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" Earth Sciences Department, University College London, London, United Kingdom, 2 Department of Earth, Planetary, and
Space Sciences, University of California, Los Angeles, Los Angeles, CA, United States, ° Center for Earth Evolution and
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Slab orphaning is a newly discovered phenomenological behavior, where the slab tip
breaks off at the top of the lower mantle (~660 km depth) and is abandoned by its
parent slab. Upon orphaning, subduction continues uninterrupted through the lateral
motion of the parent slab above 660 km depth. In this work, we present a regime
diagram for the range of conditions under which slabs can orphan at the top of the
lower mantle. Our models show that a viscosity jump at 1,000 km depth not coincident
with the endothermic phase change responsible for the 660 km seismic discontinuity, is
necessary for orphaning as is the presence of a low viscosity channel between 660 and
1,000 km depth. We show that orphan slabs, similar to other deep slab morphologies,
can be the end result for a wide range of physical parameters governing slab dynamics:
slab orphaning persists across wide variations in slab dip, slab yield stress/strength,
Clapeyron slope values, and overriding plate nature. The diversity in orphan slab sizes
and orphaning periods is tied to the orphaning regime space, which describes a
hitherto unexplored region between deflected and penetrating deep-subduction modes.
Orphaning provides a simple dynamic link between the well-known deflection and
penetration, and provides one possible way for slabs to switch from direct penetration
to deflection, littering the mantle with abandoned fragments. Orphan slabs are therefore
the intermediary between these two extensively studied slab morphologies.

Keywords: slab orphaning, slab dynamics, slab orphaning regimes, deep slab morphologies, deep slab breakoff,
subduction dynamics, slab fragmentation, remnant slabs

1. INTRODUCTION

Upper-lower mantle slab morphology and dynamics are currently described in terms of slab
deflection and flattening or direct penetration (e.g., Christensen and Yuen, 1984; Christensen, 1996;
Fukao et al., 2001, 2009; Cizkov4 et al., 2002; Yoshioka et al., 2010; Yoshida et al., 2012; Fukao
and Obayashi, 2013; Garel et al., 2014; Goes et al., 2017; Yoshida, 2017; Cizkova and Bina, 2019).
Despite the well-entrenched presence of these key terms in the literature, the debate is still out on
what leads a slab to adopt one behavior over the other at any point throughout its evolutionary
history. Many previous studies have hypothesized that the age, and hence the strength of the slab is
the determining factor that shapes its behavior (e.g., Garel et al., 2014; Goes et al., 2017). This would
suggest that older, colder and therefore stronger slabs should always penetrate into the lower mantle
while younger, warmer slabs should deflect and flatten at the top of the lower mantle. However, as
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attested by the slabs of the Pacific this does not always hold true
(e.g., Yoshioka et al., 2010; Goes et al., 2017).

What ultimately controls the slab behavior is the relationship
between the buoyancy and strength of the slab with respect to
the surrounding ambient mantle. Understanding the nuances
of this relationship depends on our knowledge of the mantle
viscosity structure. Previous work based on inversions of post-
glacial rebound and the gravity field has extensively explored the
effects of a viscosity increase at 660 km depth (e.g., Hager and
Richards, 1984, 1989; Hager et al., 1985; Cizkova et al., 2002;
Funiciello et al., 2003; Billen and Hirth, 2007; Billen, 2010; Garel
et al,, 2014). However, when the viscosity jump is not prescribed
to occur at 660 km depth, the increase in viscosity occurs much
closer to ~ 900-1,200 km depth (King and Masters, 1992; Forte
and Mitrovica, 2001; Mitrovica and Forte, 2004; Rudolph et al.,
2015). New geophysical evidence from trans-dimensional, trans-
hierarchical Bayesian inversions of the geoid, which do not
prescribe the number or depth of viscosity jumps show both
the deeper viscosity increase (~ 1,000 km) and a low viscosity
layer of moderate contrast above it (~ 10 times less viscous than
the upper mantle). It is not uncommon for a low viscosity layer
(LVL) to emerge from geoid inversions for the radial viscosity
structure of the mantle. In previous work this has often been
prescribed to be in the transition zone (Hager and Richards, 1984,
1989; Hager et al., 1985). Our recent inversions suggest it is not
(Rudolph et al., 2015). Recent mineral physics studies aimed at
understanding the flattening of slabs at a 1,000 km in the absence
of known phase transitions suggest mechanisms for a viscosity
jump at 1,000 km rather than 660 km depth related to changes in
strength in ferropericlase (Marquardt and Miyagi, 2015). Karato
et al. (1995, 2001) have shown evidence for a superplastic layer
below 660 km depth, though thinner and much less viscous
that what is seen in the geoid inversion. This difference can be
understood in terms of the Cathles parameter—a ratio of the
thickness of the layer and the flow wavelength cubed multiplied
by the viscosity contrast of the layer (Richards and Lenardic,
2018). At long wavelengths, such as those appropriate to infer
the radial viscosity structure of the mantle, the Cathles parameter
shows that a thick, moderately low viscosity layer is equivalent to
a thin, very low viscosity layer. New evidence from Mohiuddin
et al. (2020) also suggests that cold slabs undergo extensive
weakening due to the grain size reduction in ringwoodite. A
significant reduction in the slab strength at the top of the lower
mantle would be seen as a moderate reduction in viscosity in the
spherical average to which the geoid is sensitive. Both the new
geophysical constraints and the mineral physics studies suggest
it is worth revisiting the traditional viscosity structure used to
understand the controls on slab morphology. In this study we add
to the existing body of work on slab behavior by exploring the
effects of this new viscosity structure. The results are significant,
as we find a new morphological feature with implications for the
interpretation of the slabs observed in seismic tomography.

We term this new morphological feature slab orphaning
(Grima et al., submitted). Orphaning enables a penetrative slab
to split in to separate orphan and parent slabs at upper-lower
mantle depths. Upon the abandonment of its orphan the parent
slab deflects at the top of the upper-lower mantle. The flattened

parent slab travels laterally across the top of the lower mantle
and its negative buoyancy sustains the ongoing, continuous,
and uninterrupted, subduction and plate convergence at the
trench. Meanwhile the abandoned orphan slowly sinks under
its own weight toward the core-mantle boundary (CMB) (see
Videos S1, S2).

