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ARTICLE INFO ABSTRACT

The outer rise is a topographic bulge seaward of the trench at a subduction zone that is caused by bending and
flexure of the oceanic lithosphere as subduction commences. The classic model of the flexure of oceanic litho-
sphere w(x) is a hydrostatic restoring force acting upon an elastic plate at the trench axis. The governing
parameters are elastic thickness T,, shear force V,, and bending moment M,. V, and M, are unknown variables
that are typically replaced by other quantities such as the height of the fore-bulge, wy, and the half-width of the
fore-bulge, (x;, — x,). However, this method is difficult to implement with the presence of excessive topographic
noise around the bulge of the outer rise. Here, we present an alternative method to the classic model, in which
lithospheric flexure w(x) is a function of the flexure at the trench axis wy, the initial dip angle of subduction fy,
and the elastic thickness T,. In this investigation, we apply a sensitivity analysis to both methods in order to
determine the impact of the differing parameters on the solution, w(x). The parametric sensitivity analysis
suggests that stable solutions for the alternative approach requires relatively low f3, values (< 15°), which are
consistent with the initial dip angles observed in seismic velocity-depth models across convergent margins
worldwide. The predicted flexure for both methods are compared with observed bathymetric profiles across the
Izu-Mariana trench, where the old and cold Pacific plate is characterized by a pronounced outer rise bulge. The
alternative method is a more suitable approach, assuming that accurate geometric information at the trench axis
(i.e., wy and fo) is available.
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1. Introduction 1991; Ruiz and Contreras-Reyes, 2015), as well as local plate weak-

ening (e.g., Turcotte et al., 1978; Bodine and Watts, 1979; McAdoo

Slab pull is one of the most important forces driving plate tectonics
and continental drift (e.g., Forsyth and Uyeda, 1975; Conrad and
Lithgow-Bertelloni, 2002). It is associated with the negative buoyancy
of the dense, cold rocks of the sinking oceanic lithosphere. Due to the
stiffness of the lithosphere and its elastic behavior at long wavelengths
(several hundred kilometers), it can transmit stresses efficiently to the
surface and is able to pull the lower plate toward the ocean trench. A
consequence of this process is the bending of the oceanic plate prior to
subduction, which is characterized by the formation of a prominent
fore-bulge (the outer rise). Modeling the flexural bending of the oceanic
lithosphere provides important constraints on trench tectonic loading
and on the long term strength of the lithosphere (e.g., Bodine et al.,
1981; Mueller and Phillips, 1995; Capitanio et al., 2009). Additionally,
as the flexural curvature becomes significant, bending stresses could
exceed the yield strength of the lithosphere (e.g., McNutt and Menard,
1982), causing pervasive faulting and tensional earthquakes in the
upper part of the oceanic plate (Christensen and Ruff, 1988; Masson,
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et al., 1985; Judge and McNutt, 1991; Levitt and Sandwell, 1995; Watts,
2001; Billen and Gurnis, 2005; Contreras-Reyes and Osses, 2010; Zhang
et al., 2014).

The flexural wavelength and amplitude of the outer rise has been
modeled using an elastic lithosphere overlying a weak astenosphere. In
this model, the lithosphere is loaded on the arcward side of the trench
axis by a shear force V, and bending moment M, (Fig. 1A; Watts and
Talwani, 1974; Parsons and Molnar, 1978; Levitt and Sandwell, 1995;
Bry and White, 2007; Contreras-Reyes and Osses, 2010; Zhang et al.,
2014; Hunter and Watts, 2016). The third independent parameter is the
elastic thickness T,, which in turn is related to the flexural rigidity
D=L (113T_3v2); a measure of the flexural resistance to loading. The
Young's modulus, E, and Poisson's ratio, v, are material properties
commonly treated as constants. With this assumption, strong plates
have large elastic thickness T,, while weak plates have small elastic
thickness T,. Thereby, the independent three parameters V,, My and T,
have been classically used to model the flexure of the oceanic
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Fig. 1. (A) Bending of the lithosphere at an ocean
trench due to the applied vertical shear force Vj,

sea surface
horizontal force F and bending moment M,. py, pi»

and p,, are the astenospheric mantle, lithosphere and
water density, respectively. (B) Schematic re-
presentation of topography (x,, Xp, wp, a) defining
the deflection curve w(x). The point (xp, wp) corre-

sponds to the position of the maximum positive

F amplitude of w(x) or peak of the outer rise while
- (0, wg) corresponds to the position of the maximum
negative amplitude of w(x) at the trench axis. B, is
the initial angle of subduction at the trench axis and

