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Key Points:

• 3-D numerical models are conducted to study the mechanism of oceanic
slab vertical tearing under transform-fault oblique subduction.

• The horizontal obliqueness and slab transform age-difference play domi-
nant roles in determining the style of vertical slab tearing.

• The continual variation in dip angle observed along a trench could be
related to plate oblique convergence and a possible slab tearing.

Abstract

Oceanic slab vertical tearing is prevalently identified in the present Earth.
More general background for vertical slab tearing is the transform-fault
subduction during horizontally-oblique tectonic convergence. However, its
geodynamic mechanisms are poorly understood to date. This work introduces
a full numerical 3-D time-dependent Stokes’ thermo-mechanical flow model
to investigate the characteristics and mechanism of vertical tearing of active
transform-faulted oceanic slab during oblique subduction. We find that (i)
transform-fault ages-offset and (ii) subduction horizontal obliqueness have the
first-order control, even without the lateral physical-property differences. The
overriding plate enforces (surface contact interaction) bending of one slab first,
which superimposes the differential sinking driven by slabs-age-thickness differ-
ences. For obliqueness angles �30° and/or age-ratios of the secondly-bent to the
firstly-bent slab being <0.6, well-developed slab vertical tearing is unavoidable
inside the mantle. Quantifying the horizontal distance vector between sinking
slabs, we find that young overall lithosphere (average <30 Myr, for any
age ratio) at high subduction obliqueness angles (>~25°) tends to produce
trench-parallel slab tearing. In contrast, combinations of small-intermediate
obliqueness angles (0-30°) and age ratios with the slab that bends at the
trench first being relatively older-thicker, tend to produce trench-perpendicular
tearing, which is related to differential slabs-hinge retreat or rollback. These
numerically-predicted scenarios and phenomena are consistent with plate-tear
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imaging results from subduction zones. Our modeling results also suggest that
the continual along-trench variation in subduction dip angle may be related to
oblique subduction’s early stages of evolution.

Keywords: slab’s vertical tearing, oblique subduction, transform fault offset,
3D numerical models.

Plain Language Summary

Tectonic plates supporting the oceans can tear-off through time as they plunge
and sink into the Earth’s mantle and are especially favored when plates have
preexisting fault-weak zones. Two primary conditions promote tectonic oceanic-
slabs’ tearing: (1) Obliqueness of a plate’s horizontal velocity with respect to the
overriding-plate coastline and trench, as the latter will enforce bending of one
side of the slab first causing differences in deformation; (2) Differences in slab age
between two sides of a displaced fault-zone that created an offset in plate age and
thickness. To understand these processes, we present 3D numerical models that
simulate tectonic evolution and deformations, and we compare model results
with analytical studies and natural observations from seismic imaging. We find
that age differences across fault zones combined with subduction horizontal
obliqueness control the generation and development of vertical tearing, and two
geometrical patterns of vertical tearing are largely consistent with observations.
Our findings suggest that along-trench changes in the vertical angle between slab
and surface (dip angle), may be related to early stages of oblique subduction.
Observing the age contrast across faults and the horizontal obliqueness of plates’
motion allows predictions of the tearing pattern, evolution, and local mantle
flow.

1. Introduction

Slab tearing (or break-off) is a general phenomenon on present-day Earth. When
occurring, the resulting slab window allows hot mantle materials to pass through,
resulting in anomalous thermal and chemical conditions in convergent-margin
environments (Gianni & Luján, 2021; Thorkelson, 1996). If slab tearing occurs
at shallow depth (Freeburn et al., 2017; Király et al., 2020), the asthenospheric
upwelling produces significant geological and geophysical responses, including
complex mantle flow in subduction zones (Bolton et al., 2022; R. Govers & Wor-
tel, 2005; Rosenbaum et al., 2008), anomalous thermal and mechanical struc-
tures of the overlying plate (Georgieva et al., 2016; Guillaume et al., 2010; Jolivet
et al., 2015; Roche et al., 2018), as well as active arc and backarc magmatism
(Gianni & Luján, 2021; K. Liu et al., 2020; Xu et al., 2020).