Slab orphaning results from intrinsic buoyancy changes
within the slab at the depth of the perovskite forming reaction
at 660 km depth and is an expression of an opposing force
balance within the slab at the top of the lower mantle (Figure 1,
step 1). Key to orphaning is the temperature dependence of
the phase boundary depth associated with the transition. At
660 km depth the anomalously buoyant, untransformed material
within cold slab core resists subduction into the lower mantle
(Figures 2a,b). Contrary to Yoshioka et al. (2010), we find that
the presence of an LVL encourages faster slab sinking speeds in
the proto-orphan, leading to a proto-orphan in tension down-
dip and a proto-parent in compression up-dip (Figure 1, step
2a,b). Higher slab sinking velocities in the LVL translate to
higher strain rates for the proto-orphan (Figures 2d-f), which
as the slab is at its maximum stress, decrease the viscosity of
proto-orphan, weakening it (Figure 1, step 3, Figure 2g). The
presence of a viscosity increase at the bottom of the LVL mainly
confines the induced slab-mantle coupled viscous flow to the
mantle above 1,000 km depth (e.g., Dal Zilio et al., 2018), and
forces flow that was predominantly vertically oriented in the
upper mantle, to switch to predominantly horizontal between
660 and 1,000 km depth (Figure 1, step 4, Figures 2g-i). The
change in flow direction contributes to the slab shearing that
takes place around the lens of anomalously buoyant material
within the slab (Figure 1, step 5). Contemporaneous to the
shearing of the proto-orphan, the increase in the lateral extent
of the low density lens (due to continued subduction and hence
accumulation of cold slab material at this depth) encourages the
deflection of the proto-parent slab until it flattens at the top of
the lower mantle (Figures 2a-c, f,i). Contrary to shallow slab
tearing which is typically caused by extrinsic changes in the
slab buoyancy (e.g., Yoshioka et al., 1995; Buiter et al., 2002;
Burkett and Billen, 2009, 2010; Duretz et al., 2011, 2012; van
Hunen and Allen, 2011), slab orphaning occurs independently
of any external forces and is entirely a slab intrinsic process.
The slab weakening at depth is also independent of the bending
and unbending of the slab at the trench (e.g., Cizkové et al.,
2007). As we do not implement damage rheology the slab
heals “instantly” from the increase in strain rates at shallow
depths due to the slab bending at the trench, which hence
does not influence orphaning at depth. For further in-detail
discussions and descriptions of orphaning we refer the reader to
Grima et al. (submitted).

A key question that naturally follows on from the observed
diversity in slab morphologies, is the link that connects
penetrative, flattened and orphaned slabs. Can slabs switch from
one mode to another (and possibly back again) over time.
If so, how? Mode switching has been proposed as a viable
interpretation for the observed morphology in tomographic
models of slabs such as those in the Tethys, Japan, and Tonga
subduction zones (e.g., Hafkenscheid et al, 2006; Agrusta
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FIGURE 1 | Schematic showing the slab orphaning process. A lens of anomalously buoyant material forms within the cold slab core due to the temperature
dependence of the phase boundary depth of the phase change (1). The anomalously buoyant material resists subduction and compresses the slab up-dip (2a). Faster
sinking speeds in the LVL result in a proto-orphan in tension (2b) and give rise to an opposing force balance up and down-dip of the phase change. Faster slab sinking
speeds in the LVL increase the strain rates in the proto-orphan and reduce its viscosity resulting in weakening (3). An increase in viscosity at 1,000 km mainly confines
the induced slab-mantle viscous flow to the mantle above 1,000 km depth, forcing a switch in predominantly vertical flow above 660 km depth to predominantly
horizontal flow in the LVL (4). Horizontal flow in the LVL increases the shearing and stretching of the slab around the low density lens (5) until the slab splits into
separate flattened parent slab and a quasi-vertical orphan slab. The flattened parent slab travels laterally on top of the lower mantle sustaining subduction at the

trench as the orphan slowly sinks toward the CMB.

et al., 2017; Yoshida, 2017). Plate reconstruction models often
require slabs to switch from one behavior to the other to fit
the geological observations at the surface (e.g., van der Hilst,
1995). Previous studies have suggested that one way slabs could
mode switch, from flattening to penetrating, is through slab
avalanching, where slab material piles up within the mantle
transition zone until it avalanches, or flushes, downwards into
the lower mantle (e.g., Machetel and Weber, 1991; Tackley
et al,, 1993; Zhong and Gurnis, 1995; Yoshioka et al., 2010;
Yoshida, 2017). It has also been suggested that a flattened slab
could switch to a penetrative mode if its viscosity is reduced
through heating over time (Nakakuki et al., 2010). Agrusta et al.
(2017) have proposed that mode switching is linked to factors
such as the presence of phase transitions, slab age, changing
upper plate forcing and changes in Clapeyron slope values due
to slab dehydration. We propose that slabs can also mode
switch from penetration to flattening, through slab orphaning
(Grima et al., submitted). We suggest that slab break-oft at the
top of the lower mantle can split the previously penetrative
slab into a separate flattened parent slab at the upper-mantle

lower-mantle interface and an abandoned orphan that slowly
sinks downwards toward the core mantle boundary. Similar
to slab avalanching, slab orphaning is entirely independent
of extrinsic surface plate dynamics and hence different from
shallow slab break-off. Orphaning introduces the idea that slab
fragmentation does not require major shifts in surface plate
kinematics, nor the cessation of subduction, which are both
often a staple in previous interpretations of slab break-off (e.g.,
Wortel, 2000; Sigloch et al., 2008; van der Meer et al., 2010,
2012, 2017; Richards et al., 2011; Sigloch, 2011; Schellart and
Spakman, 2012; Sigloch and Mihalynuk, 2013; Honda, 2014,
2016).

We illustrate below with a regime diagram how slab orphaning
links the two previously described archetypal slab morphologies
observed in seismic tomography models, and how it is possible
for a slab to dynamically transition from an initially penetrative
mode dominated by vertical sinking to a flattened mode
dominated by lateral motion above 660 km depth. The abundant
abandoned orphans observed in the present-day Earth at upper-
lower mantle depths and deeper (e.g., Hafkenscheid et al,
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FIGURE 2 | Each panel represents a time slice in the evolution of our standard model V3(600),. (a-c) (Density) The temperature dependence of the phase boundary
depth introduces a low density lens within the cold slab core at 660 km depth and resists the slab’s penetration into the lower mantle. Continued subduction increases
the lateral extent of the lens and encourages the flattening of the proto-parent (d—f) (Strain Rate) Higher slab sinking velocities in the LVL increase the strain rates
within the proto-orphan. As the slab and proto-orphan have reached their maximum stress, the higher strain-rates are accommodated by a decrease in viscosity of
the proto-orphan, weakening it. (g-i) (Viscosity) The change in flow direction from predominantly vertical in the upper mantle to horizontal in the LVL encourages the

shearing of the proto-orphan from its parent.

