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S U M M A R Y 

This study investigates the dynamics and constitutive behaviour of the oceanic lithosphere as 
it bends and yields during subduction. Two main observational constraints are considered: the 
maximum bending moment that can be supported by the lithosphere, and the inferred neutral 
plane depth in bending. We particularly focus on regions of old lithosphere where the ‘apparent’ 
neutral plane depth is about 30 km. We use subduction modelling approaches to investigate 
these flexural characteristics. We reassess bending moment estimates from a range of previous 
studies, and show a significant convergence towards what we call the ‘intermediate’ range 
of lithosphere strength: weaker than some classical models predict, but stronger than recent 
inferences at seamounts. We consider the non-uniqueness that arises due to the trade-offs in 

strength as well background (tectonic) stress state. We outline this problem with several end- 
member models, which differ in regard to relative strength in the brittle and ductile regimes. 
We e v aluate the consistency of these models in terms of a range of constraints, primarily the 
seismic expression of the outer rise. We show that a 30 km neutral plane depth implies that net 
slab pull is not greater than about 2 TN m 

−1 . In contrast, models with low brittle strength imply 

that regions with a 30 km neutral plane depth are under moderate net axial compression. Under 
these conditions, reverse faulting is predicted beneath the neutral plane at depths > 30 km. 
We show that moderate variations in background stress have a large impact on the predicted 

anelastic dissipation. We suggest brittle reverse faulting is a marginal phenomenon which may 

be inhibited by moderate changes in background stress. 

Key words: Dynamics of lithosphere and mantle; Lithospheric flexure; Plate flexure; Sub- 
duction; Subduction zone processes. 
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1  I N T RO D U C T I O N  

The depth distribution of strength in the oceanic lithosphere is 
thought to arise mainly from the interaction between the normal- 
stress sensitivity of faults in the brittle domain and the temperature 
dependence of intracrystalline creep. An important aspect of this 
strength distribution is the relati vel y low flexural strength relative 
to axial strength, because the strain developed in bending has an 
inverse character to the strength profile. The influential view that 
subduction bending is a major resisting force in mantle convec- 
tion dynamics (e.g. Conrad & Hager 1999 ) has therefore receded 
somewhat (Capitanio et al. 2009 ; Leng & Zhong 2010 ; Buffett & 

Becker 2012 ). Nevertheless, there is still significant debate about 
the role and interplay of various deformation mechanisms, the maxi- 
mum stress levels in bending, and the interaction of bending related 
stress with other sources of stress—usually anticipated to be the 
background component associated with the driving/resisting forces 
of plate motion. 
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We start by clarifying some assumptions and, in particular, what 
we mean by strength. We assume that the response of the lithosphere 
in subduction-related loading can be adequately described by sim- 
ple bending of a plate in plane strain, and that the stress state that 
develops is dominated by this bending, although it may be modified 
by background stresses. This set of assumptions seems justified be- 
cause, while the oceanic lithosphere away from subduction trenches 
e xhibits div erse focal mechanisms (normal, reverse and strike slip), 
the ∼100 km region near trenches is overwhelmingly dominated 
by normal faulting in the upper 15–35 km, with subhorizontal ten- 
sion axes oriented perpendicular to the trench, consistent with a 
state of ef fecti ve tension induced b y bending (Stein & Pelayo 1991 ; 
Craig et al. 2014a ). Note that we use the term ‘ef fecti ve tension’ to 
describe the deviatoric stress state associated with (Andersonian) 
normal-faulting; all principal stresses are of course compressive in 
the depth range that is rele v ant to the strength of the lithosphere. 

Under typical values of subduction-hinge curvature (e.g. 5 ×
10 −6 m 

−2 ), elastic moduli, and laborator y-constrained defor mation 
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echanisms, the lithosphere is expected to undergo comprehensive
ielding (Goetze & Evans 1979 ). In this situation the bending mo-
ent saturates, such that it does not increase with additional strain

bending). By lithospheric strength, we hence mean the saturation
oment of a given rheological model. Saturation moment depends

ot only on strain (i.e. curvature) but on the strain rate. Hence is is
nl y v alid to talk about the saturation moment of a given strength
odel, when the strain rate model is specified. The assumptions we
ake in estimating saturation moment, along with other aspects of

he modelling, are discussed in Section 4.1. 
In this study we focus particularly on lithosphere of 80–120 Myr

ge, as this region is well represented in the current global distribu-
ion of subducting plate by age, and is also where the inferred neutral
lane depth can be estimated with most confidence. To aid discus-
ion, we characterize the saturation moment of different rheological
odels as being ‘weak’, ‘intermediate’ and ‘strong’. The proposed

trength of the oceanic lithosphere in previous studies spans this
ange (Chapple & Forsyth 1979 ; McNutt & Menard 1982 ; Levitt &
andwell 1995 ; Garcia et al. 2019 ; Bellas & Zhong 2021 ). These
anges of saturation moment are shown in Fig. 1 , and are based on
 simple ‘family’ of strength models discussed in Section 6. The
egions are defined as follows: for 100 Myr-old lithosphere, weak
odels have saturation moments ( < 1); intermediate models (1–2)

nd strong models ( > 3). These ranges are measured in units of
-m m 

−1 (N) × 10 17 . In the following we use (N) to describe the
ending moment per unit-length of trench. 

For lithosphere in the 80–120 Myr range, outer rise seismicity
xhibits an apparent transition from normal- to reverse-faulting
echanisms at a depth of ∼ 3 km (e.g. Fig. 3 ). It is usually (although

ot al wa ys) assumed that this observation reflects a stress transition
cross the neutral plane associated with bending (Chapple & Forsyth
979 ). The thermal thickness of plates in the 80–120 Myr range is
00–130 km (Parsons & Sclater 1977 ; Richards et al. 2020 ), so that
he inferred neutral plane lies at close to a quarter the plate depth.
his in turn suggests that plate strength lies mainly in the upper half
f the plate. 

Classical yield strength envelopes (YSEs) based on experimental
onstituti ve laws generall y predict satisfactory neutral plane depths
30–40 km for ∼100 Myr lithosphere), under the assumptions that
he background stress is insignificant, the friction coefficient is
elati vel y high (i.e. comparable to Byerlee’s Law), and when the
xponential stress dependence of olivine (referred to here as LTP for
ow-temperature plasticity) is taken into account (e.g. Byerlee 1978 ;
oetze & Evans 1979 ; McNutt & Menard 1982 ; Hunter & Watts
016 ). We note that while this classical model predicts satisfactory
eutral plane depths, it typically predicts that LTP will function as
he dominant deformation mechanism beneath the neutral plane,
ith the brittle (frictional) strength in compression several times
igher than the steady-state flow stress (Goetze & Evans 1979 ). This
rediction conflicts with observations of deeper seismicity below
he neutral plane indicating trench-perpendicular compression. 

Ho wever , many of these standard assumptions might be ques-
ioned. For instance, if net axial force (see 2.4) due to slab pull is
ignificant (i.e. much greater than typical ridge push magnitudes)
nd/or if outer rise normal faults have low friction coefficient ( < 0.3;
.g. Craig et al. 2014b ) the ∼30 km apparent neutral plane depth
s difficult to reconcile, unless differential stress levels in the ∼30–
0 km region are also significantly reduced relative to typical LTP
odels (e.g. Goetze & Evans 1979 ; Mei et al. 2010 ). The net effect

s a much weaker strength model, and would be broadly consistent
ith conclusions that have emerged from recent studies of seamount
exure (Zhong & Watts 2013 ; Bellas et al. 2022 ). 
The torque that acts on the plate due to the flexural topography,
eferred to as the ‘observed moment’ by previous studies, provides
 rheology-independent constraint on the bending moment (Goetze
 Evans 1979 ; McNutt & Menard 1982 ). The mathematical back-

round is provided in Section S1. The bending moment and ob-
erved moment are defined in eqs (S5) and (S9). Together, we refer
o bending moment and neutral plane estimates as the ‘flexural char-
cteristics’. There is a complimentary aspect to these constraints as
he neutral plane is sensitive to the relative (depth) distribution of
tress in the lithosphere, while the observed moment has sensitivity
o magnitude of those stresses (albeit via the first moment integral).
o wever , the constraints are not sufficient to uniquely determine

he strength distribution with depth, and the non-uniqueness is a
ey focus of this study. 

After preliminary sections that cover the background (Section
), data (Section 3), an overview of modelling approaches (Sec-
ion 4) and modelling insights (Section 5), the study consists of
wo main pieces of analysis. In Section 6, we consider a range of
xisting data sets that constrain the maximum bending moment in
ubducting lithosphere. We argue for a reinterpretation of the ob-
erved moment data of Levitt & Sandwell ( 1995 ), in terms of a
eaker strength model than originally proposed. A key conclusion

s that when interpreted through a ‘common lens’ of the maximum
ending moment, a range of studies have converged on a similar ‘in-
ermediate’ strength for old oceanic lithosphere (Chapple & Forsyth
979 ; Levitt & Sandwell 1995 ; Hunter & Watts 2016 ; Garcia et al.
019 ). In Section 7, we consider the less well-constrained part of
he prob lem, w hich is the relative distribution of the strength with
epth. We characterize a parameter space consisting of the relative
trength of the brittle and ductile parts of the lithosphere, along with
he background stress and explore the implications of different parts
f the parameter space. 

 B A C KG RO U N D  A N D  P R E V I O U S  

O R K  

.1 F lexural str ength of the oceanic lithospher e 

here is an e xtensiv e body of literature that has used the deflection of
he plate surface due to loading to infer the mechanical properties of
he oceanic lithosphere. The primary environs are subduction zone
uter rises and seamounts. The intention here is not to attempt a
ummary, but to recall for the reader that: (1) studies of subduction
ones have inferred a large range of strength models (from what
e call weak, through to strong; see Fig. 1 ) and (2) that studies
f seamount flexure have increasingly made the case for weak or
ntermediate models. 

Flexural studies of subduction zones of fer dif ferent perspecti ves
n acceptable models of lithosphere strength, as underscored by the
ork of Chapple & Forsyth ( 1979 ), McNutt & Menard ( 1982 ), Levitt
 Sandwell ( 1995 ), Hunter & Watts ( 2016 ) and Garcia et al. ( 2019 ).

n each case these studies address the inverse problem of generating
ptimal models of plate strength in terms of either: (1) direct fitting
f forward models with obser ved topog raphy or gravity profiles
Chapple & Forsyth 1979 ; Hunter & Watts 2016 ; Garcia et al.
019 ) or (2) comparison between the ‘observed’ moment associated
ith flexural topography, and the predicted saturation moment of
ifferent strength models (Goetze & Evans 1979 ; McNutt & Menard
982 ; Levitt & Sandwell 1995 ). We note that the observed moment
s typically calculated around the first zero crossing of the flexural
opography, as this eliminates the effect of the net axial force term
n the moment balance (see Section S1). 
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Figure 1. Main panel: bending moment variation with age. The plot shows predicted age-saturation moment relationships for various strength models, as well 
as various published data. Filled circles shows observed moment estimates from Levitt & Sandwell ( 1995 ) (blue). Black crosses show bending moments from 

the forward models of (Garcia et al. 2019 ) extracted at the point of maximum curvature; these points are within 5–10 per cent of the saturation moment for the 
‘weak’ strength model investigated (shown with solid black line). Red circles show the bending moment at the first zero crossing, redigitized from the paper of 
Hunter & Watts ( 2016 ), using the variable elastic thickness results (A2). As discussed in Section 6, we developed a family of models by varying the friction 
coefficient and the LTP strength subject to the neutral plane constraint (30 km) for 100 Myr lithosphere, with zero net axial force. These models are used to 
define weak , intermediate and strong model regions. The solid blue line shows the member of this family of models that minimizes the misfit (RMS) for the 
data set of Levitt & Sandwell ( 1995 ); the dashed blue line shows the strength model inferred in the original study. The dashed black line shows the strength 
model proposed by Chapple & Forsyth ( 1979 ), chosen to fit data for ‘old’ subducting plates. The top panel shows the variation in neutral plane depth as a 
function of age. 
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Chapple & Forsyth ( 1979 ) solve the thin-plate equations us- 
ing an iterative numerical approach that incorporates the mo- 
ment variation with curvature for different ad hoc depth-strength 
profiles. The profiles are calibrated so that they approximately 
match the inferred neutral plane constraint, based on seismological 
data available at the time. Their optimal model, which is devel- 
oped with reference to old lithosphere (100–140 Myr) is shown 
in Fig. 1 . It produces a saturation moment of 1.8 × 10 17 N, 
and lies within what w e ha ve called the intermediate strength 
range. 