Slab tearing can be categorized into horizontal and vertical tearing patterns
(Rosenbaum et al., 2008). The horizontal tearing normally occurs along a sub-
horizontal plane, in which the lower segment of the slab detaches from the upper
segment and then sinks into the mantle. In this case, the negative buoyancy of
the subducted slab contributes to slab break-off (tearing) (Duretz et al., 2011;
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Gerya, 2022; Hildebrand et al., 2018; Kufner et al., 2017; L. Liu et al., 2021).
On the other hand, it is generally difficult for a coherent subducting slab to
tear along sub-vertical planes perpendicular to the trench (Cui & Li, 2022)
due to the lack of major forces in the along-strike direction. However, vertical
slab tearing occurs in many subduction zones of present-day Earth (Figure 1),
including Mariana’s subduction zone (M. S. Miller et al., 2004; Meghan S. Miller
et al., 2006), the Mediterranean zone (Jolivet et al., 2021; Suckale et al., 2009),
Aegean and Anatolia regions (Rob Govers & Fichtner, 2016; Jolivet et al., 2015),
Central America zone (Carciumaru et al., 2020; Dougherty & Clayton, 2014;
Stubailo et al., 2012; Thorkelson, 1996), South America zone (Pesicek et al.,
2012; Rosenbaum et al., 2008; Vargas & Mann, 2013), Caribbean zone (Meighan
et al., 2013), Tonga zone (Bonnardot et al., 2009; Millen & Hamburger, 1998),
and Kamchatka subduction zone (Levin et al., 2002).
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Figure 1. Global distribution of slab tearing in the present-day
oceanic subduction zones. (a) The red stars on the map and the cartoons
above or below show each case’s position and deep structure. The cartoons
are shown for ‘ala,’ ‘kam,’ and ‘ker’ due to the lack of relevant data. The
references for these subduction zones are: ker: Bonnardot et al., 2009; cam-2:
Carciumaru et al., 2020; Dougherty and Clayton, 2014; kam: Levin et al.,
2002; car: Meighan et al., 2013; izu: Miller et al., 2006; sam-1: Pesicek et al.,
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2012; cam-1: Stubailo et al., 2012; cal: Suckale et al., 2009; sam-2: Vargas
and Mann, 2013; ala: Yang and Gao, 2020. The identifications of plate-1 and
2 are defined as follows: Plate-1 is the plate that would arrive and contact
the trench earlier, whereas Plate-2 would do it later. The vertical color bar
represents the age of the oceanic lithosphere, and the horizontal color bar is the
angle between horizontal plate velocity and the direction perpendicular to the
trench. The arrows indicate the plate velocity in the hot spot reference frame
(Becker et al., 2015). The data on the subduction zone, seafloor age, and color
bar are referred to (Hayes et al., 2018a), (Müller et al., 2008), and (Crameri,
2021), respectively. (b) Cartoons illustrate the two typical slab vertical tearing
patterns (Rosenbaum et al., 2008).

Slab vertically-propagating tearing inside the mantle generally requires along-
strike variations, with several mechanisms being proposed: non-uniform roll-
back due to lateral temperature and age changes in subducting plates or step
faulting at the edges of active margins (Burkett & Billen, 2010; R. Govers &
Wortel, 2005), opposite rotation of slab segments (Gianni et al., 2019), the
oceanic/continental plate transition (Li et al., 2013), and variable orientations
of passive margins (Fernández-García et al., 2019). A more general background
for vertical slab tearing is the transform-faulted slab subduction, with contrast-
ing seafloor ages on both sides of a weak fault zone (Burkett & Billen, 2010;
Magni et al., 2014; Pusok et al., 2018). In this case, two favorable conditions
may facilitate vertical slab tearing, one is the large contrast of slab ages and
the other is the oblique subduction of a transform fault. In this study, three-
dimensional numerical models are systematically conducted to investigate the
mechanism of vertical slab tearing and the causes of different tearing patterns.
The model results are further compared with analytical studies as well as natu-
ral observations. We also hope this work will provide a profound understanding
of inferring the pre-subduction obliqueness angle of a subducted plate that may
lack hotspot constraints and improve the accuracy of plate reconstruction.

Table 1. Parameters of the natural subduction zones with slab tearing a.

Symbol
(subduction
zone)

Name of the
fracture zone

Oblique
convergence
angle

Age of
Plate-1
(t1, Ma)

Age of
Plate-2
(t2, Ma)

cam-1
(Central
America)

Tehuantepec °

cam-2
(Central
America)

Orozco °

sam-1
(South
America)

Mocha °
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sam-2
(South
America)

Caldas slab °

Izu
(Izu-Bonin)

—— °

cal
(Calabria)

Central
Hellenic
Shear Zone

°

car
(Caribbean)

—— °

ala
(Alaska)

Between the
Pacific plate
and Yakutat
plate

°

kam
(Kamchatka-
Kuril)

—— °

ker
(Kermadec)

Fiji °

a The convergence angle and lithospheric age use the averaged value within 300
km on both sides of the symbol sites on the map (Figure 1).

2. Model setup

The finite-element software ASPECT (version 2.3.0) is used to solve the incom-
pressible Stokes equations (1-2) coupled with temperature advection-diffusion
equation (3) velocity u, pressure 𝑝, temperature 𝑇 (Bangerth et al., 2021;
Glerum et al., 2018). Equation (4) describes the evolution of additional fields
transported along with the velocity field u, without diffusion. For the Stokes’
flow equation, we employ the Taylor-Hood spatial element.