2006; Sigloch et al., 2008; Sigloch, 2011; Honda, 2014; van der
Meer et al, 2017) are therefore both a consequence and a
testament to the penetrative-to-flattened mode switch itself
(Grima et al., submitted).

Subduction dynamics within the traditional viscosity structure
for the mantle have been explored extensively, but slab orphaning
occurs within a hitherto overlooked region in the regime space
between slab penetration and flattening. Similar to flattening
and penetration, orphaning can occur for a wide variety of slab
yield stresses, and therefore slab strengths and slab ages, initial
subduction angles, overriding plate types, and Clapeyron slopes.
We show that slab orphaning persists across various model
setups, initial conditions and model resolutions, indicating that
orphaning is a robust dynamical phenomenon. Slab orphaning
also introduces an additional, intermediary mode to our previous
binary understanding of slab dynamics. Not only can slabs flatten
or penetrate but they can also adjust dynamically to changes
in the relative strength of slab vs. mantle as a function of
depth, giving rise to a new slab mode that is slab orphaning
(Grima et al., submitted). Our results highlight the fundamental
importance of the radial viscosity structure of the background
mantle for slab morphology. For an extended discussion on the
effects of different viscosity structures on deep slab morphology
we refer the reader to the Supplementary Section 1.4 and
Figures S15, S16.

2. MATERIALS AND METHODS
2.1. Physical Model

Similar to previous work (e.g., Tackley, 2011; Crameri et al,
2012b; Garel et al., 2014; Crameri and Lithgow-Bertelloni, 2018;
Cizkova and Bina, 2019), we model an incompressible mantle
by solving the non-dimensional equations for the conservation
of mass (Equation 1), momentum (Equation 2), and energy
(Equation 3) in the Boussinesq approximation, using the multi-
grid finite difference/volume code StagYY (Tackley, 2008):

V.y=0 1)
- N ar 5
V-Oij—Vp:Ra(l—}-PB-E)-TeZ 2)

oT 2 w2

E:VT—V-VT-FH 3)

where v is the velocity, oj; is the deviatoric stress tensor, p
the pressure, Ra the Rayleigh number, Pg, the phase buoyancy
parameter, I' the phase function, 7w the excess pressure, T the
temperature, ¢, the vertical unit vector, ¢ the time and H the
non-dimensional internal heating rate.

The Rayleigh number (Ra) (see e.g., Turcotte and Schubert,
2014) can be expressed in terms of density (p), gravitational
acceleration (g), the thermal expansivity (o), temperature scale
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TABLE 1 | Model parameters.

Non-dimensional Dimensional
Parameter Symbol value value Unit
Reference viscosity 0 1 7.74 x 1021 Pas
Mantle depth D 1 2890 km
Upper-mantle depth Dum 0.23 660 km
Gravitational acceleration g - 9.81 ms—2
Thermal conductivity k - 3 Wm—TK-1
Thermal diffusivity K« 1 7.58 x 107 m2s~!
Thermal expansivity I - 3x107° K1
Temperature difference AT 1 2,500 K
Reference density 00 1 3,300 kg m—3
Heat capacity Croo - 1,200 Jkg~ 'K
Internal heating rate H 18.08 492 x 10712 Wkg™!
Gas Constant R - 8.314 Jmol~TK 1
Ref. Clapeyron slope at 60 - -25 MPaK~!
660 km
Density jump at 660 km  pggo - 341 kg m—3
Activation Stress o7s - 20 MPa
Plasticity
Friction coefficient m 0.25 - -
Cohesion C 1,577 10 x 108 Pa
Max. yield stress S 8.551 x 10° 600 x 106 Pa
Diffusion creep
Activation energy Exqitt 14.43 300 kJmol~!
Activation volume Vsegite 9.0 2 x 1076 memol~"
Dislocation creep
Activation energy Exqst 20.7 430 kJmol~!
Activation volume Vikgist 45 1x 1076 m3mol~!
Powerlaw index n 3.5 - -
Sticky-air layer
Thickness dst 0.05 150 km
Viscosity st 103y 7.74 x 1018 Pas
C-condition? Cstokes 0.013 - -
Weak crustal layer
Thickness derust 0.005 15.2 km
Viscosity Norust o 7.74 x 1021 Pas
Friction coefficient Icrust 0.001 - -
Cohesion Corust 1577 10 x 10° Pa
Continent
Thickness de 0.071 200 km
Width We 0.712 2000 km
Viscosity e 100m0 7.74 x 1024 Pas
Friction coefficient e 0.5 - -
Density contrast Ape 0.087 -25.0 kgm3

The reference Clapeyron slope refers to the Clapeyron slope value of our standard model
V3(600);. We vary this value in subsequent models as per Table 2.

AIndicates suitable free-surface approximation with sticky-air approach if Csiokes < 1
(Crameri et al., 2012a).

(AT), mantle depth (D), thermal diffusivity («), and reference
viscosity (1) as

g ATD?
a= "
Nok

4

The Rayleigh number is 107 and the internal heating
rate has a value of 492 x 107!2 Wkg™! which is
equivalent to a non-dimensional value of 18.08, giving

an internal heating-based Rayleigh number of 1.8 x 108
(see e.g., Turcotte and Schubert, 2014).
Pp (Christensen, 1995) is given by:

ydp

Pp=———
P gapD

(5)

where y is the Clapeyron slope, I' is a phase function (0 <T" <
1) indicating the relative portion of the dense phase and = is the
excess pressure (Christensen and Yuen, 1985), defined as:

m=P—(po+yT) (6)

where P is the hydrostatic pressure, py is the transition pressure
at 0 K.

We use a fixed depth discontinuous phase mode implemented
as a sheet mass anomaly (Tackley, 1994, 1996) where the
buoyancy deflection associated with the phase change is
concentrated into one cell to represent an infinitely sharp
transition rather than one with a finite width (Christensen and
Yuen, 1984; Christensen, 1995). This method is equivalent to the
effective thermal expansivity method of Christensen and Yuen
(1984). The buoyancy associated with the deflection due to the
phase transition is added to the momentum equation (Equation
2). A consequence of the sheet mass anomaly is that this is visually
represented as a lens of anomalously low density material at 660
km depth. The density jump associated with the phase change
is ~ 10%, assuming an olivine mantle and a slab age at 660
km depth of 100 Myr with a density of ~ 3,380 kgm~2, this
would be approximately equivalent to 340 kgm~—>. As required
by the Boussinesq approximation, no effects due to the phase
change are added to the energy equation (Christensen, 1995). We
refer the reader to Table 1 for values of the Clapeyron slope and
other parameters.