Garcia et al. ( 2019 ) solve the thin-plate equations for 3-D sub- 
duction segments with variable loading. Like Chapple & Forsyth 
( 1979 ), the constitutive model includes anelastic deformation 
(yielding). In this case, they incorporate a moment-curvature re- 
lationship underpinned by a classical strength model (olivine creep 
and brittle failure, see Section 4.2). They vary the friction co- 
efficient to produce a strong ( μ = 0.6) and a weak ( μ = 0.3) 
model (both assuming a hydrostatic pore pressure). They find that 
the ‘weak’ model can better fit data across Pacific basin subduc- 
tion zones. This model produces a saturation moment of 1.3 ×
10 17 N for 100 Myr lithosphere, and lies at the lower end of 
our intermediate strength range. We note the ‘weak’ and ‘strong’ 
models described in Garcia et al. ( 2019 ) both lie within what we 
call the intermediate range (suggesting that these authors had al- 
ready narrowed the focus of their investigation to that strength 
region). 

Hunter & Watts ( 2016 ) optimize elastic deflection models for 
circum-Pacific subduction zones, based on both constant-thickness 
and variable thickness plate models. To compare these results to lab- 
oratory constrains, YSEs are computed for various strength models, 
then converted to equi v alent elastic plate thicknesses, and compared 
with the optimized values from the inv ersion. The y argue that their 
inversions are consistent with several combinations of friction co- 
efficient and low-temperature plasticity, including the parameters 
of Mei et al. ( 2010 ), with friction co-efficients of either 0.6 or 0.3 
(in both cases assuming hydrostatic pore pressure). These combi- 
nations can be shown to describe strength models that lie in the 
intermediate range (e.g. Fig. 1 ). 

An alternative way to interpret the results of Hunter & Watts 
( 2016 ), is to consider the bending moment predicted by the elastic 
flexure models at the first zero crossing. This subjects their results to 
an equi v alent anal ysis as is undertaken b y Goetze & Ev ans ( 1979 ),
McNutt & Menard ( 1982 ) and Levitt & Sandwell ( 1995 ), in which an 
elastic plane solution is used to fit the flexural topography, and then 
the moment at the first zero crossing is estimated. Data from fig. 10 
of Hunter & Watts ( 2016 ) was re-digitized, and the moment values 

art/ggad230_f1.eps
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Figure 2. Yield stress envelopes e v aluated at moment saturation, for 100 Ma lithosphere. The left-hand panel shows the construction of a simple family of 
strength models, as discussed in Section 6, and correspond to the same set of models shown in Fig. 1 . The strongest model (outlined in red) is based on dry 
olivine flo w la w parameters of Mei et al. ( 2010 ) (LTP) and Hirth & Kohlstedt ( 2003 ) (HTP, shown with dashed red lines). The strain rate is based on the 
bending rate assumption (discussed in the Section S4) and is shown with the dashed black line. Successive models are simply scaled in the stress axes, to define 
a ‘family’ of models. The solid blue line shows the member of this family that minimizes the RMS misfit to the observed moment data of Levitt & Sandwell 
( 1995 ). The right-hand panel shows additional strength models (also shown in Fig. 1 ). The solid black line is the preferred model of Garcia et al. ( 2019 ). The 
solid red line shows one of the models argued to fit subduction flexure data in Hunter & Watts ( 2016 ), based on the dry olivine flo w la w parameters (e.g. Set 1, 
Table 2 ). Both of these strength models are e v aluated with a constant strain rate of 10 −16 s −1 following the original studies. The pore pressure factors ( λ) were 
established by reanalysis of the YSEs presented in the original studies. 
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t the first zero crossing are shown with red crosses in Fig. 1 . These
stimates reflect inversion for averaged flexural deflections (’trench-
in’) typically aggregated across several thousand kilometres. In
ontrast, the blue points in Fig. 1 represent estimates from individual
rench profiles [from fig. 1 Levitt & Sandwell ( 1995 )]. 

The studies of McNutt & Menard ( 1982 ) and Levitt & Sandwell
 1995 ) use similar approaches: estimating the observed moment
ased on uniform elastic plate fitting. Ho wever , they arrived at
uite different conclusions: weak and strong models respectively
following our definition of strength). There are two reasons for this.
irst, the estimates derived in McNutt & Menard ( 1982 ) mainly lie
ithin the weak strength region (green points in F ig 1 ), w hile the

arger data set of Levitt & Sandwell ( 1995 ) contains moment values
cross weak, intermediate and strong regions (red points in Fig 1 ).
e discuss potential reasons for this discrepancy in Section 6.3. The

econd issue relates to the interpretation of scatter in the data. Levitt
 Sandwell ( 1995 ) argue that an acceptable lithospheric strength
odel should provide a ceiling to the observed moment data, which

mplies models in the strong region; their proposed model is shown
ith a dashed blue line in Fig. 1 . In contrast, McNutt & Menard

 1982 ) sought a strength model that would provide a ‘best fit’ to the
ata. This issue of interpreting scatter in the observed moment data
s the focus of Section 6. 

In summary, previous studies addressing lithospheric strength in
ubduction zones have advocated models throughout what we define
s the weak, intermediate and strong regions (as shown in Fig. 1 ).
o wever , we must be attentive to the assumptions, ambiguity, and
nterpretative aspects of some of these conclusions. For instance,
he basis on which Levitt & Sandwell ( 1995 ) advocate a strong
ithosphere model is tied to the interpretation of the scatter in the
ata. 

Meanwhile, a number of studies have concluded that observations
f lithosphere flexure around Hawaii and seamounts more generally,
equire that the lithosphere is substantially weaker than inferred
t subduction zones Zhong & Watts ( 2013 ), Pleus et al. ( 2020 ),
ellas & Zhong ( 2021 ) and Bellas et al. ( 2022 ). We do not consider

eamount flexure directly in this study, however our analysis has
mplications for the the purported ‘conundrum’ of strong plates at
ubduction zones and weak plates around seamounts. 

.2 The neutral plane as a constraint on strength 

or lithosphere in the 80–120 Myr range, outer rise seismicity ex-
ibits an apparent normal-reverse mechanism transition depth of
30 km (e.g. Fig. 3 , see Section 3). Note that all references to

epths refer to depth beneath the surface of the plate (seafloor). It
s usually assumed that this observation reflects a transition across
 neutral plane in the bending of the plate as subduction proceeds.
 contrasting view is discussed the following section. 
Chapple & Forsyth ( 1979 ) noted that ‘the distribution, mecha-

isms, and depths of the earthquakes associated with the bending
f the lithosphere provide the information needed to reduce greatly
he non-uniqueness inherent in modelling topography alone’. In
happle & Forsyth ( 1979 ), this process involved testing ad hoc

art/ggad230_f2.eps
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Figure 3. (a) Trench age population, based on sampling global subduction zones at 60 km increments. Dark grey shows the raw population distribution density. 
The g reen histog ram shows the population distribution weighted by the product of the convergence rate and the depth to the 600 ◦C isotherm. This weighting 
provides a simple proxy for expected moment release (darker green regions are where the histograms overlap). (b) Shows well-constrained centroid depths of 
outer rise earthquakes, plotted against the age of their host lithosphere (after Craig et al. 2014a ), overlain on thermal model of McKenzie et al. ( 2005 ). (c) Shows 
seismological data from regions with incoming lithosphere in the 80–120 Myr age range considered. Centroid data are from Craig et al. ( 2014a ). Finite-fault 
extents are from Lay et al. ( 2010 ) for the 2009 T onga/Samoa event; T odd & Lay ( 2013 ) for the 2011 Kermadec doublet; Lay et al. ( 2010 ) for the 2006–2007 
Kurils Islands doublet; (Ye et al. 2021 ) for the 2020 Paramushir earthquake; Lay et al. ( 2013 ) for the 2012 Honshu doublet; and Ye et al. ( 2012 ) for the 2012 
Philippines earthquake. Microseismicity data are from (in order from left to right) Hino et al. ( 2009 ), Gamage et al. ( 2009 ), Obana et al. ( 2012 ), (Obana et al. 
2014 ) and Obana et al. ( 2018 ) for Honshu and Zhu et al. ( 2019 ) and (Chen et al. 2022 ) for the Marianas (shallow and deeper regions, respecti vel y). 
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strength-depth models to match the neutral plane constraint as well 
as flexural-topographic profiles from old subducting lithosphere. 
They noted that the apparent neutral plane depth for lithosphere in 
the 100 Myr range is ∼30 km, an observation that we discuss in 
the next section. The strength model derived by Chapple & Forsyth 
( 1979 ) is shown with a dashed cyan-coloured line in Fig. 1 , and lies 
in the range we describe as intermediate strength. 

In exploring different ways to weaken classical strength models, 
McNutt & Menard ( 1982 ) argued against frictional-strength reduc- 
tion because the resulting model produced a neutral plane depth of 
∼40 km for 100 Myr lithosphere. Their preferred strength model 
instead achieves strength reduction by appealing to significantly 
reduced creep strength (LTP) through modification of the acti v a- 
tion energy in an existing flo w la w. Interestingly, this produces the 
opposite problem: a neutral plane that is shallower (20–25 km for 
100 Myr lithosphere) than the apparent depth inferred from seis- 
micity. 

In reality, the background stress contribution also effects the 
depth of the neutral plane. If the typical stress state of lithosphere 
prior to subduction (and its v ariability) w as well constrained, the 
neutral plane would potentially greatly reduce non-uniqueness, as 
Chapple & Forsyth ( 1979 ) propose. Unfortunately, because it is 
not, the problem remains under-constrained. We address this issue 
in Section 7. 
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Plate bending earthquakes 493 

2

O  

s  

a  

n  

r  

c  

f  

t  

a
 

l  

e  

u  

a  

d  

n  

a  

P  

(  

i  

c  

a  

o  

k  

Y
 

v  

e  

p  

m  

a  

s  

l

 

f  

s  

f  

t  

b
 

f  

p
 

t  

o  

l

 

e  

w  

t  

a  

e  

v  

c
 

i  

t  

d  

a  

e  

c

2
l

A  

s  

b  

S  

a  

1  

w  

e  

m  

a  

H
 

d  

t  

M  

b  

c  

s  

i  

i
 

p  

L  

t  

t  

‘  

fl
 

d  

2  

2  

d  

o  

r  

c  

s  

p
 

b  

a  

t  

a  

m  

i  

t  

s  

F  

n  

(

3

3

F  

q  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/1/488/7191842 by U

niversity of Bedfordshire user on 19 July 2023
.3 The outer rise normal-r e verse transition 

uter rise normal-faulting earthquakes, where subhorizontal ten-
ion axes are oriented perpendicular to the trench, have long been
ssociated with plate bending, (e.g. Stauder 1968 ). It should be
oted that the seismicity is not concentrated at the bathymetric
ise/fore-b ulge, b ut rather occurs throughout the domain of plate
urvature increase, which may extend beneath the forearc (Sandi-
ord et al. 2020 ). In this study, the term ‘outer rise’ is used to refer
o the domain of curvature increase in subducting plates, and the
ssociated dynamics. 

Extensional earthquakes in the outer rise region are generally
ocated at systematically shallower depth than less frequent reverse
vents (e.g. see Fig. 3 ). These reverse-mechanism earthquakes have
sually been attributed to compressional bending stresses beneath
 neutral plane (Chapple & Forsyth 1979 ; Craig et al. 2014a ). The
istribution of outer rise re verse e vents is non-uniform, with few or
o occurrences along some subduction zones (such as eastern Sunda
nd the Aleutians). Most activity has been along the Kurile, Japan,
hilippine, Solomon Islands, Tonga, Kermadec and Chile zones
Craig et al. 2014a ). Even in those regions there is notab le cluster -
ng, with a concentration of events in central-to-southern Honshu,
entral-to-nor ther n Kuriles, nor ther n Ryuku, souther n Philippines
nd central Chile. Tonga-Kermadec represent the only region where
uter rise compressional events are common across several thousand
ilometres (the reader is referred to maps in Craig et al. ( 2014a );
e et al. ( 2021 ). 
The study that has most directly challenged the idea of a re-

erse faulting as a consequence of plate bending induced short-
ning/compression is Mueller et al. ( 1996b ). They argued that the
urported association is compromised by both laboratory and seis-
olo gic observ ations. Of course, this perspecti ve w ould in validate

ttempts to infer a neutral plane on the basis of the normal-reverse
eismicity transition. The argument can be summarized in the fol-
owing points: 

(i) Brittle failure is an essential condition for seismicity. Reverse-
aulting earthquakes, occurring at a depth of 30–50 km, are incon-
istent with Coulomb-type frictional failure unless the ef fecti ve
riction coef ficients drasticall y reduced ( μ < 0.1). But the flexural
opography of the outer rise requires that friction coefficients cannot
e this low. 