−∇ • [2𝜂 (𝜀 (u))] + ∇𝑝 = 𝜌g#(1)

∇ • u = 0#(2)

𝜌𝐶𝑝 ( 𝜕𝑇
𝜕𝑡 + u • ∇𝑇 ) − ∇ • 𝑘∇𝑇 = 0#(3)

𝜕𝑐𝑖
𝜕𝑡 + u • ∇𝑐𝑖 = 0#(4)
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where 𝑐𝑖 is the i-th compositional field that tracks chemical compositions, 𝜀 (u) =
1
2 (∇u + ∇u𝑇 ) is strain rate, 𝜂 is viscosity, 𝜌 is density, g is gravitational accel-
eration, 𝐶𝑝 is specific isobaric heat capacity, 𝑘 is thermal conductivity.

A 3D Cartesian model box with spatial dimensions of 2500 km×3000 km×660
km is used. Figure 2 shows the initial model configuration using the composi-
tional fields, including a partially subducted oceanic lithosphere with a trans-
form fault in the middle and a continental lithosphere as the overriding plate
(Figure 2a). The subducting oceanic plate is decoupled from the side plates by
applying two side faults, as shown in Figure 2b. In contrast to the central plate,
no subducting slab is prescribed for the side plates (Figure 2c).

Figure 2. Initial condition model setup. (a) 3D oblique view of the model
structure with the subducting (cyan) and overriding (brown) plates. (b) View
from above. The oceanic slab’s weak central region (transform fault and fault
zone) is 30 km wide. (c) The vertical cross-sections on the lateral edges of
subducting lithosphere and adjacent plate slice lithosphere. The initial dip
angle of the subducting slab is 𝛼=30°. The oblique subduction is achieved by
rotating the slab with an angle 𝜃. The length of the shortest subducted slab on
one side is 100 km and increases gradually to the other side. The axes definition:
X-axis is trench-perpendicular, Y-axis is trench-parallel.

The half-space cooling model is used to calculate the ocean plate’s initial ther-
mal thickness as ℎ ≈ 2.32

√
�t (ℎmax = 100 𝑘𝑚) (Turcotte & Schubert, 2002),

where k is thermal diffusivity, and t is seafloor age. In this sense, the thick-
ness ratio between Plate 1 and 2, i.e., ℎ1

ℎ2
, is dynamically similar to the square

root of the ratio of lithospheric ages √ 𝑡1
𝑡2

. In the mantle domain, an adiabatic
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profile is applied as initial condition. The ocean plate’s maximum thickness is
computationally limited to 100 km, consistent with thermo-rheological observa-
tions. The top and bottom boundary temperature is fixed at 293 K and 1700 K,
respectively. Except for the fixed (3D zero velocity vector) bottom boundary
that is intended to simulate the effect of the 660 km phase-transition interface,
the velocity field boundary conditions are of tangential flow boundary (free-slip
and no-flow-through) on all the other five surfaces.

Our representation assumes the half-space cooling model with a constant ther-
mal expansion coefficient, under which the plates are defined as a thermal bound-
ary layer specifically limited by two isotherms. The lower boundary deepens
with time, thus the plates thicken with age, but their density and viscosity re-
main constant with well-established values (Table 2). This simplification is only
a first-order approximation which allows faster computations. Finally, the com-
putational grid is adaptively refined five times till its smaller element reaches
a minimum size of 6.51×6.25×6.88 km3. Usually, it takes 24 to 48 hours for
each model, running with 220 computing cores, to simulate a geological time of
about 30 Myr.

Table 2. Material properties of the numerical models a.

Compositional units Density(𝑘𝑔 • 𝑚−3) b Viscosity(𝑃𝑎 • 𝑠)
Underlying upper mantle 3300 1.4 × 1020

Oceanic crust 3390 2.8 × 1020

Oceanic lithospheric mantle 3390 1.4 × 1023

Continental crust 3350 1.4 × 1024

Continental lithospheric mantle 3390 1.4 × 1023

Transform fault zone 3390 7.0 × 1020

Side fault 3390 7.0 × 1020

The crust of the side plate 3350 2.8 × 1020

Lithospheric mantle of the side plate 3390 1.4 × 1023

a Other parameter values: Reference temperature = 293 K; heat capacity =
1250 J/kg/K; thermal conductivity = 2 W/m/K; thermal expansion coefficient
= 0.
b The value of density implicitly includes the thermal-effect dependence.