it is related to w(x) as tanfy = dw/dx|x—o.
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lithosphere using an elastic rheology. However, V, and M, cannot be
determined directly, whereas other quantities can be measured from
bathymetric profiles, such as the amplitude of the fore-bulge w;, and the
half-width of the fore-bulge x, — x, (Fig. 1B), and are typically used in
the classic approach to model the shape of the outer rise (Caldwell
et al., 1976; Turcotte and Schubert, 2002). In practice, however, these
morphological quantities present considerable uncertainties associated
with bathymetric noise and are hardly recognizable along some profiles
inhibiting the constraint of lithospheric parameters. In this paper, we
present an alternative approach to analytically model the flexure of the
oceanic lithosphere using, as independent parameters, the flexure at the
trench axis w, (depth of the trench axis), the initial dip angle of sub-
duction at the trench axis 8y, and the elastic thickness T,. wy and 3, are
quantities that can be directly measured from bathymetric profiles
across poorly sediment-loaded trenches, which occur in more than 50%
of the convergent margins (von Huene and Scholl, 1991). A comparison
between the classical method and the new approach is presented in two
steps. First, we present a parametric sensitivity analysis using the
analytical solutions for the predicted lithospheric flexure associated
with each approach. Second, we model the shape of the outer rise
across the Izu-Marianas trench where the outer rise of the older oceanic
Pacific plate is well developed. Advantages and disadvantages, as well
as tectonic implications, of both methods are discussed in the following.

2. Flexural modelling

The flexure of the oceanic lithosphere at trenches is modeled as a
hydrostatic restoring force g(p,, — o,)w acting upon an elastic plate,

\

where w is plate flexure, g is average gravity, and p,, and p,, are mantle
and water density, respectively (Fig. 1; Caldwell et al., 1976; Levitt and
Sandwell, 1995; Turcotte and Schubert, 2002; Bry and White, 2007;
Contreras-Reyes and Osses, 2010; Hunter and Watts, 2016). If the ap-
plied load implements a horizontal force F, and a bending moment M,
the deflection w of the plate is governed by the following differential
equation:

_am + d( dw
dx*>  dx

F—J+m%=q@)

dx (@)

where g(x) is the vertical load acting on the plate, and Ap = p,, — p,, is
the density contrast between the asthenospheric mantle p,, and sea
water p, (Fig. 1). The bending moment M and the shear force V are
related to the negative curvature of the plate x = —d?w/dx?, by the
flexural rigidity D:

d*w
M) =-D3a @
and
dM dw
== _p=r
V@) dx dx 3

Combining these three equations, and assuming F = cte and ¢ = 0
we have:
dw d*w

D=Z 4+ F— + Apg =0
dx* dx? re

4

The general solution of (4) which considers the boundary condition
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Table 1
Values of parameters and constants used in flexural modeling.

Name Symbol Value Unit
Young's modulus E 70 x 10° Pa
Acceleration due to gravity g 9.81 ms~ 2
Poisson's ratio v 0.25

Mantle density Pm 3300 kgm™3
Water density Pw 1030 kgm™>

of no flexure away from the load (i.e., w — 0 as x — <o) is given by:

w(x) = e [01 COS(§§) + G sin(§§)] (5)

where a = (4D/Apg)"’* is the flexural parameter that defines the nat-
ural wavelength of the elastic lithosphere (the more rigid the litho-
sphere, the longer the wavelength of the bulge). In addition,
n=Jl—y and &= 1+y, where y=m=%, is the di-
mensionless force. F, corresponds to the minimum force by which the
lithosphere will become unstable and take a sinusoidal shape, even-
tually causing the plate to buckle (Turcotte and Schubert, 2002).
Parsons and Molnar (1978) conclude that even a large horizontal load F
will not have a considerable effect on the deformation of the plate, and
F cannot be precisely determined from bathymetric profiles. The com-
pressional critical stress associated with F. can be calculated as
— | ETebpg
¢ 31-v2)°
reference T, = 50 km, we conclude that o, is approximately 5 GPa. Due
to the substantial stress requirement, we conclude that such buckling
does not occur and F < < F, (Turcotte and Schubert, 2002). For this
reason, we do not include the horizontal force as a parameter in our
method of flexural modeling (i.e., v is set to zero and £ = = 1). Thus,
Eq. (5) becomes:

wk) = e [Clcos(g) + Czsin(g)] (6)

Now, we will present two solutions of Eq. (6) with different
boundary conditions as is shown in Fig. 1. In Section 2.1, we rephrase
the classic method which uses, as independent parameters, the bending
moment M, and shear force V, at the trench axis (Turcotte and
Schubert, 2002; Bry and White, 2007), and the elastic thickness T.
These three parameters can be constrained using the maximum positive
flexure at the apex of the outer rise w,, and the locations which define
the half-width of the fore-bulge (x; — x,) (Fig. 1B). In Section 2.2, we
present an alternative solution using, as independent parameters, the
initial dip of the subducting plate f3, at the trench axis, the flexure at the
trench axis w(x = 0) = wy < 0 and the elastic thickness T, (Fig. 1).