(ii) There is insufficient evidence for material instability, that is
ault development with unstable stress drop, in the semi-brittle or
lastic regimes, as was suggested by Chapple & Forsyth ( 1979 ). 

(iii) Attributing both thrust- and normal-faulting outer rise events
o the same mechanism cannot directly account for the important
bservation that the former occur much less frequently than the
atter. 

Instead, Mueller et al. ( 1996b ) propose that reverse-faulting
arthquake mechanisms in subduction outer rises are associated
ith regions of anomalous compression, which develop in response

o strongly localized subduction-resisting forces, such as interplate
sperities or buoyant subducted crust. They argue that many such
arthquakes may be shallower than pre viousl y reported, thus ob-
iating the incompatibility with Coulomb-type frictional strength
onsiderations. 

We do not have the scope to address each of these points, but will
nstead focus on the seismological data (with the benefit of more
han 20 yr’ additional accumulation). In Section 3, we re vie w the
ata from a range of sources. In our assessment, these now provide
 much more compelling case that in many regions the outer rise
xhibits a transition from normal faulting to reverse faulting, in
lose proximity. 

.4 Background sources of stress in the bending 
ithosphere 

lthough flexure can clearly be modified by the background stress
tate, in the modelling of subduction zone flexure, there seems to
e little consensus as to the overall pattern of such contributions.
ome early studies include a net background component essentially
s a free parameter, and advocated large compressive forces (Hanks
971 ). Parsons & Molnar ( 1976 ) showed that applied moments,
hich had been neglected in some previous studies, could produce

qui v alent deflection without requiring large axial compression. In
any subsequent studies, the background stress is ignored, or plays
 subordinate role (Turcotte et al. 1978 ; Chapple & Forsyth 1979 ;
unter & Watts 2016 ; Garcia et al. 2019 ). 
Different models for the sources of background stress, imply

ifferences in terms of reference state, stress magnitude, and spa-
ial and temporal variability. A useful dichotomy is articulated in

ueller et al. ( 1996b ), who state that while ‘driving forces are
roadly distributed and... resisting forces [may be] relatively lo-
alized’. Mueller et al. ( 1996b ) proposed that where outer rise
eismicity exhibits reverse faulting mechanisms, the stress state
s dominated by localized resisting forces, such as asperities in the
nterplate zone. 

On the other hand, if the most important driving force for oceanic
lates is net slab pull (of up to perhaps 10 TN m 

−1 ; Conrad &
ithgow-Bertelloni 2002 ; Faccenna et al. 2012 ), a state of ef fecti ve

ension seems the logical a priori choice for the vast majority of
he global subduction system; it would seem strange not to see the
signal’ of such strong background stress in some aspect of the
exural behaviour, for instance in the depth to the neutral plane. 
Ho wever , the relative partitioning of plate driving forces remains

ebated (Becker & O’Connell 2001 ; Conrad & Lithgow-Bertelloni
002 ; Sandiford et al. 2005 ; Copley et al. 2010 ; Ghosh & Holt
012 ; Husson 2012 ; Stotz et al. 2018 ). If the mantle has an active
riving role beneath the plates (Stotz et al. 2018 ; Liu et al. 2021 ),
r if gravitational potential energy changes across the trench-outer
ise are as large as some studies suggest (Bessat et al. 2020 ), a
ompressional rather than (ef fecti ve) tensional background stress
tate may pre v ail. The numerical model we discuss in Section 5
rovides some important insights into this question. 

Flexure of the lithosphere is commonly modelled as a cylindrical
ending problem (i.e. 2-D plain strain). Yet the background devi-
toric stress state is clearly 3-D; under Andersonian assumptions
he order of two remaining principal stresses is variable, as is the
ngular relationship to the trench or the plane of bending. In the 2-D
odelling of subduction flexure, the background stress is usually

ncorporated in terms of a prescribed net force, with either a (effec-
ive) tensional or compressional sense. In this study we refer to this
implification (of the 3-D stress) as the net axial force denoted as
 net , and defined in eq. (S4). Throughout the paper we refer to the
et axial force magnitude as being ‘low’ ( ≤3 TN m 

−1 ), ‘moderate’
 ∼5 TN m 

−1 ) and ‘high’ ( ≥10 TN m 

−1 ). 

 DATA  

.1 Outer rise seismicity 

ig. 3 (b) shows well-constrained centroid depths of outer rise earth-
uakes, after Craig et al. ( 2014a ) and sources therein. Although
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there has historically been some controversy about the veracity of 
the systematic depth offset (e.g. Mueller et al. 1996b ), this pattern is 
clearl y e vident for lithosphere > 80 Myr , as sho wn in Fig. 3 (b). These 
data also reaffirm the conclusion of Chapple & Forsyth ( 1979 ), that 
the apparent normal-reverse transition depth for 80–120 Myr litho- 
sphere is at about 30 km. The distribution becomes far more am- 
biguous, ho wever , for lithosphere younger than 80 Myr, although 
we note that the low proportion of subducting lithosphere in the 
60–80 Myr range (see Fig. 3 a) is responsible for producing the 
substantial gap in data in this age range. 

The conclusions drawn from the global distribution of moderate- 
magnitude outer rise earthquakes (e.g. Craig et al. 2014a , Fig. 3 ) 
are generally consistent with more localized insights gained 
from finite-fault modelling of individual events, doublet occur- 
rences and microseismcity (e.g. Obana et al. 2012 ; Todd & 

Lay 2013 ; Ye et al. 2021 ). Selected examples are summarized 
here. 

Finite-fault modelling of the M w 7.5 2020 Kurile earthquake (Ye 
et al. 2021 ), confirms that rupture was limited to depths beneath 
the anticipated neutral plane depth estimated from hypocentres for 
lithosphere of that age (e.g. Fig. 3 ). The reported aftershocks of the 
2020 Kurile event are concentrated at depths of 27–45 km, consis- 
tent with the expectation that these events lie between the neutral 
plane and an isotherm close to 600 ◦C (Emmerson & McKenzie 
2007 ). 

A number of instances of normal-reverse doublets provide further 
evidence that the stress state in the outer rise transitions from ef- 
fective tension to compression with depth. These include the 2012, 
Honshu Japan doublet, the 2011 Kermadec doublet, the 2006–2009 
Kurile doublet, and the 2012 Phillippine trench events [see Ye et al. 
( 2021 ) Fig. 7 for summary]. Aftershocks recorded with OBS after 
the 2012 Honshu doublet, showed normal-faulting seismicity down 
to about 30 km, relative to the plate surface (see Obana et al. 2014 , 
Fig. 2). 

Following the 2011 Tohoku-Oki earthquake, a permanent 
seafloor seismic network was installed offshore Honshu (S-net). 
While S-net is not used to routinely determine earthquake hypocen- 
tres, a recent study us S-net data to relocate small events in the 
outer rise (Zhao et al. 2022 , fig. 11). The relocated hypocen- 
tres suggest clustering into shallower and deeper groups, with 
a separation between the two occurring about 30 km relative 
to the plate surface. The deeper cluster corresponds to events 
with reverse focal mechanisms (personal communication with 
author). This is broadly consistent with the 30–35 km neutral 
plane depth inferred based on OBS data obtained following the 
2011 Tohoku-Oki earthquake (Kubota et al. 2019 ). S-net data has 
the capacity to significantly improve our future understanding of 
outer-rise seismic expression, including its temporal and spatial 
variation. 

In summary, we think that a normal-reverse transition with sys- 
tematic depth offset, is a consistent phenomenon in global outer 
rise seismicity in older plates, albeit unobserved in some regions. 
We think that the simplest explanation for this seismic expres- 
sion relates to stress/strain conditions across the neutral plane of 
bending. 

3.1.1 The apparent depth of the normal-reverse transition 

The data and studies summarized in the previous section suggest 
that the apparent normal-reverse transition depth for 80–120 Myr 
lithosphere is around 30 km, although there is some regional vari- 
ability. A key question is to what extent this apparent transition is 
an intrinsic property of the strength distribution of the lithosphere, 
or alternati vel y exhibits a bias due to regions where the background 
stress is anomalous and effects the neutral plane depth. End-member 
perspectives can be found in Chapple & Forsyth ( 1979 ) and Mueller 
et al. ( 1996b ). In the former, the apparent neutral plane depth is as- 
sumed to be the intrinsic depth for old lithosphere (i.e. the depth 
produced in regions of isotropic background stress). In the latter 
study, re verse seismicity onl y occurs where the background stress 
is anomalously compressional, and represents a localized deviation 
from the background trend. 

It is logical to think that if there are significant global variations 
in the background stress in the subducting lithosphere, more reverse 
seismicity will occur in the regions with the highest compression 
(or at least the smallest extensional component). This is because, 
relative to a ‘average’ background stress state, a more compres- 
sional state will result in a shallower neutral plane, increasing the 
volume that exists between the neutral plane and the brittle–ductile 
transition (i.e. the v olume of rock w here brittle compressional rup- 
ture can occur). As such, it is seems plausible that the apparent 
normal-reverse seismicity transition may biased by regions where 
the background stress is more compressional (which may simply 
mean less tensional). In our vie w, howe ver, the argument that outer 
rise reverse seismicity is restricted to regions of anomalous resis- 
tance, where flexure is overwhelmed by net compression (Mueller 
et al. 1996b ), is inconsistent with a range of subsequent detailed 
observations (Todd & Lay 2013 ; Obana et al. 2014 ; Zhao et al. 
2022 ). 

3.2 Observed moment data 

The observed moment is the torque around a given point, due to the 
load of the flexural (uncompensated) topo graphy seaw ard of that 
point. The deri v ation of this relationship is outlined in Section S1. 
and is independent of the details of the particular rheological model 
under consideration. 

Fig. 1 shows moment data from se veral pre vious studies. In the 
case of McNutt & Menard ( 1982 ); Levitt & Sandwell ( 1995 ) these 
are the observed moment ‘sensu stricto’, and reflect the value at the 
first zero crossing. In the case of Garcia et al. ( 2019 ), they represent 
the tabulated bending moment at maximum curvature from the 
fle xural inv ersion (which utilizes a yielding rheolo gy). Typicall y 
these values were within 5–10 per cent of the saturation moment 
for the given rheology and assumptions. In the case of Hunter & 

Watts ( 2016 ), the moment data were redigitized from the bending 
moment profiles in the original study, estimated at the first zero 
crossing. These data reflect the variable elastic plate inversion (A2) 
from Hunter & Watts ( 2016 ). 

Our understanding of rock deformation mechanisms suggests that 
bending moments should be close to saturated at curvature values 
encountered in the trench slope (Goetze & Evans 1979 ). Ideally, mo- 
ment data would reflect the saturation moment of the lithosphere, in 
which case different data sets could be compared without additional 
correction for curvature (which often has significant associated un- 
certainty). As shown in the Fig. S7, for the majority ( ∼70 per cent) 
of the profiles in the Levitt & Sandwell ( 1995 ) data, the curvature 
estimates imply that the plates have reached > 75 per cent moment 
saturation by the first zero crossing (see Section S5). This is also 
consistent with the results of the numerical model discussed in Sec- 
tion 5. Hence, most of the data in Levitt & Sandwell ( 1995 ) should 
exhibit less than 25 per cent moment deficit; the fact that the scatter 
is significantly larger than these considerations suggest, is a key 
issue in the current study. 
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Figur e 4. Topograph y of the subducting plate from the numerical model, same time step as shown in Fig. 5 . Analysis steps are described in detail in Section S3. 
Solid red line shows the raw model topography. There is about 450 m of topography attributable to variations in the ‘dynamic’ pressure in the asthenosphere 
(shown with blue dashed line), leading to a flattening of the plate towards the trench ( cf . Holt 2022 ). When this dynamic contribution is removed, the topography 
(dashed red line) is close to the predicted isostatic level based on the density structure of the subducting plate (black points). The solid black line shows model 
topography corrected for isostatic and dynamic topo graphy, leaving onl y the flexural topography. The arro w sho ws the approximate region over which the 
flexural topography contributes to the observed moment. 