The components of the viscosity have the form:

1—n; * *
@1 =P epl ) )
where 7, (P) contains the viscosity jumps at 660 and 1,000 km,
Ex and V' are the activation energy and volume, respectively,
R is the gas constant, and # is the stress exponent. Subscripts i
refer to the two different deformation mechanisms: diffusion or
dislocation creep. ors is the stress value above which dislocation
creep is activated. For diffusion creep, the power law exponent
isn=1.
The viscosity at any pressure and temperature in the model is
given by

! Lyt (8)

Neff = min|(

Ndiffusion TNdislocation

where the limiting plastic viscosity 1, combines a Drucker-Pager
yield criterion for brittle failure and a homogeneous ductile yield
stress limit S which is applied everywhere throughout our model
with the exception of the sticky-air layer;

ny = (1/2€)min[C + Py, S] 9
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FIGURE 3 | Schematic showing a 1-D root-mean-square, horizontally averaged viscosity profile of our model on the left. The high viscosity at the top-most upper
mantle is the result of the high viscosity of the initial slab, which adds to the average viscosity at this depth and overprints the viscosity of the asthenosphere that is
present in all our models. The minimum and maximum values of the viscosity are included at the top right of the RMS profile. On the right we show our model setup

where changes in the background viscosity follow from Equations (7)-(9). Viscosity increases are indicated by darker shades of gray.

with cohesion C, strain rate € and friction coefficient p. Finally,
for numerical stability, the viscosity is bounded such that:
1074y < Nefp < 10°n0.

The models include a weak hydrated crustal layer on top of
the subducting plate. This develops on the surface of ~10 Myr
old portions of the lithospheric plate away from the ridge, and
is allowed to form a freely evolving weak subduction channel
once the plate subducts (Crameri and Tackley, 2015). The weak
crustal layer differs from the mantle material by its lower yield
stress, and has a thickness of 15 km. It is converted to regular
mantle material once it is subducted below a depth d >
400 km. To simulate a low-viscosity asthenosphere underneath
the overriding and subducting plates, we implement a melting
viscosity reduction (MVR). The MVR describes the decrease in
viscosity by a factor of 10 in regions where the temperature
exceeds a simple linear, depth-dependent solidus (Tackley, 2000).
It has been shown that the MVR aids in maintaining plate like
behavior (see e.g., Tackley, 2000; Crameri and Tackley, 2015,
2016). Finally, all our models include a low viscosity layer (LVL),
between 660 and 1,000 km depth (see Figure 3) that is 10 times
less viscous than the upper mantle, and an increase of an order
of magnitude with respect to the upper mantle at 1,000 km
(Rudolph et al., 2015). Table 1 also provides further physical
parameter details and Figure 3 provides a visual representation
of the physical model setup used in this study complete with
an average 1D viscosity profile illustrating the root-mean-square,
horizontally averaged viscosity of our models (see left hand side
of Figure 3).

2.2. Numerical Model

Our numerical simulations are implemented in a two-
dimensional Cartesian box with an aspect ratio of 2:1 (x:z).
The model is discretized to 512 x 256 grid points. The horizontal
grid spacing is constant and the resolution in the box is
approximately 11 km. The vertical grid spacing is refined
toward the rock-air interface, yielding a maximum vertical
resolution of 4 km. On average, 100 Lagrangian tracers per
grid cell are used to track the composition (i.e., mantle, weak
crust, continent, and air) and physical interfaces (e.g., the free
surface) in sub-grid resolution. The extensive tests carried
out in previous studies such as Crameri and Tackley (2015)
and Crameri and Lithgow-Bertelloni (2018) indicate that our
simulations have the required resolution to capture the dynamics
presented here. However, we have further verified that there are
no under-resolved numerical issues, through resolution tests
specifically performed for orphaning. The latter are described in
detail in the Supplementary Material.

2.3. Boundary and Initial Conditions
The top boundary, including the sticky air layer after Crameri
et al. (2012a), is set to a constant 300 K, while the bottom
boundary is insulating with a zero heat flux condition. The
bottom boundary is free slip and the top simulates a free surface.
The side boundaries are periodic to prevent unnatural effects
during the model’s longer time evolution (Chertova et al., 2012).
The initial condition of our model is one of on-going
subduction, with a down-going 400 km long, straight slab
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(see Figure 3). The slab initially has a constant thickness
corresponding to the surface plate thickness at the trench. The
slab dip angle is initially defined at the shallow depth range
of around 150 — 250 km and subsequently evolves freely.
During model evolution, slab tip angles are measured at a
depth of 175 km, to account for effects of mantle phase- and/or
viscosity transitions.

The initial model setup features a spreading plate boundary
at the edge of the box, which self-consistently evolves into a
divergent plate boundary during subsequent model evolution.
The initial temperature field consists of a standard ,/age-law
to account for a thickening plate from the ridge toward the
subduction trench. The initial plate thickness wpr(x) = wpLy -
/Axs, where wprp is a constant controlling the maximum
thickness of the plate, x is the horizontal coordinate and
Axq is the distance from the spreading center at any given
position x. The initial temperature is related to plate age as
T.(x) = To - erf[(1 — z)/wpL(x)], with Tp = 0.64 the
initial, non-dimensional mantle temperature and z the vertical
coordinate ranging between 0 at the bottom to 1 at the top
boundary. The plate’s non-dimensional initial thickness at the
trench is chosen to be ~ 0.04D based on the observation
that this is a typical boundary layer thickness with the chosen
Ra = 107 and H = 18.08 (Crameri and Tackley, 2015).
The resulting buoyancy contrast across the plate with variable
thickness naturally supports the subsequent movement of the
plate away from the ridge. The plate, as everything else in our
model, is allowed to evolve freely out of this initial condition
within the given boundary conditions and no artificial forcing
is imposed (i.e., the model can evolve freely, and what goes
out on one side of the domain, comes in on the other side
of the domain). No weakening is imposed at the ridge and
spreading occurs naturally due to the half space cooling law
that we implement as an initial condition, and the subsequent
internal dynamics.

