitioning.

4.3 Comparison with previous numerical models

Ridge-inversed subduction initiation has been widely studied from geological observation to
numerical models (Gurnis et al., 2004; Maffione et al., 2015; Keenan et al., 2016; Beaussier et al.,
2019a, 2019b; Gulcher et al., 2019; Qing et al., 2021). For numerical models, 2D models with
prescribed spreading ridge are set in Gurnis et al., (2004), Maffione et al., (2015), and Qing et al.,
(2021), while 3D models with inherited spreading patterns from continental rifting or spreading ridge
are set in Beaussier et al., (2019a, 2019b) and Gulcher et al., (2019). In contrast with prescribed
homogenous spreading ridges in 2D models, inherited spreading patterns evolving from continental
rifting or spreading ridge in 3D models show thermal and compositional heterogeneities with
variable geometries of spreading ridges. Forced subduction initiation in 2D models occurs along
spreading ridges in the model with symmetric ridges (Gurnis et al., 2004; Qing et al., 2021) and
along the detachment fault in the model with prescribed single detachment fault (Maffione et al.,
2015). In 3D models with inherited spreading patterns, forced subduction initiation is mainly
controlled by ridge swelling (Beaussier et al., 2019a, 2019b), while detachment faults are also
observed and are cut by nascent subduction zones (Gulcher et al., 2019). Compared to recent 3D
models (Beaussier et al., 2019a, 2019b; Gulcher et al., 2019), our models are set with higher
resolution and bigger domain size as well as with coupled brittle-ductile damage (e.g., Gerya et al.,
2021), which allows to more accurately resolve the transition from oceanic spreading to subduction
initiation. The fine process from divergence to convergence shows that shorting and thickening of
plates and the newly formed lithospheric strain localization are key factors of forced ridge-inversed
subduction initiation in our models. Except for the hot and weak mantle in the high mantle potential
temperature model, the direction of newly formed strain localization is independent of the orientation
of the latest detachment fault formed during oceanic spreading stage. In addition, offset ridge
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sections induced by spontaneously formed large offset transform faults are prone to form opposite
subduction polarity.

4.4 Comparison with natural examples

Although many evolving processes are simplified in our models, it is essential to provide
some helpful insights into the near-ridge subduction initiation. Occurrences of near-ridge subduction
initiation around the world have been possibly recognized in the Mirdita ophiolite of Albania, the
Proto-Palawan Trench, and the Yap trench (Fujiwara et al., 2000; Gurnis et al., 2004; Maffione et al.,
2015; Keenan et al., 2016). The dynamics of ridge-inversed subduction have been widely discussed
and compared with natural cases (Gurnis et al., 2004; Beaussier et al., 2019a, 2019b; Qing et al.,
2021). Therefore, here we mainly focus on the effects of detachment faults in the newly formed strain
localization, near-ridge subduction initiation, and the possible geological records in these cases.

Observations of the Jurassic ophiolites of Albania and Greece from geochemistry, structure
geology, and paleomagnetism in Maffione et al., (2015) suggest that the subduction zone formed in
the western Neotethys is parallel to the spreading ridges and related to the oceanic detachment faults.
Similar ages between exposed mid-ocean ridge basalt (MORB) and supraduction zone (SSZ) indicate
that no significant time gap exists between the pre-existing spreading centers and subduction
initiation (Liati et al., 2004; Stern, 2004). Paleomagnetic constraints reveal that the preserved oceanic
detachment faults and oceanic core complexes in the ultramafic Puka Massif (Maffione et al., 2013)
are toward and close to the paleo-spreading ridges. Thus, forced convergence from the central
Atlantic and the Alpine Tethys during the Middle Jurassic (Torsvik et al., 2012) may induce the
subduction to initiate along detachments close to the spreading ridges rather than exactly at the
spreading axis (Maffione et al., 2015). However, according to our 3D self-consistent
thermomechanical numerical results (Fig. 2 and 3b), we find that upon forced convergence, weak
pre-existing detachment faults are prone to thicken and rotate till locked up with high angles and then
form new lithospheric strain localization instead of yielding the nucleation of new subduction zones
along the fault planes. Finally, the subduction initiation starts along the newly formed shear zones
rather than the detachment faults close to the spreading ridges.