3. Results

A total of 69 experiments are conducted with different obliqueness angles and
plate ages combinations. To quantify the size of the tear width, we visual-
ized and post-processed the output data in Paraview, specifically by selecting
horizontal slices of the oceanic lithosphere at various times and depths and
measuring the horizontal vector distance between the two slabs (Figure 3).

3.1. Tested conditions for vertical slab tearing
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In our reference model, the slab tearing process can be separated before and after
Plate 1 reaches 660 km deep (mapped by oceanic-lithosphere compositional field
(in Aspect software) value >0.5 within 15 km from the bottom), as shown by
the temperature contour of the reference model (t1=33 Myr�t2=27 Myr��=20°,
Abbreviated as 3327_20, Figure 3).

After Plate 1’s tip arrives at the box bottom, its subduction velocity decreases,
contributing to the increase of tearing width. The distance at the bottom of the
oceanic slabs is determined by whether tearing occurs at a depth larger than
110 km in both stages. As can be seen from the white contour lines (depth:
100-400 km) in Figure 3, vertical tearing can occur at deep locations (>200 km
depth). Figure 4 demonstrates the tearing judgments/decision arrays of the
experiments.
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Figure 3. (a) Reference model evolution shown by the slab temperature contour
of 1380 K (model parameters: lithospheric ages t1 = 33 Ma, t2 = 27 Ma;
obliqueness 𝜃=20°). (b) The definition and quantification of slab tearing, with
the parameter ”d” for the horizontal vector distance (of magnitude ‘width’) of
slab tearing window, and the ratio ”dx/dy” indicating/characterizing the slab
tearing pattern. If dx/dy < 0.4 for both stages, the pattern is defined as along-
trench-strike tearing dominated. In contrast with dx/dy > 0.4 at stage 1 and
dx/dy > 0.7 at stage 2, the pattern is defined as trench-strike-perpendicular
tearing dominated. On the other hand, if dx/dy > 0.4 at stage 1 but dx/dy <
0.7 at stage 2, it is defined as a transition mode.
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Figure 4. Check-box diagrams for the tested conditions. Angle means
the obliqueness angles. The mean lithospheric age of plates-1 and 2, ((t1+t2)/2),
is 15 Myr (a), 30 Myr (b), and 60 Myr (c), respectively. (d) The category of
slab tearing discrimination. If the tearing width is <100 km at both stages, the
tearing is classified as absent (red rectangles). In contrast, with slab tearing
width >110 km at both stages, the occurrence of slab tearing is affirmatively
defined (green rectangles). The cases in between are defined as transitional
modes (gray rectangles).
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Each diagram in Figure 4 summarizes the results of simulations with the same
arithmetic mean age 𝑡1+𝑡2

2 of the plates separated by the transform fault. We
use relative age ratio rather than age difference as a way to avoid discussing
parameters that deviate far from nature, i.e., 𝑡1 − 𝑡2 = 𝑡1 (1 − 𝑡2

𝑡1
), For the

same age ratio, a smaller mean age means a smaller absolute age difference.
When the absolute mean age is the same, the slab tearing is favored by a larger
obliqueness angle and by older plate-1 ages relative to plate-2. Most models fail
to tear without oblique subduction (angle=0) except for medium-aged plates
with substantial age differences.

In particular, due to thin slabs, Model 1 (1318_20) in the low mean absolute age
group (15 Myr) exhibits lateral break-off, increasing tearing width. The models
in the high mean absolute-age group with high horizontal angle (light green area
in 60 Myr) would offer plate-1 less vertical subduction distance, limiting tearing
propagation at stage 1 but bringing evident tear at stage 2. The simulations
in the dark green area demonstrate that oblique convergence can cause major
vertical tearing before the plate reaches 660 km and commonly before the large-
scale slab differential rollback.

In conclusion, our simulations suggest that for any values of obliquity, the plates
tear for age ratios less than 0.6, meaning that an older-thicker plate-1 entering
the trench first, sinks first and faster. Furthermore, regardless of the transform
age ratio, all the plates tear at obliquities greater than 30°. This latter behavior
is likely an effect of the contact surface forces exerted by the overriding (conti-
nental) plate on forcing the bending of an obliquely-subducting slab-1 first and
then later on slab-2.