Figure 5. Downdip strain rates and downdip differential stress from the numerical model, focusing on features within the plate/slab. The fields show, for 
e xample shortening/e xtension in the downdip direction. These are based on a rotation of Cartesian tensor components, for example downdip stain rate 
= ε̇ss = ( ̇εi, j · ˆ v 

′ 
j ) · ˆ v 

′ 
i , where ̂  v 

′ 
is the unit vector in the direction of the velocity field in the upper plate reference frame (which is sufficient for approximating 

the downdip direction). The downdip differential stress is equal to σ 1 −σ 3 , and the sign is determined so that ne gativ e re gions are where the most-compressiv e 
eigenvector is subparallel to the slab downdip direction. Stress profiles at four locations are shown. The blue line ( x 0 ) is the first zero crossing based on analysis 
of the flexural component of the topography (see Fig. 4 ). The black line is the location of maximum bending moment [ M b (max) ]. The green line shows the 
location of partial slab unbending, and the red line shows the stress state approaching full unbending. The annotations on the right hand panel refer to the 
bending moment ( M b ), curvature ( K ) and net axial force ( F net ), with colours corresponding to the profiles. 
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Figure 6. Spatial variation in integrated lithospheric stress, from the numerical model (same time step as shown in Fig. 5 ). In the bottom panel, the black line 
shows the horizontal variation in the integrated deviatoric stress difference, that is the term on the LHS of eq. ( 5 ). This term is approximately equal to the net 
axial force ( F net ), defined as the differential stress resultant (see Section S1 for definitions and discussion). Positive values of F net indicate net effective tension. 
The dashed blue line shows the estimated GPE, given by eq. ( 5 ). The dashed red line shows the horizontal integral of the basal shear stress, which should equal 
F net in the absence of significant GPE gradients (an arbitrary integration constant is chosen so that the shear stress integral is equal to F net at the right hand 
limit of the domain). The top panel shows the flexural topography at two different vertical scales. 
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4  M E T H O D O L O G Y  

4.1 Subduction models—overview 

Two modelling approaches are used to make quantitative predictions 
related to the bending of the lithosphere during subduction. These 
are referred to as (1) YSEs and (2) numerical subduction modelling. 
The results from the numerical subduction modelling inform certain 
aspects of YSE construction (e.g. strain rate patterns), as well as 
the interpretation of moment data (e.g. moment deficit). YSEs are 
used to produce ‘forward models’ of flexural behaviour, in order 
to compare with observations. In both modelling approaches, the 
constitutive behaviour follows a ‘classical strength model’, which 
combines brittle faulting with both low and high temperature plas- 
ticity (as described in Section 4.2). Fig. 2 shows an example of the 
YSE approach. The implementation details are described in detail 
in Section S4. 

The numerical subduction model was developed with the AS- 
PECT code (Bangerth et al. 2020 ). The model simulates the evo- 
lution of an idealized 2-D subduction system, or the one-sided 
sinking of a thermal boundary layer due to thermal buoyancy. The 
implementation details are described in detail in the Section S2. All 
parameters for the numerical model are provided in Table S1. Fig. 5 
shows stress and defor mation patter ns in the numerical subduction 
model, described in Section 5. 

In recent studies, the applicability of laboratory-derived flow 

lows, particularly those describing low-temperature plasticity, has 
been an important issue (Hunter & Watts 2016 ; Bellas et al. 2022 ). 
This question is strongly dependent on the assumptions made in 
the model, in particular the temperature and strain rate. YSEs are 
often constructed under the assumption of a constant strain rate (e.g. 
Hunter & Watts 2016 ; Garcia et al. 2019 ). Ho wever , we assume that 
strain rates vary with distance from the neutral plane, a choice that 
is consistent with deformation patterns in the numerical model (and 
described in Section S5). This assumption means that for given 
flo w la w parameters, we compute higher creep stress than those of 
Hunter & Watts ( 2016 ) and Garcia et al. ( 2019 ). Fig. S6 highlights 
these differences. 

The YSEs are based on a plate cooling model, with parameters 
deriv ed from P arsons & Sclater ( 1977 ) (and identical to Hunter 
& Watts 2016 ; Garcia et al. 2019 ). For 100 Myr lithosphere, the 
inferred depth limit for well-constrained earthquakes is ∼50 km 

depth, and corresponds to a temperature of ∼700 ◦C. The Parsons & 

Sclater ( 1977 ) model remains relati vel y consistent with more recent 
approaches, incorporating the joint inversion of plate subsidence 
and heat flow, and based on temperature and pressure dependent 
ther mal proper ties (Richards et al. 2018 ). The temperature profile 
is warmer than assumed in Bellas et al. ( 2022 ), due to the higher 
dif fusi vity in that study [1.0, rather than 0.8 ( ×10 −6 m 

2 s −1 )]. This 
higher dif fusi vity is equi v alent to a 25 per cent increase in apparent 
age (i.e. 

√ 

κt = constant). For typical strength models discussed in 
this paper, this would produces a ∼25 per cent increase in saturation 
moment. A comparison of temperature models is shown in Fig. S8. 

4.2 Constitutive behaviour 

4.2.1 The classical strength model 

The classical strength model of the oceanic lithosphere combines 
elastic defor mation, brittle defor mation (frictional sliding on opti- 
mally oriented faults) and separate expressions for low temperature 
(aka LTP or Peierls) and high temperature (aka power law or dis- 
location) creep (e.g. Goetze & Evans 1979 ). Despite the success of 

art/ggad230_f6.eps
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Figure 7. Variants of ‘intermediate’ strength models, based on previous studies. Each panel shows the YSE subject to isotropic background stress (solid line), 
as well as under the assumption of ±5 TN m 

−1 net axial force (dashed lines as shown in legend panel B). Models shown in panels A, B and C represent 
variations on the classical strength model, differing in the relative strength in the brittle and ductile regime. Each of these models utilize the ‘Set 1’ creep 
parameters in Table 1 . The ductile strength is varied by multiplying each of the activation energies by a factor F . Model A ( F = 0.97), shows the preferred 
model from Garcia et al. ( 2019 ), characterized by low strength in the brittle (frictional) region, and relati vel y high strength in the ductile region. The value of F 

is required to match the original strength model, under our strain rate assumptions (see Section 4.1). Model B ( F = 0.82) is similar to the model proposed by 
McNutt & Menard ( 1982 ), characterized by low strength in the ductile regime, and relati vel y high strength in the brittle (frictional) region. Model C ( F = 0.89) 
is similar to the strength model proposed in Goetze & Evans ( 1979 ). Model D is a variation on the ad hoc yield strength model proposed in Chapple & Forsyth 
( 1979 ). In each panel the average bending moment (for the three YSEs) is shown with M̄ n . T s represents a proxy for the expected maximum depth of seismicity 
(see main text for details). The blue and red bars represent the limits of normal and reverse seismicity inferred from the distribution of well-constrained centroid 
depths. 
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his model, remaining sources of uncertainty include: (1) the signif-
cant variability in published experimentally derived equations for
TP; (2) significant variations in inferred friction coefficient based
n different geophysical studies and (3) strength properties in the
emi-brittle regime. 

Semi-brittle behaviour is thought to operate throughout a signif-
cant depth, within the strongest part of the lithosphere (Ohnaka
013 ). A defining characteristic of semi-brittle behaviour is that
trength has both strong pressure and temperature sensitivity. It is
ften assumed that semi-brittle deformation will lead to a zone in
hich typical differential stresses are smaller that the peak stress
i ven b y the intersection of the brittle and ductile stresses (Ohnaka
992 , 2013 ; Molnar 2020 ). The paucity of constraints on stress–
train rate–temperature relationships in this domain means that the
emi-brittle regime is routinely neglected in YSE modelling, which
s also the case here. Ho wever , we note that the typical depth range
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of reverse faulting (typically 30–50 km for ∼100 Myr lithosphere) 
overlaps the anticipated semi-brittle domain (Molnar 2020 ). 

Moreover, the brittle strength of rocks is not restricted to the fric- 
tional strength of pre-existing faults. Other important processes in- 
clude the saturation of frictional strength at high confining pressure, 
the temperature dependence of the fracture strength, changes in mi- 
crocrack behaviour and thermal shear instability (non-Coulombic 
faulting, Stesky et al. 1974 ; Shimada et al. 1983 ; Renshaw & Schul- 
son 2004 ; Ohnaka 2013 ; Molnar 2020 ). Such processes may even 
lead to ne gativ e brittle strength-depth gradients (Ohnaka 2013 ). It is 
plausible that outer rise reverse faulting at ∼25–50 km, may involve 
some of these processes. 

4.2.2 Frictional sliding 

The Coulomb strength criterion states that frictional strength on 
sliding surfaces is linearly related to the effective normal stress : 

τ = μσn , (1) 

where μ is the friction coefficient. For faults of optimal orientation, 
the strength can be expressed in terms of the limiting value of the 
differential stress σ xx = ( σ 1 − σ 3 ) as a function of depth ( y ): 

�σxx = 

±2 μ( ρgy(1 − λ)) 

(1 + μ2 ) 1 / 2 ± μ
, (2) 

where ρ is density, g is gravity and λ is the pore pressure factor. 
The sign convention used here is that positive differential stress is 
extensional; the upper signs ( ±) in eq. 2 apply to normal faults and 
the lower signs for reverse faults. 

Predictions of Coulomb theory, incorporating standard 
laboratory-deri ved frictional coef ficients (e.g. 0.6–0.8), and hydro- 
static pore-pressure, are generally consistent with measured dif- 
ferential stress in the shallow upper crust ( < 1 km) (Townend & 

Zoback 2000 ). Certain rock types and mineralogies (e.g. shales, 
clays and serpentines) can exhibit much lower friction coefficients 
(e.g. 0.1–0.3, Ewy et al. 2003 ). 

4.2.3 Intracrystalline creep 

At high temperatures ( T > 0 . 7 T melt ) and low stresses ( < 100–200 
MP a), olivine creep e xhibits a po wer-la w relationship between strain 
rate and differential stress, known as dislocation creep. These con- 
ditions are rele v ant to the lower lithosphere and asthenosphere. The 
form of the po wer-la w creep is: 

ε̇ = A �σ n exp 

(
− E + P V 

RT 

)
, (3) 

where ε̇ , �σ , T , P , R , are the strain rate, differential stress, tem- 
perature (K), pressure (Pa) and gas constant; A is a pre-exponential 
factor, E is the acti v ation energy, V is the acti v ation volume. 

At lower temperatures ( T < 0 . 6 T melt ) and higher stresses, rele- 
vant for the shallow mantle lithosphere, a stronger dependence of 
the strain rate on stress is observed, which is usually described by 
an exponential la w, kno wn as lo w-temperature plasticity (LTP), or 
Peierls creep. 

The form of the LTP law generally used is: 

ε̇ = A �σ n exp 

(
− E 

RT 

(
1 −

(
σ

σP 

)p )q )
, (4) 

where several additional parameters appear: σ P is the Peierls stress 
constant, and p , q are additional parameters that depend on the 
geometry of the impediments to dislocations (Mei et al. 2010 ). 
5  I N S I G H T S  F RO M  N U M E R I C A L  

M O D E L S  

The numerical subduction modelling approach was briefly intro- 
duced in Section 4.1, while the implementation is described in 
detail in Section S2. This approach, in which stress and strain 
(rates) emerge dynamically, provides important and complimentary 
insights alongside the kinematic-based YSEs. This section provides 
a summary of those insights, while a more detailed description of 
the analysis is contained in Section S3. 

5.1 Contributions to subducting plate topography 

Fig. 4 shows the subducting plate topography from the numerical 
model, once the stress state, geometry and velocity of the subduction 
hinge has reached quasi-steady state (5 Myr after start of simulation, 
same time step as shown in Fig. 5 ). We note that the numerical model 
has a free-surface, and that the model topography (solid red line, 
Fig. 4 ) represents the deformed uppermost elements. 