5 Conclusion

3D high-resolution self-consistent thermomechanical numerical models with brittle-ductile
damage are conducted to study the forced near-ridge subduction initiation by modeling the inversion
of inherited mature spreading patterns formed after long-term spreading. Our model results suggest
that upon compression, plates shorten and thicken and inherited near-ridge faults rotate, resulting in
the newly formed lithospheric strain localization along the emerging megathrust. Subsequently, near-
ridge subduction zone initiates along the megathrust, which controls its polarity. The intensity of
strain-dependent friction coefficient weakening is crucial for the collapse of shortening and
thickening plates and the occurrence of subduction initiation. Without strain-dependent friction
coefficient weakening, an elevated symmetrical ridge swelling forms upon forced compression,
which is difficult to collapse and initiate the asymmetric subduction system. As for grain damage, it
may only play a subordinate role in the near-ridge subduction initiation. In addition, heterogeneous
tectonic patterns inheriting from the seafloor spreading have an impact on the formation of near-ridge
weak strain localization and subsequent subduction zone geometry. In particular, the uniform
subducting slab forms after the symmetric spreading pattern produced at fast spreading ridge. In
contrast, the heterogenous and curved subducting slabs are produced after shortening of more
heterogeneous (ultra)slow spreading ridges containing both magmatic and amagmatic sections.
Opposite subduction polarity induced by inheritance of large offset oceanic transform faults is also
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observed in our models. Studies of convergence rates suggest that variable convergence rates can
change the rheological coupling conditions which have a great effect on the resulting subduction
zone geometry. Comparison of our numerical results with the reconstruction of the Mirdita ophiolite
of Albania suggests that the respective subduction zone initiated along the newly formed megathrust
rather than along an inherited detachment fault.
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691  Table 1. Results of numerical experiments. Sp: spreading rate; Conv, convergence rate; Trant: transition time from divergence to convergence; SW:
692  strain weakening; GSE: grain size evolution; IDF: long detachment faults; sDF: short detachment faults; SNF: symmetric normal faults; HF: horse faults; Mag:
693  magmatic segments; aMag; amagmatic segments; FZ, narrow fracture zones; Tranf: transform faults; Oblir: oblique ridge; Strar: straight ridge; SI: subduction
694  initiation. *, reversal models.

Model Sp (mm/yr)  Different from reference model Spreading pattern Inversion results
fIm3 10 Reference IDF, Mag, aMag, FZ, Oblir Near ridge SI in same direction, subduction
modes controlled by aMag
v50 5 Sp: 5 mm/yr, Trant: 30-31 Myr IDF, sparse Mag, aMag, Strar ~ Near ridge SI in same direction, subduction
modes controlled by aMag
v75 7.5 Sp: 7.5 mm/yr, Trant: 20-22 Myr  1IDF, Mag, aMag, Oblir Near ridge SI in same direction, subduction
modes controlled by aMag
2fg 20 Sp: 20 mm/yr, Trant: 7-10 Myr sDF, IDF, Tranf, Oblir Near ridge SI in opposite directions, subduction
modes controlled by Tranf
4fg 40 Sp: 40 mm/yr, Trant: 4-6 Myr sNF, sDF, Strar Near ridge SI in same direction
8fg 80 Sp: 80 mm/yr, Trant: 2-3 Myr sNF, Strar Near ridge SI in same direction
tm100 10 Low bottom temperature (-100 K)  sDF, IDF, sparse Mag, aMag Near ridge SI in opposite directions, subduction
modes controlled by Tranf and aMag
tp100 10 High bottom temperature (+100 IDF, Tranf, thick crust, Strar Near ridge SI in opposite directions, subduction
K) modes controlled by Tranf
nwn00 10 No SW in crust and mantle sDF, HF, Mag, aMag, Strar Failed SI, two active conjugate thrusts on both
side of former spreading ridges
rhng 10 No GSE IDF, Mag, aMag, FZ, Tranf, Near ridge SI in opposite directions, subduction
Oblir modes controlled by Tranf and aMag
e33w63 10 Moderate SW in the crust and sDF, HF, Mag, aMag, Strar Part SI, two active conjugate thrusts on both
mantle side of former spreading ridges
n33w63 10 Moderate SW in the crust and sDF, HF, Mag, aMag, Strar Part SI, two active conjugate thrusts on both
mantle, no GSE side of former spreading ridges
n33w66 10 No SW in crust and mantle, no sDF, HF, Mag, aMag, Strar Failed SI, two active conjugate thrusts on both
GSE side of former spreading ridges
c33w66 10 No SW in crust IDF in aMag, sDF and HF in Near ridge SI in opposite directions, subduction
Mag, Strar modes controlled by aMag
obll1 10 Oblique ridge: 19°, Trant: 12-15 IDF, Mag, aMag, Oblir Near ridge SI in same direction, subduction
Myr modes controlled by aMag
ob22 10 Oblique ridge: 38°, Trant: 10-12 IDF, Mag, aMag, Oblir Near ridge SI in opposite directions, subduction
Myr modes controlled by aMag
avl left-5 Asymmetric Sp and Conv, Trant:  IDF, Tranf, Mag, aMag, Oblir  Near ridge Sl in opposite directions, subduction
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right - 10 8.5-9.5 Myr modes controlled by Tranf and aMag
av2 left - 10 Asymmetric Sp and Conv, Trant: IDF, Mag, aMag, Strar Near ridge SI in same direction, subduction
right - 5 8.5-9.5 Myr modes controlled by aMag
contl* - Conv: left-10 mm/yr, right-0 Same with reference model Same with reference model except for the trench
mm/yr position
contr* - Conv: left-0 mm/yr, right-10 Same with reference model Same with reference model except for the trench
mm/yr position
rheol* - Conv: 10 mm/yr IDF, Mag, aMag, FZ, Oblir Near ridge SI in same direction, subduction
modes controlled by aMag
rheo2* - Conv: 20 mm/yr Same with rheol* Near ridge SI in opposite directions, subduction
modes controlled by aMag
rheod* - Conv: 40 mm/yr Same with rheol* Same with rheo2*
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