3.2. Patterns of vertical slab tearing

In this study, the tearing width at the bottom of the plate is used to indicate
whether tearing can occur. In addition, the horizontal tearing width vector and
the ratio of its components at about 100 km depth (see Figure 3 for definitions)
are employed to characterize the tearing pattern. When dx/dy >0.4 at stage
1 and >0.7 at stage 2, it is defined as trench-perpendicular tearing (related to
differential hinge retreat) (Figure 5). In contrast with dx/dy <0.4 for both
stages, the pattern is defined as trench-parallel tearing, in which the along-
trench-strike tearing dominates. A transitional mode is defined in between.
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Figure 5. Check-box diagrams for the tearing patterns. Angle means
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the obliqueness angles. The mean lithospheric age of plates1 and 2, ((t1+t2)/2),
is 15 Myr (a), 30 Myr (b), and 60 Myr (c), respectively. (d) The category of
slab tearing pattern, depending on the ratio ”dx/dy” as shown in Figure 3. If
dx/dy < 0.4 for both stages, the pattern is defined as transverse tearing, in
which the trench-parallel tearing dominates. In contrast with dx/dy > 0.4 at
stage 1 and dx/dy > 0.7 at stage 2, the pattern is defined as dominated by
trench-perpendicular tearing. On the other hand, if dx/dy > 0.4 at stage 1 but
dx/dy < 0.7 at stage 2, it is defined as a transition mode. (e) Cartoons and
typical models illustrate the three different slab tearing patterns.

Plate horizontal obliquity influences the transverse pull-off subparallel to the
trench direction. Therefore, high obliqueness angles for same absolute ages favor
trench-parallel tearing, while low obliqueness angles favor trench-perpendicular
tearing. On the other hand, large absolute age differences generally result in
large sinking velocity differences that project in the convergence direction. Thus
for obliquities <45°, more trench-perpendicular tearing tends to occur; on the
converse, trench-parallel is favored.

4. Discussion

4.1. Analytical study of the slab tearing dynamics

In order to understand how the various governing factors operate and enhance
the verifiability of the results, we compare the model results with analytical
studies.

We assume that the horizontal width (d) of the tearing window is strongly
correlated to the difference in subduction velocity �𝑣 between the two plates
separated by a transform fault. In a 2D subduction model, the oceanic slab
is primarily subjected to negative buoyancy 𝛿𝜌 ⋅ 𝑔 ⋅ ℎ ⋅ 𝑙, surrounding mantle
resistance along the tangential direction of the slab 𝐹1∼ 𝜂1𝑣 (where 𝑣 is the
plate speed, 𝜂1 is mantle viscosity), and unbending resistance perpendicular to
the slab 𝐹2∼ 𝜂2𝑣ℎ3/𝑙𝑏3, where 𝑙𝑏 is the bending length from the slab tip to
the unbending place behind the hinge point, 𝜂2 is plate viscosity (Li & Ribe,
2012; Ribe, 2001) (Figure 6c). Then we simply take the tangential velocity
𝑣 = 𝛿𝜌•𝑔

𝜂1
𝑠𝑖𝑛𝛼 ⋅ ℎ ⋅ 𝑙 (in an idealized sinking scenario) along with the slab as the

major component of the velocity difference �𝑣, yielding

�𝑣 = 𝛿𝜌•𝑔
𝜂mantle

(ℎ1𝑙1 − ℎ2𝑙2) • 𝑓#(5)

where 𝑓 is a dimensionless parameter representing the additional effects on �𝑣,
such as unbending resistance along the slab-normal direction, subduction dip
angle, variation of slab bending length over time, viscosity and width of the
weak zone, etc.

We assume that in the slab tip of the initial subduction zone, plate thickness
ℎ remains constant, yet the initial interface slab length 𝑙 changes in the trench
direction (y-direction) following 𝑙(𝑦, 𝜃) = 𝑐+𝑦•𝑡𝑎𝑛𝜃

cos� , where 𝑐 is fixed at 100 km.
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Then we get 𝑣3𝑑 = ∫𝑤
0 𝑣𝑑𝑦/ ∫𝑤

0 1𝑑𝑦 , as the average velocity of the entire slab
tip, with 𝑤 the horizontal span of the slab.

The velocity difference is obtained as �𝑣3𝑑 = 𝑘 • 𝐶 • ℎ • 𝑓 , where 𝑘 = 𝛿𝜌•𝑔•𝑏•𝑡𝑎𝑛𝛼
2𝜂mantle

(the unit is 𝑠−1) is a set of dynamic parameters kept constant in this model for
the above reasons, and 𝑏 = 𝑤/𝑐𝑜𝑠𝜃 is the fixed plate width.

𝐶 = 2 𝑐
𝑏 (√ 𝑡1

𝑡2
− 1) + (3√ 𝑡1

𝑡2
− 1) sin�

(cos�)2 , #(6)

denotes geometry parameters reflecting the oblique subduction effects. ℎ ≈
2.32

√
�t denotes the plate thickness corresponding to the model’s seafloor age.

According to the form 𝐹2∼ 𝜂2𝑣ℎ3/𝑙𝑏3 and dimensionless additional effects pa-
rameter 𝑓 , we use 𝑓 ≈ ( ℎ2

ℎ1
)𝑛 𝑙𝑏1

𝑙𝑏2
to indicate the unbending resistance variation

difference between two ocean plates.