While the model setup remains unchanged throughout our
various implementations, we do vary key parameters to map
out the slab orphaning regime space. We vary the slab yield
stress (a measure of slab strength) via the ductile yield stress
limit (see Equation 9), the Clapeyron slope, the initial subduction
angles and the overriding plate type. When implemented, the
continent is 2,000 km wide and 200 km deep, such that its
roots extend to the bottom of the asthenosphere into the high
viscosity upper mantle. The continental geometry is rectangular
with an angled edge facing the trench similar to Crameri
and Lithgow-Bertelloni (2018) and Grima et al. (submitted).
The continental overriding plate also varies from its oceanic
counterpart, due to its lighter density, higher viscosity, and
friction coefficient, meaning that continental lithosphere is both
lighter and stronger than oceanic lithosphere. Model parameters
can be found in Table 1. Details of the model variants and
the associated key parameter modifications are detailed in
Table 2 below.

Finally, all our data and results are post processed and
analyzed using the geodynamic diagnostic, post-processing, and
visualization software StagLab 3.0 (Crameri, 2018) (http://doi.
0rg/10.5281/zenodo.1199037).

TABLE 2 | Model variations reflecting the different initial conditions.

Slab Clapeyron Slab Continental

Model vyield stress (MPa) slope (MPaK-") dip angle (°) overriding plate
Group 1
V3(600); 600 -25 30 X
V3(500); 500 -25 30 X
V3(400); 400 -25 30 X
V3(300); 300 -2.5 30 X
V3(200); 200 -2.5 30 X
Group 2
V/3(600); 600 -2.0 30 X
V3(500); 500 -2.0 30 X
V/3(400); 400 -2.0 30 X

V3(300); 300 -2.0 30 X
V3(200); 200 -2.0 30 X
Group 3
V3(600);i 600 -1.5 30 X
V3(500);i 500 -1.5 30 X
V3(400);i 400 -1.5 30 X
V3(300);i 300 -1.5 30 X
V3(200);i 200 -1.5 30 X
Group 4
V3(200);, 200 -1.0 30
V3(100);, 100 -1.0 30
Group 5
V3(30°) 600 -25 30 X
V3(40°) 600 —-2.5 40 X
V3(50°) 600 -25 50 X
V3(60°) 600 -25 60 X
Group 6
V34(30°) 600 -25 30 v
V3,(40°) 600 -25 40 v
V3.(50°) 600 -25 50 v
V3.(60°) 600 -25 60 v

Group 1 shows variations in slab yield stress with Clapeyron slope values of —2.5 MPaK
=1, Group 2 depicts variations in slab yield stress with Clapeyron slope values of —2.0
MPaK ~'. Group 3 represents variations in slab yield stress combined with Clapeyron
slope values of —1.5 MPaK ~. In group 4, low slab yield stresses are combined with
Clapeyron slope values of —1.0 MPaK ~'. Groups 5 and 6 show variations in the
subduction angle for intra-oceanic (group 5) and continental-ocean subduction (group
6) from 30° to 60° initial dip angles. Note that models VV3(30°) and V/3(600); are identical.

3. RESULTS
3.1. Orphaning Regimes

We explore a range of subduction parameters (see Table 2)
to delimit the conditions under which slabs can orphan.
The orphaning regime space for our standard ocean-ocean
convergence models is mapped out in Figure 4. Figure 4 clearly
highlights how orphaning is an intermediary, transitional stage
occupying an optimal space between the two major slab end-
member morphologies (i.e., flattened and penetrative slabs) as
illustrated in Figure 5.

We find that slab orphaning is a pervasive slab behavior that
is independent of the initial conditions or the model setup. Our
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FIGURE 4 | Regime diagram for orphaning (blue circles), penetrating (magenta
triangles), and deflected (red diamonds) slab morphologies in an ocean-ocean
convergence setting. The orphaning regime space is highlighted in blue and
shows that orphaning is prevalent for a range of slab yield stresses/slab
strengths and Clapeyron slope values. Slab orphaning describes an
intermediary space in the regime diagram between deflected and penetrating
morphologies, indicating that orphaning as shown in Figure 9, Videos S1,
S§2, can be one way for slabs to switch from one mode to the other.

results highlight the prevalence of slab orphaning and show that
orphaning can occur for a wide range of subduction parameters.
We observe that slab orphaning behavior is common to all slabs
regardless of their yield stress, indicating that orphaning can
occur for both strong and weak slabs (see Figure 6). This is not
to say the slab behavior and orphaning are entirely independent
of the plate age. Provided that the slab’s strength is offset by the
appropriate resistance at the depth of the perovskite forming
reaction, orphaning will persist. Figure 4 highlights this point
further and illustrates slab orphaning occurring for a variety of
Clapeyron slope values ranging from —2.5 to —1.5 MPaK 1.
Slab orphaning is largely independent of the overriding plate
type and occurs in simulations with both oceanic and continental
overriding plate types (see Table 4 and Figures 7, 8). Finally, we
test the effect of steepening the subduction angle of the slab at the
trench and find that in our models, steeper subducting slabs will
still orphan at the top of the lower mantle (see Figures 7B-D).

3.1.1. Slab Yield Stress and Orphaning

The subset of cases in Figure 4 and Table 3 illustrate that slab
orphaning is a persistent phenomenon, common to both slabs
with high yield stress (i.e., strong slabs) and low yield stress (i.e.,
weak slabs) observed for a range of Clapeyron slope values (see
Figure 6). Figure 4 also indicates that for strong slabs to orphan,

a considerably negative Clapeyron slope value of —2.5 MPaK ™!
is necessary. Introducing less negative Clapeyron slope values for
strong slabs, with yield stress values of 600 and 500 MPa, pushes
the slab behavior out of the orphaning regime into a penetrative
one. On the other hand, maintaining the same Clapeyron slope
value of —2.5 MPaK ~! but reducing the slab yield stress to 400
MPa and below, firmly places the slab into a flattened regime.

Slab orphaning is possible across all slab yield stress values
between 600 and 200 MPa under the condition that this is offset
by the right amount of resistance, allowing for the relationship
between strength of the slab and that of the mantle to remain
in balance. Slabs only orphan when the anomalous buoyancy
associated with the delayed endothermic phase reaction in the
cold slab core is large enough to resist the subduction of the
slab into the LVL but not large enough to prevent the slab’s
initial sinking into the LVL. Strong slabs (yield stress 500-600
MPa) therefore only orphan at a Clapeyron slope value of —2.5
MPaK ~!. Weaker slabs (yield stresses of 400 MPa or less) require
less negative Clapeyron slopes values to orphan (—1.5 and —2.0
MPaK ~!). When the slab yield stress is <200 MPa, the slab
behavior is drastically altered. Slabs with yield stress values of
100 MPa are too weak to reproduce any of the morphologies
observed in seismic tomography models. Clapeyron slope values
of —1.0 MPaK ~! and lower do not offer enough resistance to
either flatten or orphan slabs, even at a yield stress of 200 MPa.