The analysis of model topography is described in detail in Sec- 
tion S3, and demonstrates that the subducting plate topography has 
three primary contributions. The first is the isostatic adjustment 
related to the density of the cooling plate, accounting for about 
∼2.5 km of topo graphic v ariation from the ridge to the trench. The 
second is the dynamic topo graphy, mainl y associated with anoma- 
lous ‘dynamic pressure’ variation in the asthenosphere, producing 
about ∼0.5 km of topography. The (positive) pressure anomaly in 
the asthenosphere is consistent with the shallow return flow to the 
ridge (Schubert et al. 1978 ), as well as the accommodation slab 
rollback; similar levels of topographic response are observed in 
3-D models (Holt 2022 ). 

The third contribution, is the flexural topography, that is the to- 
pography related to gradients in shear stress resultant (shown in de- 
tail in Fig. S4). The black line in Fig. 4 shows the residual (flexural) 
topography, once the isostatic and dynamic pressure contributions 
are removed. 

5.2 Stress and strain rate patterns 

Fig. 5 shows stress and deformation patterns in the numerical model. 
The scalar fields sho w do wndip stretching/shortening, and downdip 
(ef fecti ve) tension/compression, as described in the figure caption. 
In the subduction hinge there are two main regions of deformation: 
in the subducting plate immediatel y seaw ard of the trench (the 
‘outer rise’), where curvature is increasing, and in the unbending 
zone, where curvature reduces. 

Stress profiles at four locations are shown in the right hand panel 
of Fig. 5 . The blue line labelled x 0 is the first zero crossing, based 
on analysis of the flexural component of the topography. The black 
line is located at the point of maximum bending moment [labelled 
M b (max) ]. The green line shows location of partial slab unbending; 
here the stress profile has a zig-zag character due to elastic effects 
( cf . Engdahl & Scholz 1977 ; Mueller et al. 1996a ). The red line is lo-
cated where the stress pattern has undergone full reversal compared 
with the outer-rise. Note that when the deformation is dominated 
by analastic processes (yielding), unbending is a stress-inducing 
process. 

Although the model is clearly dominated by bending-related 
stress, it also provides important insights in terms of ‘background’ 
stress patter ns. In par ticular, the model exhibits systematic varia- 
tions in the net axial force ( F net ), due to the gravitational potential 
energy associated with the flexural topography. To demonstrate, 
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Table 1. Standard parameters used in YSE modelling. For creep parameters 
see Table 2 . 

Parameter name Value Symbol Units 

Young’s modulus 1 × 10 11 E Pa 
Acceleration due to gravity 9.8 g m s −2 

Poisson’s ratio 0.25 ν –
Thermal plate thickness 125 – km 

Temperature at seafloor 0 – ◦C 

Mantle potential temperature 1350 T m 

◦C 

Thermal dif fusi vity 0.8 × 10 −6 κ m 

2 s −1 

Mantle density 3300 ρm 

kg m 

−3 

Curvature 2 × 10 −6 K m 

−1 

Cur vature g radient 2 × 10 −11 ∂K 
∂x m 

−2 

Plate velocity 10 u x cm yr −1 
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e consider the 2-D depth-integrated horizontal force balance (e.g.
leitout & Froide v aux 1983 ; Ghosh et al. 2009 ): 

d 

dx 
( ̄τxx − τ̄yy ) = − d 

dx 

(
σ̄yy 

) + τ b 
xy (5) 

The overbars represent depth integration. The term on the left
and side of eq. (5 ) is approximately equal to F net , the net axial
orce, as discussed in Section S1. The first term on the right hand
ide is the GPE and the second term is the basal shear stress. Hence,
q. (5 ) states that gradients in net axial force will be related to
radients in the gravitational potential energy (GPE), as well as the
hear stress acting on the base of the plate. In the flexural domain,
orizontal gradients of the vertical shear stress resultant cannot be
eglected, and it is not valid to assume that the vertical stress ( σ yy )
s the lithostatic pressure ( P L ). 

Fig. 6 shows the variations of the terms in eq. ( 5 ), based on
he numerical model results (at the same time step as shown in
ig. 4 ). The values were calculated by interpolating and numerically
 v aluating the integrals from the model ridge height to a depth of
50 km. Arbitrary constants are added to the basal shear stress and
PE terms to facilitate comparison with the net axial force ( F net 

hown in black). 
Toward the right-hand side of the region shown in Fig. 6 , at
1000 km from the trench, gradients in the GPE are negligible,

nd the variations in F net is balanced by the integrated basal shear
tress. Near to the trench, F net varies much more dramatically, and is
losely correlated with the change in GPE. Even though the flexural
opog raphy is suppor ted by the strength of the lithosphere, gradients
n the vertically integrated stress (the GPE) are still important. In
ur model, the implied contribution of this ‘trench GPE’ is about
2.0–2.5 TN m 

−1 . It is interesting to note that this estimate of trench
PE has a very similar magnitude to the long-wavelength isostatic
PE attributable to the mid-ocean ridges relative to old oceanic

ithosphere (Coblentz et al. 2015 ). 
The trench GPE values we infer are about a third of the magni-

ude ( ∼7 TN m 

−1 ) reported by Bessat et al. ( 2020 ), b y appl ying the
ensity moment integral to similar numerical subduction models.
o wever , our results suggest that the density moment would signif-

cantly overestimate the trench GPE, due the non-isostatic nature
f topography. The key insight from our model is that the net axial
orce varies in a way that is consistent with trench GPE, this leads
o a ‘less tensional’ background stress state near the trench, where
he net axial force almost disappears. 

Strain rate patterns in the numerical model are shown in Fig. S5.
ithin the strong part of the plate, strain rates show a linear increase

way from the neutral plane, in agreement with the simple bending
pproximation. The bending rates approximately double between
he first zero crossing ( x 0 ) and the point of maximum bending mo-
ent [ M b (max) ], indicating that both curvature and curvature gradient

re increasing between these two locations. When numerical model
onv ergence v elocities (14.5 cm yr −1 ) are re-scaled to a reference
alue of 10 cm yr −1 , we find that strain rates of ∼10 −15 s −1 are typ-
cal of the strong part of the lithosphere undergoing ductile creep
40–50 km). 

.3 Moment deficit 

n important question related to the interpretation of observed
oment data is the potential amount of deficit between the bending
oment at the first zero crossing, and the saturation moment (e.g.
evitt & Sandwell 1995 ). As shown in Fig. 5 , the bending moment at
 0 is about 85 per cent of the maximum bending moment [at M b (max) ].
he moment deficit has been assumed to relate primarily from the
otential increase in curvature between the two locations (Levitt &
andwell 1995 ; Garcia et al. 2019 ). Using YSEs calibrated to the
ame conditions as the numerical model, and knowing the strain
ate change between the two points, we find that about one-third
f the change is due to strain rate increase, whereas the remaining
wo-third is due to the increase in curvature and the reduction of the
lastic core. 

 I N T E R P R E TAT I O N  A N D  

O M PA R I S O N  O F  B E N D I N G  M O M E N T  

ATA  

.1 Defining lithosphere strength 

n this section the YSE approach is used to develop a simple ‘family’
f strength models with varying saturation moment. These strength
odels are used to: (1) define regions in age-moment space (the
eak, intermediate and strong regions in Fig. 1 ) and (2) help discuss
nd interpret different existing age-moment data sets (which is the
opic of the next section). 

The family of strength models is created by generating a strong
reference’ model, and then simply scaling this model to achieve
eaker variations. The reference model is constructed using the

Set 1’ flow law parameters given in Table 2 . We then choose the
riction coefficient so that a 30 km neutral plane is achieved for
ero net axial force (or an isotropic background stress) for 100 Myr
ithosphere. In this exercise we assume zero pore fluid pressure for
implicity. The required friction coefficient to generate the 30 km
eutral plane is unrealistically high ( μ = 1.5). Ho wever , the aim at
his stage is simply to provide an upper limit for subsequent analysis.
his reference model is shown by the outermost model in the left
and panel of Fig. 2 . The upper bound to the ‘strong’ region (shown
n red) in Fig. 1 , represents the variation of strength with age for the
eference model. 

Having constructed this reference model, we simply scale the
SE (or the age-moment relationship) to achieve an arbitrary

trength (saturation moment). Based on this scaling approach, we
escribe three strength regions, which are defined by the value of
he saturation moment for 100 Myr lithosphere: weak models have
aturation moments ( < 1); intermediate models (1–2) and strong
odels ( > 3), measured in units of N-m m 

−1 (N) × 10 17 . These
egions are shown in green, tan and red, in Fig. 1 and in Fig. 2 . We
lso use this scaling approach as a basis for fitting observed moment
ata (as we describe in the next section). The solid blue line in Fig. 1
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Table 2. Flo w la w parameters used in yield strength models. Different figures in the paper refer to Set 1/Set 2. Set 2 parameters 
are based on the flow law formulation (Goetze & Evans 1979 ) with parameter modifications following Mueller & Phillips 
( 1995 ). 

Parameter symbol (units) A ( s −1 Pa −n ) E ( J mol −1 ) V ( m 

3 mol −1 ) n σp ( Pa ) p q 

Set 1 
Mei et al. ( 2010 ) (LTP) 1.4 × 10 −19 320 × 10 3 – 2 5.9 × 10 9 0.5 1 
Hirth & Kohlstedt ( 2003 ) (HTP) 1.1 × 10 −16 530 × 10 3 10 −6 3.5 – – –

Set 2 
Goetze & Evans ( 1979 ) ∗ (LTP) 5.7 × 10 11 549 × 10 3 – 0 8.5 × 10 9 1 2 
Goetze & Evans ( 1979 ) ∗ (HTP) 7 × 10 −17 523 × 10 3 – 3 – – –
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is the result of such an approach, that is it is simply a scaled version 
of the original model discussed above. 

The solid black and red lines in Fig. 1 and the right hand panel of 
Fig. 2 , show two different ‘intermediate’ strength models from re- 
cent subduction-flexure studies. The black line shows the preferred 
model from Garcia et al. ( 2019 ). The red line shows one of the 
models that was determined to be consistent with flexural inversion 
from the study of Hunter & Watts ( 2016 ) (they find that several 
combinations of flow law parameters and friction coefficients are 
viable). We use an identical thermal model to these studies. We note 
that the age variation of strength models is rather insensitive to the 
choice of parameters. The solid b lue, b lack, and red lines in Fig. 1 
have virtually identical moment-age variation, although having sig- 
nificant differences in strength-depth patter ns, par ticularly in the 
LTP domain (as shown in Fig. 2 ). 

6.2 Bending moment estimates: interpreting scatter 

The object of this section is to bring together estimates from a range 
of previous studies for the bending moment of old lithosphere; ide- 
ally these estimates represent locations close to moment saturation, 
an assumption that is assessed in the analysis. A key focus is how 

the data set of Levitt & Sandwell ( 1995 ) is interpreted in terms of 
competing strength models. 

The observed moment data of Levitt & Sandwell ( 1995 ) show 

an age dependency, as well a significant component of scatter (e.g. 
Fig. 1 ). We want to interpret this data in terms of competing litho- 
spheric strength models, which in turn requires a model for the 
scatter. We expect there to be three major contributions: (1) real 
variations in the saturation moment for lithosphere of given age (for 
instance, due to variations in the net axial force, thermal perturba- 
tions or strain rate variation(s); (2) a deficit between the bending 
moment at the point being measured (e.g. the first zero crossing) 
and the saturation moment (‘moment deficit’) and (3) estimation 
errors. The moment deficit effect can only lead to underestimates. 
The other types of effects could in principle lead to random or 
systematic bias in the scatter. 

Levitt & Sandwell ( 1995 ) assumed that the scatter primarily de- 
rives from a moment deficit at the first zero crossing. Hence, they 
appealed to a strength model in which the age-moment curve pro- 
vides a ceiling to the observed moment data. Models in the ‘strong’ 
range tend to satisfy this interpretation. Their preferred model has 
a saturation moment of about 2.5 × 10 17 N, for 100 Myr litho- 
sphere, and is shown with the dashed blue line in Fig. 1 . Strength 
models in the ‘strong’ range are consistent with relati vel y high fric- 
tion coefficients, comparable to those determined by experiments 
(Byerlee 1978 ); depending on assumptions regarding the thermal 
model and strain rate, they are also consistent with a variety of LTP 

laws. 
Ho wever , the interpretation of Levitt & Sandwell ( 1995 ) implies 

that in many cases, at the first zero crossing, the plate is considerably 
‘undersaturated’. For instance, many of the observed moment values 
of < 1 × 10 17 N for lithosphere > 100 Myr , w ould imply bending 
moments of about ∼1/3 of the saturation moment. As shown in 
Fig S7, for the curvature estimates corresponding to the moment 
data, all profiles are expected to have reached > 65 per cent moment 
saturation, with the majority ( > 70 per cent) being > 75 per cent sat- 
urated. This distribution is consistent with the behaviour observed 
in the numerical model, where the bending moment at the first zero- 
crossing ( x 0 )is about 85 per cent of the maximum bending moment. 
Additionally, Fig. S7 shows that many of points that show the highest 
deficit have high curvature. Indeed, the trend of the moment deficit 
with curvature is opposite to what would be expected. Hence, we 
argue: that (1) where the lithosphere has a moment deficit at the first 
zero-crossing point, this deficit will typically be less that 25 per cent 
of the saturation moment and (2) moment deficit is inconsistent with 
the trends of the scatter in the data of Levitt & Sandwell ( 1995 ). 
This implies that estimation errors also play a significant role. 