We used a set of fixed times (10 Myr, 14 Myr, 20 Myr) and depth range (100-400
km) to compare and correlate the tearing width 𝑑 and the velocity difference
�𝑣, with the analytical results shown in Figures 6-9. The figures are plotted for
different combinations of controlling parameters, e.g., absolute mean ages (15,
30, 60 Myr) and transform-age-contrast combinations. Upon constructing the
correlation shown in Figure 6-9 and Table 3, we have removed four data from
the simulation, including 1318_30, 1318_40, 1515_20, and 1515_30. Because
the over-thin slabs broke off, we can not precisely measure the tearing width in
these models.
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Figure 6. (a) Snapshots of particular model 1911_20 (slabs reference ages
t1=19 Myr, t2=11 Myr, mean age 15 Myr, and subduction obliqueness 𝜃=20°)
at 10, 14, and 20 Myr of simulated time, showing the evolution of the slabs and
the transform tearing. The red curves on slabs are selected paths for geome-
try and tearing assessment computation. (b) The six different panels display
trials on the functional forms of (𝐶 • ℎ • ( ℎ2

ℎ1
)𝑛

) depending on evolution time
(large horizontal axis) and depth (large vertical axis) and their correlation with
the horizontal tearing width (d). The correlation coefficient (top left corner)
between tearing horizontal width (small vertical axis) and velocity difference
controlling factor (small horizontal axis) is shown on each panel’s top-left cor-
ner. The variable range outlined by the dashed red line on the phase diagram
corresponds to the model at the corresponding combinations. (c) The major
force analysis of the tip part of a two-dimensional subducting slab with slab
thickness ℎ, initial slab length 𝑙, and subduction dip angle 𝛼. These plots illus-
trate the search for the maximum correlation coefficient between the slabs tear
horizontal-width and the slab-segments velocity difference by varying different
functional forms.
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Figure 7. (a) Snapshots of particular model 3327_30 (slabs reference ages
t1=33 Myr, t2=27 Myr, mean age 30 Myr, and subduction obliqueness 𝜃=30°)
at 10, 14, and 20 Myr, showing the evolution of the slab tearing. The red curves
on slabs are selected slices for geometry and tearing assessment computation. (b)
The nine different panels display the correlation between slab tearing horizontal
width (d) and the integrated, controlling factor (𝐶 • ℎ • ( ℎ2

ℎ1
)𝑛

). Correlation
coefficients (𝑅2) are shown on the top-left corner of each panel.
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Figure 8. (a) Snapshots of particular model 6753_20 (slabs reference ages
t1=67 Myr, t2=53 Myr, mean age 60 Myr, and subduction obliqueness 𝜃=20°)
at 10, 14, and 20 Myr, showing the evolution of the slab tearing. The red curves
on slabs are selected slices for geometry and tearing assessment computation. (b)
The nine different panels display the correlation between slab tearing horizontal
width (d) and the integrated, controlling factor (𝐶 • ℎ • ( ℎ2

ℎ1
)𝑛

). Correlation
coefficients (𝑅2) are shown on the top-left corner of each panel.

After a detailed analysis of our numerical experiments (Figures 6-8), we find
that the tearing horizontal width 𝑑 is roughly proportional to a simple form of
𝐶 •ℎ•( ℎ2

ℎ1
)𝑛

, with the correlation coefficient 𝑅2 in the range of 0.76~0.97. In the
simplest functional case ”�𝑣 = 𝑘 • 𝐶,” the range of 𝑅2 is 0.57~0.96 with respect
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to different mean age groups (15, 30, 60 Myr) and all models (Table 3). The
first-order governing factor is the oblique convergence characteristic parameter
𝐶, as defined in Equation 6.

Table 3. The correlation between the tearing horizontal width ”𝑑” and the
oblique convergence characteristic parameter 𝐶 (as constructing the simplest
parametric function ”�𝑣 = 𝑘 • 𝐶”) at different times and depths a.

𝑅2(𝑑, �𝑣)-15 Myr 10 Myr 14 Myr 20 Myr
100 km 0.92 0.85 0.81
200 km 0.76 0.96 0.84
300 km —— —— ——
400 km —— —— ——
𝑅2(𝑑, �𝑣)-30 Myr 10 Myr 14 Myr 20 Myr
100 km 0.93 0.96 0.94
200 km 0.92 0.94 0.96
300 km 0.95 0.92 ——
400 km —— 0.92 0.91
𝑅2(𝑑, �𝑣)-60 Myr 10 Myr 14 Myr 20 Myr
100 km 0.83 0.90 0.83
200 km 0.86 0.84 0.88
300 km 0.87 0.87 ——
400 km —— 0.92 0.89
𝑅2(𝑑, �𝑣)-all 10 Myr 14 Myr 20 Myr
100 km 0.77 0.79 0.70
200 km 0.80 0.81 0.69
300 km 0.71 0.73 ——
400 km —— 0.57 0.76

a The value range of C is 0.57~0.96.