For a Clapeyron slope of —2.0 MPaK ~! slabs are equally
inclined to flatten, deflect, or orphan depending on their strength.
At this Clapeyron slope and using yield stress as a proxy for age,
it seems the slab age determines whether the slab will penetrate
into the lower mantle, orphan or deflect and flatten across the
top of the lower mantle. While orphaning generally does not
preferentially occur in older (stronger) or younger (weaker) slabs,
we find that for this value of the Clapeyron slope the age of the
subducting slab plays a role in determining which mode it will
adopt at the upper to lower mantle interface, in agreement with
previous studies (e.g., van der Hilst and Seno, 1993; Goes et al,,
2011, 2017; Garel et al., 2014; Agrusta et al., 2017).

Variations in the slab yield stress produce variations in the
length of the orphaning period. We define the orphaning period
as the time it takes for the proto-orphan to be completely
separated from the parent. It encompasses the period of time
from the initial weakening of the proto-orphan at the top of
the lower mantle to the time of complete abandonment by
its parent. Longer orphaning periods, not surprisingly, produce
bigger orphan sizes. The slab with the lowest yield stress from
model V3(200);; produces the largest orphan sizes, exhibits
the longest orphaning period (Table3) and the tip of its
orphan undergoes the most folding and deformation (Figure 6f).
Models with higher slab yield stresses [e.g., V3(500); and
V3(300);;] are associated with smaller orphan sizes and shorter
orphaning periods.

We compare the amount of trench retreat that occurred
during the individual orphaning periods for each model. The
amount of trench retreat across all models from the initiation
of orphaning at 660 km depth to complete separation of parent
and orphan is similar across models. For three of the five models
presented the trench retreat is on the order of 460 km for an
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FIGURE 5 | Penetrative (A), orphaning (B), and flattening (C) behavior for a slab with a yield stress value of 400 MPa, the subduction of which is being offset by
Clapeyron slope values of —1.5, —2.0 and —2.5 MPaK~", respectively. Sharp changes in the lower mantle viscosity underneath the slab tip are caused by sudden
changes in the stress field. This is due to a heavy slab that is cold and therefore very viscous, subducting into the lower mantle where the viscosity is still
stress-dependent due to dislocation creep. Orphaning occurs at the top of the lower mantle and is unaffected by the deeper lower mantle behavior. Flow arrows
indicate the sense of flow direction and its relative magnitude for each figure.

average orphaning period of 1.9 Myr. Model V3(600); exhibits  does not explain the larger retreat values. It seems in this case the
significantly larger retreat of 689 km over orphaning periods of  resistance to subduction is accommodated through significant
3 Myr. The orphaning period is comparable to other cases and  trench roll-back during the orphaning period. Why for this
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FIGURE 6 | Slab orphaning for slab yield stress values of 600 MPa (a,b), 400 MPa (c,d), and 200 MPa (e,f) with respective Clapeyron slope values of —1.5, —2.0,
—2.5 MPaK~". Variations in orphan slab viscosity across (a—e) reflect the variations in the slab yield stress. Slabs with lower yield stresses produce weaker orphans
that deform more [compare (b,d) with (f)]. (c-f) Show penetration of the orphan slab tip into the lower mantle due to the large size of the proto-orphan. In both cases
the proto-orphan slab tip penetration occurs before orphaning and does not influence it. Flow arrows indicate the sense of flow direction and its relative magnitude for
each figure.
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combination of parameters and not others? In the case of model
V3(600); the strong slab is able to both sink into the lower mantle
to produce a considerably larger orphan (Table 3) and continue
to act as a coherent stress guide (Conrad and Lithgow-Bertelloni,
2002) transmitting the stresses felt by the slab up to the surface
pushing the trench back. In model V3(300); we see the most
restricted trench retreat out of all the orphaning simulations. In
this case the slab’s yield stress is a factor of two lower and the
slab is not able to transmit stresses up the plate as efficiently.
The weaker slab has the second smallest orphan, the shortest
orphaning period and the least trench retreat. Out of all our
simulations, model V3(200);;; has the lowest possible slab yield
stress that can still reproduce the slab morphologies observed
in seismic tomography. In this case the slab’s ability to transmit
stresses to the surface is greatly reduced. The resistance to the
slab’s subduction is reflected in the deformation of the proto-
orphan slab tip/toe and later on as the slab orphans, in the
orphan slab tip, as it piles up at 1000 km depth before it sinks
into the deeper lower mantle (see Figure 6f). Concurrently to
orphaning the parent slab flattens at the depth of the endothermic
phase change.

While a comprehensive correlation for all the orphaning
behaviors described in Table 3 is difficult, it is possible to tease
out some important trends. The most obvious of these is the
relationship between the orphan size and the amount of time
it takes for the orphan to be separated from its parent (i.e., the
orphaning period). The longer the orphaning period, the bigger
the orphan. This is because extended orphaning periods allow
for more slab material to sink into the lower mantle before the
orphan slab is completely abandoned by its parent. The largest
orphaning sizes and longest orphaning periods are associated
with those slabs of medium and weakest strengths [models
V'3(400); and V3(200);;]. On the other hand, there seems to
be no correlation between the amount of trench retreat and the
length of the orphaning period, orphan sizes, the slab yield stress
or any other variable. This seems to indicate that trench retreat
during orphaning and in general is a complex process (Jarrard,
1986; Tagawa et al., 2007; Torii and Yoshioka, 2007), shaped
by many interacting factors such as slab stiffness and strength,
arc deformation and upper mantle flow, amongst others (e.g.,
Funiciello et al., 2003; Schellart, 2004; Faccenna et al., 2007; Di
Giuseppe et al., 2008; Boutelier and Cruden, 2013; Cizkov4 and
Bina, 2013) most of which are not taken into account here.

3.1.2. Subduction Angles

Slab orphaning is also independent of the initial subduction angle
of the slab at the trench. Our results show that varying the initial,
shallow-depth angle of subduction from 30° to 60° does not in
anyway act as a deterrent to orphaning. We note that the steeper
the initial, shallow-depth slab angle, the bigger the orphans which
also tend to be highly curved and overturned (see Figure 7).