If we assume that the combined effect (both real effects and error) 
is to produce random (or at least not heavily biased) scatter, then we 
require a rheological model that minimizes the misfit. For the family 
of strength models described in the previous section, the misfit is 
minimized (RMS) with a model that has a friction coefficient of 
μ = 0.25. This model is shown with the solid blue line in Fig. 1 . 
It lies in the lower half of what we call the intermediate strength 
re gion, and e xhibits a typical saturation moment close to 1.5 × 10 17 

N, across the range of old lithosphere (100–150 Myr). 

6.3 Bending moment estimates: comparison of different 
data sets 

In the previous section we suggested that a combination of effects 
(both real effects and error) could lead to to more-or-less random 

scatter in the Levitt & Sandwell ( 1995 ) data set. Additional studies 
provide an important test of this interpretation. 

As shown in Fig. 1 , there is a considerable consistency be- 
tween the studies of Chapple & Forsyth ( 1979 ), Hunter & Watts 
( 2016 ) Garcia et al. ( 2019 ) and our reinterpretation of the Levitt & 

Sandwell ( 1995 ). These studies each infer strength models in the 
mid-intermediate strength range, and lie within about ∼20 per cent 
of the best-fitting strength model we developed for the Levitt & 

Sandwell ( 1995 ) data. In terms of comparing these data sets, there 
are two additional features that are important to highlight. 

First, we note that moment estimates from Hunter & Watts ( 2016 ) 
(red circles Fig. 1 ) represent ‘trench-bin’ averages: each of these 
points contains information averaged over a typical distance of 
several thousand kilometres. On the other hand, the data points from 

Levitt & Sandwell ( 1995 ) represent flexural inversion over single 
bathymetr y/g ravity profiles. The fact that an average (or a best fit) 
interpretation of the Levitt & Sandwell ( 1995 ) data, leads to very 
similar moment estimates to the ‘trench-bin’ results of (Hunter & 

Watts 2016 ), helps clarify the connection between these two studies. 
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Secondly, we note that the results (moment estimates) of the
forementioned studies are generated under a range of different
odelling approaches. For instance, these inversions used a range

f forward flexural modelling techniques: constant-thickness elas-
ic plate (Levitt & Sandwell 1995 ), variable thickness elastic plates
Hunter & Watts 2016 ), non linear flexure with ad-hoc yield limits
Chapple & Forsyth 1979 ) and non-linear flexure based on classical
ield strength model (Garcia et al. 2019 ). These modelling method-
logies are summarized in Section 2. This suggest that a range
f different approaches are able to consistently determine that the
ending moment of the lithosphere saturates in the ‘intermediate’
trength range. 

What is also clear in the compilation of data in Fig. 1 , is that
nly the data set of Levitt & Sandwell ( 1995 ) has been used to
dvocate a model in the ‘strong’ re gion. Howev er that conclusion
as tied to a specific interpretation of the scatter, which has proven

o be inconsistent with results from additional studies (Hunter &
atts 2016 ; Garcia et al. 2019 ). Of the data compiled in Fig. 1 ,

he only results are not consistent with intermediate strength are
hose of McNutt & Menard ( 1982 ) (green points). These estimates
ainly lie in upper part of the weak region. As in Levitt & Sandwell

 1995 ), these estimates represent results from individual profiles,
ut unlike Levitt & Sandwell ( 1995 ) they are based on modelling
athymetry data, rather than joint inversion that includes gravity.
his is expected to make them less reliable. Ho wever , as we noted

he Levitt & Sandwell ( 1995 ) data also contains points (outliers) in
he weak strength region. These do not appear in trench-averaged
pproaches (e.g. Hunter & Watts 2016 ). For these reasons we think
t is appropriate to disregard the estimates of McNutt & Menard
 1982 ). Ho wever , to the extent that there is valid information in
he McNutt & Menard ( 1982 ) data, it would imply an even weaker
trength model. 

The model we generated to fit the Levitt & Sandwell ( 1995 ) data
as a low ef fecti ve friction coef ficient ( μ= 0.25, assuming zero pore
uid pressure). We note that a range of recent studies have converged
n similar values for the frictional strength (Garcia et al. 2019 ; Pleus
t al. 2020 ; Bellas et al. 2022 ), as shown in Fig. 2 . The models of
Hunter & Watts 2016 ; Garcia et al. 2019 ) both assumed hydrostatic
ore pressure, which offsets the slight higher friction coefficient ( μ
 0.3), relative to the best-fitting model shown in Fig. 1 ( μ = 0.25).
hile this con vergence to wards lo w frictional strength is w orth

ighlighting, there are important trade-offs between strength in the
rittle and ductile regimes. As we discuss in the following section,
his means that the frictional strength is not as well constrained as
t might appear on the basis of the results presented in this section. 

 S T R E N G T H  A N D  N O N - U N I Q U E N E S S  

.1 Relati ve str ength and background str ess 

ifferent combinations of brittle and ductile strength can be com-
ined to produce a strength model with the same saturation moment
e.g. an intermediate strength model). The depth of the neutral plane
eems to offer the most direct means of trying to constrain the rel-
tive strength in each regime, as was pointed out in Chapple &
orsyth ( 1979 ). Ho wever , this is hampered by the additional influ-
nce of background stress. This leaves us with two main sets of
bservational constraints: those which reflect the integrated plate
trength (e.g. the saturation moment) and the neutral plane depth.
o wever , there are at least three key ‘variables’: brittle strength,
uctile strength and the net axial force (factors like the conver-
ence rate, orientation of seafloor fabric, out-of plane stress, are
xpected to provide additional controls). We can think of these key
ariables as a parameter space. Together they lead to predictions of
he saturation moment as well as the neutral plane depth (as well as
dditional predictions that can be compared to the seismic expres-
ion). Despite the non-uniqueness, it may be still be useful to try to
nvestigate different regions of the parameter space, particularly in
eference to additional constraints. 

Strength models proposed in previous studies span a wide range
ithin the parameter space. We highlight four such models to illus-

rate the problem. These are shown in Fig. 7 , e v aluated for 100 Myr
ithosphere. We refer to these as models A, B, C, D, following the la-
els on the Figure axes. Three of these these models (A, B, C) utilize
ariations of the LTP formulation originally described in Goetze &
vans ( 1979 ), the (‘Set 2’ parameters shown in Table 2 ). The duc-

ile strength in the HTP/LTP regions is varied through changes the
cti v ation energies, as described in the figure caption. In all cases
he LTP acti v ation energy lies in the uncertainty range specified by
he original study (100–130 kcal mole −1 , or 418–544 kJ mole −1 ).
n this sense, all of the models within Fig. 7 have acceptable ductile
trength, within the range of uncertainty given in Goetze & Evans
 1979 ). 

Each of the models shown in Fig. 7 have intermediate strength,
ut the relative strength in the brittle and ductile regions is different
nd hence the intrinsic neutral plane depth varies. Therefore, the
odels impl y dif ferences in terms of the background stress required

o facilitate regions with a 30 km neutral plane (which produce the
pparent neutral plane depth shown in Fig. 3 ). Each model is shown
ith dif ferent le vels of net axial force, as labelled in the legend

hown on Fig. 7 (b). 
The maximum seismogenic limit for each of the models is shown

ith T s . This estimate is based on different assumed mechanisms
or brittle failure in compression. The estimate is highly speculative
or Models C and B and is based on a ‘stress amplification’ model
escribed in the following section. 

We will try to e v aluate the consistency of these different strength
odels in light of additional constraints. The constraints primar-

ly relate to the seismic expression of outer rise bending, as in-
erred from the distribution of well-constrained centroid depths
e.g. Fig. 3 ), and following a similar logic to Chapple & Forsyth
 1979 ). The key features we refer to are the depth limit of normal
aulting ( ∼30 km); the maximum depth of limit of (reverse) earth-
uake nucleation ( ∼50 km); the capacity to predict a neutral plane
epth of ∼30 km within assumed variations of background stress.
hese constraints are rele v ant to older plates, particularly the range
0–120 Myr and are shown schematically with the blue and red bars
n Fig. 7 . The general pattern of strength increase with age leads us
o expect that the neutral plane depth would increase by about 5 km
or very old lithosphere ( ∼150 Myr), as shown in the top panel of
ig. 1 . 
We differ from Chapple & Forsyth ( 1979 ) in that we do not

ssume that these features are characteristic of an isotropic back-
round stress state; rather we argue that a consistent strength
odel should be capable of generating these features within reason-

ble variations in background stress. Several other constraints are
lso referred to: independent constraints on the frictional strength
f outer rise normal faults; the capacity to explain the anoma-
ously shallow neutral plane ( ∼25 km) along Tonga–Kermadec
e.g. Fig. 3 ); as well as a priori assumptions about the back-
round stress state. Although Fig. 7 shows specific strength mod-
ls, the discussion here is intended to represent, somewhat more
roadly, the regions of the parameter space represented by these
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7.2 Brittle failure in compression 

Before we e v aluate the strength models, we need to address the issue 
of the mechanism of brittle failure in compression. Model A is the 
only model that can directly explain this brittle failure in terms of 
frictional sliding. In model D, the brittle behaviour in the lower part 
of the seismogenic zone ( > 20 km) is assumed to reflect processes 
other than frictional sliding, and the magnitude of the brittle strength 
is selected try to match the bending moment inferences (following 
Chapple & Forsyth 1979 ). 

Models B and C do not provide an explicit mechanism for brit- 
tle failure beneath the neutral plane, where the strength is instead 
limited by LTP. This is a common feature of most classical strength 
models, although it has seldom been viewed as a critical limita- 
tion. Sev eral studies hav e taken a dif ferent vie w, and insisted that 
a consistent strength model needs to account for brittle failure in 
the depth range where outer-rise compressional earthquakes are ob- 
served (Chapple & Forsyth 1979 ; Mueller et al. 1996b ). We tend 
to agree with this perspectiv e. Ev en if there is a significant depth 
range in which the constitutive behaviour is semi-brittle, it does not 
seem satisfactory to simply assume that the stress in a semi-brittle 
domain should be equi v alent to the LTP strength—a rheological 
process that is itself unrepresentative of brittle failure, even if it 
may coexist with brittle failure mechanisms transiently. 

One possibility w as recentl y suggested by Toffol et al. ( 2022 ), 
termed a ‘stress amplification’ model. Although their study is fo- 
cused on intermediate depth seismicity, it also has rele v ance for 
reverse faulting in the outer rise. The model proposes that weak 
domains of hydrated peridotite can create large stress amplifica- 
tions which are capable of exceeding the frictional strength, even 
at large confining pressure. An interesting feature of this model is 
that although it can produce large stress amplifications, the ‘flexu- 
ral characteristics’ (neutral plane depth, bending moment) appear 
to be insensitive to the perturbations (see e.g. Toffol et al. 2022 , 
fig. 5). This is unsurprising given flexural strength depends on the 
integrated stress state (resultants, moments) both across the plate 
and laterally. Stress amplification can therefore provide a solution as 
to why brittle behaviour might occur within a rock mass where the 
macroscopic strength (e.g. the saturation moment) is determined by 
the LTP strength. 