In particular, if we divide each group of time-depth diagrams along the diagonal
line (Figures 6-8), the parameter changes can roughly reflect the tearing width
evolution in different segments of the ocean plate. The variation of parameters
in various intervals from the lower left to the upper right depicts the variation
of governing factors from the front edge to the back edge of the oceanic plate,
which is dependent on ( ℎ2

ℎ1
)𝑛

(n: 1→0→-1). This evolution simply represents
the effect of unbending resistance 𝐹2 in various plate segments. The slab length
𝑙 of plate-2 is obviously smaller than that of plate-1 during the early stages of
subduction (well before the two slabs are dipping sub-vertically). Accordingly,
”stiffer” plate-2 affects the change of tearing width when ℎ = ℎ2, 𝑛 = 1. The
overall subduction dip angle (including that of plate 1) increases as plate-2
subducts, and the effects of 𝐹2 grow weaker at this point ℎ = ℎmean, 𝑛 = 0.
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Later on, with continued slabs sinking, there is the singular event of plate-1
reaching 660 km depth: Plate-1 is subjected to a force at the bottom that
resists bending. At this point, the �𝑣 turns to be controlled by plate-1, 𝑛 = −1.

Figure 9. The nine different panels display the correlation between slab tearing
width (d) and the integrated, controlling factor (𝐶 • ℎ • ( ℎ2

ℎ1
)𝑛

) for all models.
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The correlation coefficients (𝑅2) are shown on the top left corner of each panel.
The red dashed line on the phase diagram corresponds to a regime transition.
An additional multiplication factor ( ℎ30

ℎ60
)𝑝

must be applied in the 60 Myr mean-
age simulations to capture the influence of slab thickness variation on tearing
width.

The comparison among the models with different mean slab ages indicates that
the older slabs of 60 Myr generally have a narrower tearing window than the
younger slabs with mean ages of 15 and 30 Myr. To measure the effect of bend-
ing length 𝑙𝑏1

𝑙𝑏2
, we use the average slab-thickness ratio ( ℎ30𝑀𝑦𝑟

ℎ60𝑀𝑦𝑟
)
𝑝
, which can be

compared quantitatively. It turns out that the 60 Myr group necessitates an
additional multiplication term to maximize the correlation coefficient (𝑅2) (Fig-
ures 9). A possible explanation is that the sequence of plate-1,2 changing from
small bending length to large bending length is different when plate thicknesses
are large. The rheologically weaker plate-1 changes earlier in the plate-thickness
sinking-velocity parameter space than plate-2, increasing the tearing width from
15 Myr-age groups to 30 Myr-age groups and then decreasing from 30 Myr-age
groups to 60 Myr-age groups. This effect is more apparent in the later phases
of subduction and at larger depths, as shown by the change of 𝑝 in Figure 9.
This feature is also shown in the shift of the age ratio cut-off with absolute age
in Figure 4.

In summary, vertical slab tearing is controlled by two dominant factors, (i)
the subduction horizontal obliqueness: the larger the obliqueness angle, the
higher the likelihood for slab tearing; (ii) the slab-transform age difference: slab
tearing is favored by older, heavier, thicker plate-1 relative to plate-2. The
plates’ unbending resistance effect varies among subduction zones and has a
secondary role in tearing generation and development.

4.2. Geological application

As shown in Figure 10, examples of slab tearing of natural subduction zones
are projected onto our simulations’ phase diagrams. Some cases (such as ”cam-
1” and ”ala”) are shown in two mean-age groups, given our sparse sampling
of this variable. Except for the ”ala” point, all the natural cases fall in the
regime where tearing occurs. The misfit of the ”ala” case may be due to a
secondary plate with different seafloor ages (Yang & Gao, 2020). Furthermore,
because the obliqueness angle of ”car” and ”ker” is �60°, we have not carried
out corresponding simulations considering the numerical stability problems they
face. The Aleutian slab window’s low-velocity zone emplaced on a high oblique-
convergence angle may undergo tearing as an effect of plate-1 bending enforced
by the overriding plate (Bai et al., 2020). However, the former exhibits a strong
seafloor age contrast, with plate-2 being older and thicker (more prone to sink-
ing). Thus, the slab-ages combination likely exerts an opposite effect on the
tearing development, probably decreasing or slowing down the tearing width.
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Figure 10. Comparisons between numerical model predictions (tearing pat-
tern phase diagrams with color rectangles) and subduction-zones observations
(small black rectangles) along with their simplified observation-based interpreted
structures (cartoons). All the natural cases are consistent with the numerical
prediction, except for the Alaska case “ala” and the northwestern South Amer-
ica case “sam-2”. The “ala” natural case falling in the predicted no-tearing
zone may be affected by a secondary, so far unobserved, slab tear in nature.
In contrast, the “sam-2 differential retreat” case in the trench-parallel pattern
zone may be affected by a lateral break off in the younger slab but also lack
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more detailed local observations.