3.1.3. Orphaning and the Overriding Plate Type

As an upper-lower mantle process, slab orphaning occurs
regardless of the nature of the overriding plate. Orphaning
occurs both in ocean-ocean and continent-ocean convergence.
However, our results indicate that there are small, subtle

TABLE 3 | Orphan sizes, orphaning periods, and their associated trench retreats
compared across orphan variants with different slab yield stresses and Clapeyron
slopes for ocean-ocean convergence models.

Slab Clapeyron Slab Orphaning Orphan Trench
yield stress slope dip period size  retreat
Model (MPa) (MPaK ') Angle (°) (Myr) (km) (km)
V3(600); 600 -2.5 30 3 271 689
V3(500); 500 -2.5 30 1.5 100 463
V3(400); 400 -2.0 30 3.5 364 475
V3(300); 300 -2.0 30 1.5 144 380
V3(200);i 200 -1.5 30 4.5 684 451

differences between the two. A continental overriding plate
encourages longer orphaning periods and bigger orphans than its
oceanic counterpart (Table 4). Slab orphans in a continent-ocean
setting also exhibit steeper angles and overturning, characteristics
that are less pronounced in the orphan slabs of ocean-ocean
settings (see Figures 7, 8).

Table 4 details the orphaning statistics for both overriding-
plate types and the associated subduction angles. The time it takes
for a slab to orphan (i.e., the orphaning period) in our models
ranges between 5.5 and 2.5 Myr. Models with a continental
overriding plate exhibit longer orphaning periods with model
V3.(30°) exhibiting the longest orphaning period. For models
with an oceanic overriding plate, the longest slab orphaning
periods are those for V3(50°) where the slab orphans over
3.5 Myr. In this case the longest orphaning periods do not
necessarily correspond to the largest orphan sizes. Comparing
the results from Table 4 with those in Table 3, we observe that the
relationship between slab yield stress, orphan size, and orphaning
periods is disrupted once we introduce variations in overriding
plate type and initial subduction angles. This indicates that
changes in these subduction parameters introduce additional
forcing to the system with consequences to the relationship
between the forces driving subduction and those resisting it.

The amount of trench retreat measured during the orphaning
period varies across models, from 546 to 772 km over orphaning
periods of 3-5.5 Myrs. The most conservative trench retreat is
recorded for models with a continental overriding plate and an
initial subduction angle of 60° for an orphaning period of 4 Myr.
The largest trench retreats overall are measured for models with
a continental overriding plate and an initial subduction angle of
30° and models with an oceanic overriding plate and an initial
subduction angle of 40°, over orphaning periods of 5.5 and 3 Myr,
respectively. Similar to our results presented in Table 3 in section
3.1.1, we note that there is no obvious correlation between the
amount of trench retreat during orphaning and any orphaning
variable recorded in Table 4.

4. DISCUSSION

4.1. Variations in Orphaning
Slab orphaning is a new morphological feature that similar to
slab flattening and penetration, prevails under a wide range of
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TABLE 4 | Orphan sizes, orphaning periods, and their associated trench retreat compared across all orphan variants in intra-oceanic and continent-ocean subductions.

Slab Clapeyron Overriding Slab Orphaning Orphan Trench
yield stress slope plate type dip period size retreat
Model (MPa) (MPaK ) Angle (°) (Myr) (km) (km)
V3(600); 600 -25 Oceanic 30 271 689
V3(40°) 600 -2.5 Oceanic 40 457 772
V3(50°) 600 -25 Oceanic 50 3.5 455 665
V3(60°) 600 -25 Oceanic 60 2.5 535 677
V3.(30°) 600 -25 Continental 30 5.5 656 772
V3,(40°) 600 -25 Continental 40 3.5 531 641
V3,(50°) 600 -25 Continental 50 768 594
V3.(60°) 600 -25 Continental 60 878 546

subduction parameters and initial model setups. We present
examples of slab orphaning occurring for a wide variety of
subduction angles, slab yield stresses, Clapeyron slope values
and different overriding plate types. Key to orphaning is the
presence of an LVL below 660 km and above 1,000 km depth (cf.
Supplementary Section 1.4 and Figures S15, S16). This choice
of the mantle viscosity structure is motivated by geophysical
data and mineral physics studies that suggest the presence of
an LVL directly below the upper mantle (Karato et al.,, 1995,
2001; Mitrovica and Forte, 2004; Rudolph et al., 2015) and a
viscosity increase at 1,000 km depth (King and Masters, 1992;
Kido and Cadek, 1997; Forte and Mitrovica, 2001; Mitrovica and
Forte, 2004; Marquardt and Miyagi, 2015; Rudolph et al., 2015).
Our choice of viscosity structure does not exclude penetrative or
flattened slab morphologies in favor of slab orphaning, all three
slab morphologies can be observed, depending on the slab yield
stress and the Clapeyron slope value. The different slab behaviors
for the same viscosity structure highlights the role of the dynamic
relationship between the strength and buoyancy of the slab and
those of the surrounding ambient mantle. We thus, bring to focus
a more expansive role for the ambient mantle beyond that of a
semi-permeable barrier to one where the deeper mantle directly
affects and shapes slab behavior (Yoshioka et al., 2010).

The variations in subduction parameters give rise to a diversity
of orphan slab sizes and orphaning periods. Compared to their
shallower counterparts, slabs with initial shallow-depth steep
subduction angles of 50° and 60° encourage steeper slab angles
at the top of the lower mantle. Steeper slab angles at 660
km depth restrict the amount of untransformed, anomalous
buoyant material at this depth, which reduces the resistance
to the slabs subduction into the LVL and allows for more
material to sink into the lower mantle to produce bigger orphans
(see Figures 7C,D, 8B-D). We also observe that for steeper
subduction angles particularly in the presence of a continental
overriding plate, the subducted slab displays an acutely concave
geometry (Figure 8) similar to that observed in previous work
(e.g., Schellart, 2005; Arredondo and Billen, 2016, 2017; Billen
and Arredondo, 2018) and produces overturned, upside-down
slab orphans. The concave slab geometry attests to a strong slab
that is forced into an acute bend before it is abandoned by its
parent. The presence of a continental overriding plate slows down

the subduction velocities and induces a strong shear drag in the
topmost lower mantle. This introduces additional forcing to the
system and encourages slab steepening, yielding larger orphan
slabs over longer orphaning periods (see Figure 8 vs. Figure 7).