Stress amplification requires that strain rates can increase above 
the bulk plate-scale value around weak inclusions. We do not know 

what strain rates are appropriate, but we note that the amplification 
magnitudes reported in Toffol et al. ( 2022 ) vary from about four to 
five times. To characterize a seismogenic thickness ( T s ) for model 
B and C, we assume that stress amplification can increase the LTP 

stress locally by five times, and define the T s is the intersection of 
the perturbed stress and the frictional strength. As in Toffol et al. 
( 2022 ), w e ha v e ne glected the fact that fracture strength will place 
an upper limit on frictional strength, with 1 GPa being a typical limit 
strength based on experiments in igneous rocks in the 500–600 ◦C 

range (Stesky et al. 1974 ; Shimada et al. 1983 ; Ohnaka 2013 ). 
We adopt this stress amplification model as a tentative solution 

to brittle failure in compression for Models C and B. For model A, 
T s (1) refers to the seismogenic thickness based on the background 
stress state, although T s (2) refers to the seismogenic thickness based 
on a stress amplification model. 

7.3 Ev aluating str ength models 

Model A is very similar to the preferred model proposed by Gar- 
cia et al. ( 2019 ). The friction coefficient is low, consistent with the 
inferred dip angles of ne wl y formed outer rise faults (Craig et al. 
2014b ), and a relati vel y high pore fluid pressure is assumed ( λ = 

0.36). The intrinsic neutral plane depth is about 37 km. A com- 
pressional net axial force of −5 TN m 

−1 results in a neutral plane 
depth of 32 km (close enough to be considered consistent with the 
apparent neutral plane depth). Model A provides an explanation for 
brittle failure beneath the neutral plane in terms of frictional sliding, 
although the maximum depth of frictional behaviour is about 40 km 

[ T m (1)] and hence additional mechanisms of brittle failure may be 
required to facilitate earthquakes to ∼50 km. A stress amplification 
model could explain these depths [ T m (2) ∼50]. In regions of of 
moderate slab pull (5 TN m 

−1 ), model A predicts normal faulting 
to 42 km, significantly deeper than the 30 km limit that is typi- 
cally reported; this would be even deeper if the strength model was 
e v aluated for lithosphere older than 100 Myr. Meanwhile, model 
A implies that regions that exhibit a ∼30 km neutral plane are in 
moderate net axial compression ( −5 TN m 

−1 ). This could be con- 
sidered problematic in light of a priori assumptions about tectonic 
stress in subducting plates. Finall y, e ven with moderate compres- 
sion, the neutral plane (32 km) is significant deeper than inferred 
across Tonga–Kermadec ( ∼25 km). 

Model B is based on a strength model proposed by McNutt & 

Menard ( 1982 ). In this model the HTP/LTP strength is reduced by 
changing the acti v ation energy, while the frictional strength remains 
relati vel y high (note also that there is no pore pressure in this model). 
The intrinsic neutral plane depth is about 26 km. A (ef fecti ve) 
tensional net axial force of 5 TN m 

−1 results in a neutral plane 
of about 30 km. Hence, model B predicts a 30 km neutral plane 
under conditions that are consistent with inferences of moderate net 
slab pull (Bird et al. 2008 ). Clearly much higher estimates are also 
present in the literature (e.g. Conrad & Lithgow-Bertelloni 2002 ). 
The seismogenic depth (based on the stress amplification model) 
in model B is very low T s = 35 km. This is difficult to reconcile 
with the observation of earthquake hypocentres to at least 50 km in 
lithosphere of 80–120 Ma. Secondly, the brittle strength ( μ = 0.6, λ
= 0.0) implies dry faults, which seems unlikely given geophysical 
inferences of outer rise hydration (Ranero et al. 2003 ), as well as the 
preponderance for in situ intraplate stress measurements to conform 

to hydrostatic strength expectations (Zoback & Townend 2001 ). 
Model C is similar to the one presented in the study of Goetze 

& Evans ( 1979 ) (see caption for details). It balances strength in 
the brittle and ductile domains so that the intrinsic neutral plane 
depth is ∼30 km. The assumption is hydrostatic Byerlee strength. 
Within the assumed range of background stress variations, model 
C remains consistent with the observed maximum depth of outer 
rise normal faults. The friction coefficient is typical of laboratory 
experiments, in situ stress measurements, and some observations 
of outer rise fault dip angles (Obana et al. 2023 ). Ho wever , it is 
significantly higher than the seismological constraints of Craig et al. 
( 2014b ). For Model C, the proxy for the seismogenic thickness ( T s ) 
is 41 km, which is smaller that the maximum depth extent of outer 
rise seismicity, but not as dramatic as the disagreement in model B. 
We note a trade-off is emerging here: models which more accurately 
reproduce the maximum depth of normal faulting, tend to also have 
a T s that is too shallo w. Allo wing for moderate compressional stress, 
model C predicts a neutral plane of 27 km, fairly close to the inferred 
depth along Tonga-Kermadec. 

Model D is a variation on the ad hoc yield-strength model of 
Chapple & Forsyth ( 1979 ). It is therefore automatically consistent 
with some of key constraints, such as the maximum depth of seis- 
micity ( T s is 50 km by construction). In the original study, the differ- 
ential stress is truncated at 100/600 MPa, whereas in Model D, the 
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runcation is 100/400 MPa. This provides a bending moment simi-
ar to the other models shown in Fig. 7 . The model was originally
resented and discussed in the context of an isotropic background
tress state. It is useful, ho wever , to consider the consistency of
he model in relation to assumed variations in background stress.
verall, model D has the greatest sensitivity in terms of the varia-

ion of neutral plane depth as function of background stress. Under
oderate net axial compression, model D can explain the 25 km

eutral plane depth inferred at Tonga-K ermadec. Howe ver, like
odel A, under moderate net axial ef fecti ve tension, the predicted

epth of normal faulting (37 km) becomes deeper that is typically
bserved. 

In our view Model B, based on McNutt & Menard ( 1982 ) is the
east consistent in view of additional constraints. Fundamentally, the
uctile strength is so low that seismic rupture beyond about 35 km
eems unlikely. An implication of rejecting model B, is that regions
hat give rise to the apparent 30 km neutral plane depth cannot be
upporting a net axial force of ∼ 5 TN m 

−1 (or higher). We expand
n this argument in the following section. 

None of the other models (A, C, D) is completely consistent with
dditional constraints. Ho wever , rather than advocate a preferred
odel, we think it sufficient to summarize the predictions of each
odels, and the areas of (in)consistency, under the assumptions
 e ha ve outlined. Our main intention here is to highlight the con-

traints that can be brought to bear on different strength models, and
he challenges that remain in successfully explaining the deforma-
ion mechanisms, brittle behaviour, and relative strength properties
Chapple & Forsyth 1979 ). 

Of the models shown in Fig. 7 , model A is unique in that it
ffers a direct explanation for outer rise reverse faulting in terms
f frictional sliding. Previous studies have argued that a low fric-
ion coefficient would generate an inconsistent strength model and
herefore could not be invoked to explain brittle failure in com-
ression (Chapple & Forsyth 1979 ; Mueller et al. 1996b ; McNutt
 Menard 1982 ). Ho wever , this mechanism is not able to explain

arthquake nucleation to the full extent of the observed depth range
50 km. 
We invoked the stress amplification model of Toffol et al. ( 2022 )

o try to quantify a rele v ant seismo genic depth in models where
he macroscopic strength is governed by LTP (e.g. B and C). Even
nder rather lenient assumptions (stress amplification of a factor
f 5, the maximum reported in Toffol et al. 2022 ) the seismogenic
hickness remains too shallow. Interestingly, the stress amplification
odel works more successfully for model A, which is again due to

he low friction coefficient assumed in that model. 
Overall, the presence of deeper compressional seismicity, and

articularly the capacity for earthquake ruptures to nucleate (most
learl y illustrated b y the smaller-scale seismicity shown on Fig. 3 )
emains difficult to reconcile with existing rheological formula-
ions for any of the models shown. Resolving this will require both
dditional observational data, to better understand the spatial distri-
ution of this deeper compressional seismicity, and additional work
n the nature of seismicity close to the brittle to ductile transition
e.g. Aharonov & Scholz 2019 ; Toffol et al. 2022 ). 

 D I S C U S S I O N  

.1 Constraints on net slab pull 

n the previous section we suggested that regions of old lithosphere
hich exhibit a 30 km neutral plane cannot be supporting ‘typical’
evels of net slab pull (e.g. 5 TN m 

−1 ). This reasoning was based on
he inconsistent properties of a strength model that could give rise
o a 30 km neutral plane depth under this background stress state.
ow we consider constraints on net slab pull more generally. 
The net axial force is given by the integral of the differential

tress across the thickness of the lithosphere (e.g. eq. S4). In simple
oncave-down bending, net slab pull must be transmitted entirely
hrough the part of the lithosphere experiencing ef fecti ve tension
i.e. above the neutral plane). In this region, the differential stress
s expected to be controlled by fault frictional strength. Integration
f eq. ( 2 ), to the depth of the neutral plane provides and upper
imit on the net slab pull, which is therefore limited by the square
f that depth. Observations of neutral plane depths, in conjunction
ith estimates of the brittle strength, imply limits on net slab pull.
ssuming a friction coefficient of 0.6, along with hydrostatic pore
ressure ( λ = 0.3), with zero cohesion, leads to a maximum F net =
.9 and 12.3 TN m 

−1 for 30 and 40 km neutral planes, respecti vel y.
Of course the above estimates are upper limits, as they factor in

o compressional stress beneath the neutral plane. Observations of
eismicity, as well as laboratory estimates of olivine creep, provide
ompelling indication for significant strength to at least 600–700
C, or ∼50 km (for 100 Myr lithosphere). A simple assumption
e can make is that the ratio of net force in the extensional and
ompressional parts of the envelope scales with ratio of depth above
nd below the neutral plane, to 50 km. In this case, estimates of the
aximum net slab pull reduce to 2.3 and 9.2 TN m 

−1 for 30 and
0 km neutral planes in ∼100 Ma lithosphere. 

If the 30 km neutral plane is assumed to be globally representative
or old lithosphere (e.g. Chapple & Forsyth 1979 ), we could rule
ut net slab pull being greater than a fe w TN m 

−1 . Howe ver, if the
pparent neutral plane depth is biased by regions of anomalous com-
ression, then slab pull may be focused along other regions where
he neutral plane is deeper (although likely to be unconstrained due
o the absence of reverse seismicity). Nevertheless, this simple cal-
ulation shows the geodynamic rele v ance of constraining the neutral
lane depth, and therefore the importance of earthquake hypocentre
ccuracy (Craig et al. 2014a ). 

.2 Intra plate str ess v ariations: potential implications f or 
uter rise seismicity 

 characteristic of outer rise reverse seismicity is the uneven distri-
ution of events relative to the shallower normal faulting (Mueller
t al. 1996b ; Craig et al. 2014b ; Ye et al. 2021 ). Global compila-
ions reveal clustering in certain regions as well as the absence of

oderate-size compressional events along significant ( > 2000 km)
engths of trench (as discussed in Section 2.3). We now consider
he potential role of intraplate stress variations in controlling such
ariability. To explore this idea, we follow Zoback et al. ( 2002 ) and
dopt a value of ±5 TN m 

−1 to represent the typical magnitude of
he integrated intraplate stress variations. 

Although the mechanism of brittle reverse seismicity remains
paque (as discussed in the previous section), it is instructive to
onsider general dynamic interactions between the net axial force
nd bending. To demonstrate, we consider model C (e.g. in Fig. 7 c).
ncreasing the net force by + 5 TN m 

−1 results in an increase the
eutral plane depth by about 4.5 km. This has the effect of reduces
he maximum differential stress that is developed beneath the neu-
ral plane. Fur ther more, the integ rated volumetric strain strain rate
eneath the neutral plane will be reduced. This is because in simple-
ending, the axial strain rate depends on distance from the neutral
lane. 
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Figure 8. Analastic dissipation corresponding to the YSE shown in 
Fig. 7 (c), given by the product of the differential stress and the axial strain 
rate ( �σxx ̇εxx ). The strain rate is assumed to vary with distance from the 
neutral plane, based on a bending rate model (e.g. Section S4), which is 
consistent with results of the numerical model described in Section 5. The 
three lines show the same variations in the net axial force ( F net = −5, 0, 5 
TN m 

−1 ) as are shown in Fig. 7 (c), and labelled in the figure legend. The 
magnitude of the dissipation beneath the neutral plane is strongly sensitive 
to changes in neutral plane depth produced by variation in the net axial force. 
The dissipation is assumed to be zero in the elastic core ( ∼5 km thick). 
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A useful way to quantify these dual effects is to consider the 
analastic dissipation rate, as was proposed by Lorinczi & House- 
man ( 2009 ) for understanding the distribution of seismic moment. 
Fig. 8 shows the predicted dissipation for model C, with the same 
prescribed variations in net axial force. The strain rate is based on 
a simple bending (rate) model, being proportional to distance from 

the neutral plane. The results demonstrate that the dissipation be- 
neath the neutral plane is particularl y sensiti ve to the neutral plane 
depth, and hence the background stress. 