We discovered or conceptualized trench-parallel tearing, which is revealed or
suggested by ”cam-2”, ”Izu,” and ”car” in the expanded region of the phase
diagram. Aside from that, we confirmed the well-known trench-perpendicular
tearing, which is revealed by ”cal,” ”cam-1”. The ”sam-1” is in the transitional
mode’s zone with both features.

The simulations do not fit the real ”sam-2” tearing pattern, most likely due
to the real plate being too thin and experiencing break-off in a differential roll
back style, as shown in Figure 1 and Table 1, yet inconsistently falling within
our trench-parallel tearing combinations. According to our understanding, the
vertical tearing patterns of Tonga ”ker” and Caribbean ”car” correspond to
transitional mode (trench-parallel evolving to trench-perpendicular), and Kam-
chatka ”kam” tends to trench-perpendicular tearing.

Imaging (mostly seismic) findings of ”cam-1”, ”sam-1”, and ”Izu” show the fea-
ture of varied subduction depths (slab tips) on both sides of the transform fault.
However, it is unclear how compatible that is with our model setup assumption
about initial plate emplacement (with variability along strike). Finally, when
plate-2 is not entirely subducted during the early stages of subduction evolution,
the varied slab length 𝑙 along the trench generates transverse non-uniform slab
”stiffness” (Li & Ribe, 2012). (Obviously, the smaller 𝑙, the stronger the unbend-
ing resistance and the stiffer the slab). This phenomenon should be somewhat
reflected in the continuous variation in subduction dip angle along the trench
of the right (northern) slab in the ”sam-1” cartoon (Figure 10).

4.3. Model limitations

Our model is simplified by having constant (yet adequate) density, viscosity, and
thermal properties values. It is chosen to isolate the first-order controls on the
slab tearing during transform fault subduction. This simplification may lead to
some inaccuracies, such as:

(1) The age difference between the two sides of the transform fault should lead
to additional lateral variations in the physical properties (e.g. viscosities) of the
oceanic plate.

(2) The viscosity and density should vary continuously with depth (pressure and
temperature), particularly through and between lithospheric and asthenospheric
mantle regions.

(3) Additional complexities and different effects on the sinking-tearing plate, i.e.,
more specific and refined forms of the function 𝑓 , which were not tried.

(4) The obliqueness angle and age ratio data for the natural cases of the early
stages of subduction may be slightly different from the present day.

All the aforementioned neglected factors can influence the exact magnitude of
tearing at all stages during subduction. However, we believe that the first-order
controlling mechanisms are adequately represented in our study.
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5. Conclusions

Subduction horizontal obliqueness and slab transform age difference both play
dominant first-order roles in the development and evolution of tearing during
subduction of such complex systems. The plates’ unbending resistance, which
varies among subduction zones, seems to have a secondary role in slab tearing.

When the subduction horizontal-obliqueness angle is �30° or the age ratio of
plate-2 to plate-1 is less than 0.6, fast and well-developed slab vertical tear-
ing occurs and develops inside the mantle without any other requirements. In
contrast, no tearing occurs for small obliqueness angles (<20°) if the plate-2 is
approximately older and thicker (age ratio >0.6-0.8).

Slab tearing can occur in two different patterns or modes when referred to the
trench orientation: trench-parallel and trench-perpendicular tearing. Trench-
parallel tearing manifests for medium-high subduction horizontal-obliqueness an-
gles (>20°) if and only if the slabs’ mean age is <60 Myr. Trench-perpendicular
tearing (related to differential slabs-hinge retreat or rollback) manifests for cer-
tain combinations of medium-small obliqueness (<30°) angles and favorably low
age ratios (i.e., thicker plate subducting first).

Our modeling suggests that the continual spatial variation in dip angle along the
trench observed in real-Earth subduction zones could be potentially related to
subducting slab’s initial evolution under horizontally-oblique convergence and
perhaps to slab tearing development inside the mantle. Further beyond, know-
ing the age combination across a transform fault (ratio and average) and the
horizontal obliqueness of an oceanic subduction scenario would, with a frame-
work like the one here presented, allow a prediction of the tearing occurrence,
potential pattern and the likely evolution, and thus of the associated locally-
perturbed mantle flow.
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