Slab orphaning is inherently an upper-lower mantle interface
process, intrinsically tied to the internal buoyancy changes in
the slab. It is entirely independent of surface plate dynamics, or
specific conditions at the trench. The diversity of orphan slabs is
intimately linked to the orphaning regime space and represents
the dynamic balance between the slab strength vis — a — vis that
of the ambient, surrounding mantle. As the relationship between
the slab and mantle strength varies with depth, the subducting
slab is forced to switch from a penetrative mode to a flattened
one, leaving a fragmented orphan behind. Orphaning allows a
slab to adjust to this evolving ratio of slab and mantle strength
without causing any interruptions to the surface kinematics. In
this way slab orphaning provides a transitional pathway for a
slab mode switch and illustrates one example of how penetrative
morphologies can be linked to flattened ones (Figure 9). Figure 4
clearly illustrates how strong, mid-strength and weak slabs can all
orphan as long as the negative buoyancy of the slab is offset by an
appropriate amount of anomalous buoyancy that resists the slab’s
subduction into the lower mantle.

Our results suggests that the slab orphaning process is not
dependent on one particular case of subduction dynamics and
can theoretically occur at most subduction zones for most
slabs. The persistence of orphaning at different Clapeyron slopes
indicates that orphaning should still occur for slabs in the mantle,
which are not entirely made of olivine, and will have effectively
less negative Clapeyron slopes. The Clapeyron slope for the
ringwoodite to bridgmanite and periclase transition given in
the literature, has evolved over time from —6 to —1 MPaK ~!
(Anderson, 1987; Van Hunen et al., 2001; Katsura et al., 2003; Ye
et al., 2017; Ishii et al., 2019). In the presence of other elements
and other phases it is likely to be less negative than —3 MPaK
~1. To cover the range in values, geodynamic studies tend to
test for slopes between 0 and —2.5 MPaK ~! (e.g., Billen, 2008;
Yoshioka et al., 2010; Honda, 2016; Mao and Zhong, 2018).
We illustrate here that orphaning does happen at less negative
Clapeyron slope values and is not tied to one pre-determined slab
yield stress.
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FIGURE 9 | A slab with yield stress of 600 MPa transitions from an initial penetrative behavior (A) to a flattened morphology (C) through orphaning (B), showing how
orphaning allows a slab to mode switch and transition from one morphology to the other. Flow arrows indicate the sense of flow direction and its relative magnitude for
each figure.
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4.2. Orphan Slabs as an Intermediate Slab
Morphology

Our results show that there is no simple and direct correlation
between subduction angles, slab strength/age, and slab orphaning
periods, orphan sizes and the trench retreat throughout the
orphaning period. This is in agreement with the work of Jarrard
(1986), who has also argued that there is no direct correlation
between flattened or penetrative slab morphologies and any one
subduction parameter. However, we do note that for Clapeyron
slopes values of —2.0 MPaK ~! all three major slab behaviors
are equally possible. This is the only case we observe where,
provided all subduction parameters remain constant, slab age
can determine whether the slab deflects, orphans or penetrates.
At a Clapeyron slope value of —2.0 MPaK ~!, if the slab has
high yield stress values, then it is strong enough to overcome the
resistance to its sinking. If the slab has low yield stress values then
the anomalous buoyancy due to the delayed endothermic phase
transition in the cold slab core will force it to flatten and deflect.
Intermediary slab strengths result in orphaning (c.f. Figure 4).
However, a change in the Clapeyron slope, to reflect a change in
the resistance to sinking, quickly upsets this balance and leads
to slab penetration or deflection. This indicates that the slab
behavior at deeper mantle depths is more complex than a simple
reflection of the slab age and is interdependent on both variations
in slab and mantle strength.

It is clear that orphaning morphologies are representative of
an intermediary slab behavior between deflected, flattened slabs
and deep, penetrative ones (Figure 9). Orphaning fills the gap in
the subduction regime diagram between these two end member
slab behaviors. Slab orphaning also provides a possible answer
to two important questions in slab dynamics: “Can slabs switch
from one behavior to the other?” and “How can this transition
in slab dynamics be accomplished?” A slab that has split into a
parent and orphan is one that has undergone intrinsic buoyancy
changes and metamorphosed through all three slab morphologies
(see Figure 9). Prior to orphaning the slab adopts a penetrative
morphology. Changes in the force balance within the slab in the
uppermost-lower mantle force the slab to undergo orphaning,
which allows it to adjust from a steep, penetrative morphology
to a flattened, deflected one. Orphaning, therefore, provides one
pathway through which slabs can switch modes and is available to
all slabs, irrespective of their strength, the nature of the overriding
plate, or the subduction angle, provided that they reach the top of
the lower mantle.

5. CONCLUSION

We have added a new and potentially transformative element
to understanding the slab morphologies observed in seismic
tomography by exploring the effects of a new background
mantle viscosity structure, different from the traditional viscosity
increase at 660 km depth. The new viscosity structure is
motivated by new geophysical and mineral physics studies
(Marquardt and Miyagi, 2015; Rudolph et al., 2015; Mohiuddin
etal., 2020). Slab orphaning presents for the first time, a dynamic
link between penetrating and deflecting slab behaviors, and fills
a gap in the subduction regime space. We propose that slab

orphaning is an important facet in deep slab dynamics, and one
that allows slabs to evolve from one morphology to the other as
a result of slab intrinsic buoyancy changes at depth. Similar to
deflected and penetrating morphologies, slab orphaning ensues
for a variety of slab strengths, slab dip angles, and overriding
plate types. We note that slab strength is not the only major
deciding factor in shaping orphan slabs. Slab morphologies in
the lower mantle are an interplay between the slab yield stress
and the Clapeyron slope value, where a less negative Clapeyron
slope necessitates a lower slab yield stress for orphaning to take
place. This signifies that it is the relationship between the forces
driving subduction and those resisting it at any given depth,
which is far more important than any one single slab/subduction
parameter. The new orphaning morphology and its appearance
in the presence of a low viscosity layer at the top of the lower
mantle, brings to the forefront the importance of determining the
viscosity structure of the mantle to understand slab dynamics and
interpreting seismic tomography.

Orphan slabs clearly fill the gap in the subduction regime
diagram between flattened and penetrating slabs and are
the intermediary between these two extensively studied slab
morphologies. Seismic tomography models confirm the presence
of fragmented slabs at the upper mantle lower mantle interface
(e.g., Sigloch et al., 2008; Yoshida et al., 2012; Honda, 2014, 2016;
Yoshida, 2017). Our results suggest that the presence of orphan
slabs beneath subduction systems such as the Farallon, Tonga,
Japan, Tethys, and under NE China could indicate a slab behavior
switch from penetrative to flattened morphology, leaving an
abandoned orphan in its wake (Grima et al., submitted). For a
detailed comparison with seismic tomography we refer the reader
to Grima et al. (submitted).
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