In this respect we think that the typical magnitude of intraplate 
stress variations, producing ∼5–10 km increase in the neutral plane 
depth (assuming 100 Myr lithosphere), may be sufficient to explain 
the absence of seismicity along some margins. In this view, outer rise 
reverse faulting is a marginal process: it probably requires a neutral- 
to-moderately compressional background stress, and may be largely 
suppressed with only moderate changes in the background stress. In 
all of these situations, ho wever , the stress state remains dominated by 
bending, while the background stress plays a modifying role (e.g. 
Fig. 7 ). This presents a counterpoint to the argument of Mueller 
et al. ( 1996b ), that links outer rise compressional seismicity to 
anomalous, spatially localized subduction resistance, where axial 

forces dominate. 
Tonga-Kermadec provides some important observations in light 
of the framework described above. This region stands out globally as 
having the most numerous and broadly distributed pattern of outer 
reverse faulting (see Ye et al. 2021 , Fig. S5). It also stands out as 
having an unusually shallow neutral plane depth; Nor ther n Tonga 
is particularly atypical, but across the entire system an apparent 
neutral plane depth of 25–30 km seems a reasonable inference (e.g. 
Fig. 3 ). These two factors support the argument above: a more 
compressional background stress state results in a shallower neutral 
plane, and much higher dissipation in the compressional part of the 
plate. Of course, this inference about the background stress state 
is consistent with the longstanding idea that the Tonga-Kermadec 
slab is anomalously compressional (Isacks & Molnar 1971 ; Gurnis 
et al. 2000 ). 

8.3 Ener g y dissipation in bending 

Conrad & Hager ( 1999 ) suggested that bending of the lithosphere 
during subduction may constitute a major component of dissipation 
in mantle convection, being around 60 per cent of a slab’s potential 
energy release. Several studies have presented a counter arguments, 
based on kinematic models incorporating more sophisticated rheo- 
logical models (Buffett & Becker 2012 ), numerical modelling based 
on multilayer strength models (Capitanio et al. 2009 ) and conv ectiv e 
scaling arguments (Leng & Zhong 2010 ). 

Buffett & Becker ( 2012 ) estimated much lower bending dissi- 
pation values: ∼10 per cent of the slab’s potential energy. This 
conclusion was developed for a strength model with a saturation 
moment of 4.5 × 10 17 N (estimated for old lithosphere). In this 
study w e ha ve argued that a strength range of 1–2 × 10 17 N is com- 
patible with data for old lithosphere ( > 100 Myr). As the dissipation 
is linearly dependent on the saturation moment (for a given subduc- 
tion hinge geometry), our study suggests further reduction in terms 
of the importance of bending dissipation for mantle convection. 

9  C O N C LU S I O N S  

The current study has a close affinity to the work of Chapple & 

Forsyth ( 1979 ); they combined flexural modelling with seismologi- 
cal constraints in order to develop a consistent (albeit ad hoc ) model 
for the yield strength distribution of old oceanic lithosphere. The 
resulting strength model remains broadly consistent with a range of 
additional studies and data (as shown in Fig. 1 ). 

We surv e y a range of historical seismicity data, including well- 
constrained centroid depths of outer rise earthquakes. This data 
increasingly supports the view that normal faulting transitions to 
reverse faulting within numerous segments of the global subduc- 
tion zone outer rise system, consistent with a stress state dom- 
inated by flexure [as was originally interpreted by Chapple & 

Forsyth 1979 ), but questioned by other studies (e.g. Mueller et al. 
1996b )]. 

We highlight the considerable consistency between the studies 
of Chapple & Forsyth ( 1979 ), Levitt & Sandwell ( 1995 ), Hunter 
& Watts ( 2016 ) and Garcia et al. ( 2019 ), regarding the strength of 
old oceanic lithosphere. All of these studies can be interpreted as 
favouring ‘intermediate’ strength models of the lithosphere. While 
there may still be a discrepancy in the strength inferred in seamount 
v ersus subduction-related fle xure, the problem could be less acute 
than proposed by Bellas et al. ( 2022 ). 

The way in which different deformation mechanisms interact 
to produce this ‘intermediate’ strength is less clear. In trying to 
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onstrain the relative strength distribution with depth, the neutral
lane constitutes an important constraint. In contrast to Chapple
 Forsyth ( 1979 ), we do not assume that the ‘apparent’ neutral

lane depth (30 km for 80–120 Myr lithosphere) is equi v alent to
he ‘intrinsic’ neutral plane depth. That is, we allow for the fact that
he apparent neutral plane depth could be biased by regions due to
ystematic (non-isotropic) background stress deviations. 

We characterize this problem as a parameter space, broadly de-
ned as the relative strength in the brittle (extensional) regime, the
trength in the ductile region, as well as the net axial force. In doing
o do we need to make certain a priori assumptions about what
ight constitute reasonable variability in the background stress. We

onsider a range of end member models, based on previous studies,
ach with intermediate strength characteristics, but different rela-
ive strength characteristics. The problem is inherently non-unique,
ut additional constraints are of some value in assessing such
odels. 
Evaluating these strength models in light of additional constraints

eads to several conclusions: (1) none of the investigated models
re entirely consistent with additional constraints, if the assumed
ariations of net axial force ( ±5 TN m 

−1 ) are applicable to the global
ubduction system; (2) in our view only one of these models can
e ruled out. This end-member is characterized by high frictional
trength, and very low ductile strength, as proposed by McNutt
 Menard ( 1982 ); (3) in regions of ∼100 Myr lithosphere, which

xhibit a 30 km neutral plane, net slab pull should be no greater
han about 1–2 TN m 

−1 and (4) models characterized by very low
rictional strength (e.g. Garcia et al. 2019 ) are considered viable.
o wever , they imply that regions exhibiting a ∼30 km neutral plane

re under moderate net axial compression ( ∼−5 TN m 

−1 ). Under
hese conditions, frictional reverse faulting is predicted beneath the
eutral plane at depths of ∼30–40 km. 

In Section 8, we address the global variability in outer rise seis-
icity (particularly the presence/absence and clustering of reverse

eismicity). We again consider this variability in terms of the im-
act of background stress state. We show that the magnitude of the
nelastic dissipation beneath the neutral plane is particularly sen-
itive to the neutral plane depth, and hence the background stress.
e suggest that outer rise reverse faulting may be a marginal phe-

omenon, with moderate variations in the background stress being
ufficient to inhibit brittle behaviour. In the framework proposed
ere, background stress plays a modifying role, with stress patterns
till dominated by flexure ( cf . Mueller et al. 1996b ). 

The study integrates numerical modelling to support the analysis
nd data interpretation. Some key insights from the numerical model
re: (1) the subducting plate is about 85 per cent moment saturated
t the first zero crossing in the outer rise; (2) in the strong part
f the lithosphere, strain rates are well approximated by the simple
ending model (proportional to distance from the neutral plane); (3)
epresentative strain rates in the strong ductile part of the lithosphere
re O(10 −15 ) s −1 for subduction velocities of ∼10 cm yr −1 and (4)
he net axial force varies throughout the trench-outer rise domain,
nd is closely correlated with the estimated contribution of the GPE.
his leads to negligible net axial force beneath the trench. 

U P P O RT I N G  I N F O R M AT I O N  

upplementary data are available at GJI online. 

igure S1 . Numerical model domain. Model height is 2900 km,
nd width is 11 600 km (aspect ratio of 4). Coloured contours show
hape of slab at 0, 5, 10 Myr. Scalar field is temperature at 5 Myr.
onv ergence v elocity at 5 Myr is shown with arrows, and is dom-
nated by rollback. The texture in the main panel is a line integral
on volution sho wing the direction of flo w in the mantle. Inset panels
how the adaptive mesh refinement at 5 Myr. 
igure S2 . Snapshot of model dynamics in quasi-steady state (5 Myr
fter start of simulation). Left-hand panels show subduction hinge,
ight-hand panels show larger part of the model domain: (a) Strain
ate magnitude and (b) differential stress magnitude. Both of these
calar values are proportional to the square root of the second in-
ariant ( J 2) of the deviatoric tensors; (c) Deformation map. Colours
how the dominant deformation mechanism. Elastic deformation is
efined as locations where the anelastic mechanisms contribute
 25 per cent of the total strain rate. 
igure S3 . Benchmark for isoviscous simple shear, adapted from
arrington et al . ( 2014 ). Blue line shows analytical solution, the
lack lines show results from ASPECT. 
igure S4 . The left-hand side shows model topography (top panel)
nd cumulative moment (bottom panel) based on either the flexural
opography or the vertical shear stress resultant. The right-hand
ide shows the same data at different scale. In the bottom panels
he bending moment e v aluated at the first zero crossing is shown
ith the black dashed line: this is the value that the estimates should

ecov er. The fle xural component of the model topography is shown
n the black line, the best-fitting (L2) uniform-thickness elastic plate
olution is shown in the blue line, as well as the pseudo-topography
the gradient of the vertical shear stress resultant) in the dashed red
ine. In the lower panels the horizontal dashed black line shows the
ending moment calculated from the model at x 0 . 
igure S5 . Strain rates in the bending lithosphere. Solid lines shows

he axial strain rate in the numerical model at the first zero crossing
 x 0 ) in blue and the maximum bending moment in black [ M b (max) ].
hese locations are shown in Fig. 5 of the main manuscript. The
train rates have been scaled to a representative convergence rate
f 10 cm yr −1 , using the proportionality between bending rate and
onv ergence v elocity. The stair-step nature of the strain rates is due
o the post-processing, in which strain rates are averaged across
lements. The red dashed lines show the strain rate assumptions we
se in YSEs in this study. The black line shows the much lower
constant) strain rates used in Garcia et al. ( 2019 ). Although Hunter
 Watts ( 2016 ) nominally consider bending rates in their YSE
odels, they implement these as a constant strain rate, with a typical
agnitude of 10 −16 s −1 (as far as we could determine based on

alues shown in the study). 
igure S6 . Comparison between the strain rate assumptions used

n this study, and those of (Hunter & Watts 2016 ). All YSEs have
he same creep parameters (Set 1, Table 1 ). Two different friction
oefficients are shown. Both resulting strength models were consid-
red consistent with the optimized elastic plate thickness values in
unter & Watts ( 2016 ). The difference between the red and black

ines is due to the strain rate model we adopt in this study, which is
roportional to distance from the neutral plane, and has significant
igher values that the constant rate (10 −16 s −1 ) assumed in Hunter
 Watts ( 2016 ). The result of our assumptions is a stronger model.
igure S7 . Top panel shows the distribution of curvature values

shown as the reciprocal—radius of curvature, or ROC) from the
rofiles of Levitt & Sandwell ( 1995 ). Black line in top panel shows
he evolution of moment as a function of curvature, for a strong litho-
phere model. Bottom panel shows the predicted moment deficit,
hich is the predicted moment, minus the observed moment, using

he rheological model as shown in top panel. The trend of the mo-
ent deficit should follow the dashed line, if moment deficit is a

rimary cause of the scatter, which is not the case. 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad230#supplementary-data
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Figure S8 . Temperature model comparison for 100 Myr lithosphere. 
Black dashed lined shows plate model parameters from Parsons & 

Sclater ( 1977 ). The red line shows the model from Richards et al. 
( 2018 ), which is a numerical-based model based on joint inversion 
for subsidence and heat flow. The blue line shows the temperature 
model used in Bellas et al. ( 2022 ). The cooler temperature profile 
is primarily due to the higher dif fusi vity assumed (1.0, rather than 
0.8 × 10 −6 m 

2 s −1 ). The gre y re gions shows 600–800 ◦C, where the 
temperature dependence of strength is largest. 
Table S1 . Parameters used in the numerical model. 
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duction GJI2022 . Data plotted in Fig. 1 were sourced from tables 
in previous studies (Levitt & Sandwell 1995 ; Garcia et al. 2019 ; 
Craig et al. 2014a ), except for data of Hunter & Watts ( 2016 ), 
which were redigitized by the authors. Data in Fig. 3 are from Craig 
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