from which, using typical values shown in Table 1the

2.1. Method 1

In the classic method, the independent parameters are: (1) the
bending moment at the trench axis My, (2) the shear force at the trench
axis Vo, and (3) the elastic thickness T,. The boundary conditions at the
trench axis are (Fig. 1):

Mx=0)=M, = —D% ‘ (bending moment M, applied at

x =0)and V(x =0) = —x\_/o (shear force —V, applied at x = 0).
Additionally, the constants are:

(XZ

C =W + Myl —

1 [ 0an 0] 2D (7)

and
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2D (8

20~

w(x) = oc2eD [—Mosin(g) + (Voo + Mo)cos(g)] ©
Vo and M, cannot be independently measured from the bathymetric
data. However, the height of the fore-bulge w, and the half-width of the
fore-bulge (x, — x,) can be measured directly from the bathymetric
profiles, as is illustrated in Fig. 1B. Therefore, we express the trench
profile in terms of these parameters. Following Turcotte and Schubert
(2002), we have:

Xp — X = A
b 0=y (10)
and
T _l(ﬂ) T x—=x
w(x) = wpea/2e” 4\%=x) sin | —| ——2
4\ xp — X,

T _=xo) . (X — X,

=wyes~2e " @ sm( . ) an

Upon measuring x, and X, the flexural wavelength a is determined
using (10). Leaving a constant, flexure of oceanic lithosphere w(x) is
determined by measuring wy,. Now, we present an illustrative example
with plausible values of the following three independent parameters
(%o, To, wp). First, we designate a value for the parameter x,, from which
Xp, is calculated using (10) given a value of the second parameter T..
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Fig. 2. Flexure of the lithosphere using model 1 (Eq. (11)) for different values of the
parameters X, T,, and wp. (A) x, controls the flexural amplitude at the trench axis as well
as the wavelength of w(x). (B) T, controls both the flexural amplitude and wavelength.
(C) wp for definition controls the flexural amplitude of the bulge, but it also controls the
flexural amplitude at the trench axis.
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Elastic thickness 1is related to the flexural

3atapg(1—v2) 1/3
T, = (o=

instead of a. The third independent parameter wj, is determined using a
realistic range of values. Fig. 2 represents an example of how the shape
of w(x) can be computed for different values of x,, T., and wy.

Fig. 2A depicts lithospheric flexure for varying initial values at
X, = 0 when T, and w, are constant. When x, is larger, flexural am-
plitude at the trench axis increases and flexural wavelength decreases.
Fig. 2B depicts lithospheric flexure for different values of T, when x,
and w, are constant. An increase in T, results in a longer flexural wa-
velength as well as a seaward migration of the location of the peak of
the outer rise x;. A second, expected effect is the decrease in the flexural
amplitude at the trench axis when T, increases (more rigid lithosphere).
Fig. 2C depicts lithospheric flexure for different values of the height of
the fore-bulge w, when T, and x, are constant. An increase in wj, results
in a shorter wavelength of w(x) and a greater flexural amplitude at the
trench axis. The influence of w, on w(x) is directly proportional.

In order to quantify the trade-off between the parameters, x,, T, and

parameter by

, thus we will use T, as the independent parameter

20

15

X, [km]

X, [km]

Wb =600 m

X, [km]

0
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Te [km]
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wp, we calculate a grid mesh for the values of the flexure at the trench
axis w(x = 0) = wy < 0 predicted by Eq. (11) as a function of x, and T,
for different constant values of w, (Fig. 3). The results exhibit large
amplitudes of the lithospheric flexure at the trench axis when Te is
small and x, is large. This case corresponds to a weak and unstable
oceanic lithosphere with a narrow bulge. In contrast, the flexural am-
plitude at the trench axis decreases when T, increases and x, decreases.
This case corresponds to a strong, stable oceanic lithosphere with an
outer rise characterized by a long wavelength. As a reference, bathy-
metric profiles published worldwide show that the typical values for w,
are between 1 and 3 km (e.g., Levitt and Sandwell, 1995; Bry and
White, 2007; Contreras-Reyes and Osses, 2010; Zhang et al., 2014;
Hunter and Watts, 2016).

2.2. Method 2

In the alternate method, the independent three parameters are the
elastic thickness T, the initial dip of the subducting plate 8y, and the

Xy [km]

10 20 30 40 50
Wb =300 m

0
10 20 30 40 50

T [km] Wb = 1500 m

Fig. 3. 2D and contour plots for the flexural amplitude at the trench axis w, predicted by the method 1 as a function of the first crossing zero and T, at different constant values of wy. The

results are shown for different constant values of wp. Please note that wy is directly proportional to wy, (Eq. (11)). As is expected wy decreases as the plate becomes stronger for a given

value of x,.
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Fig. 4. Flexure of the lithosphere using method 2 (Eq. (12)) for different values of the
parameters wy, T, and fy. (A) w, is the flexural amplitude at the trench axis and it
controls the maximum positive flexural amplitude of w(x). (B) T, controls both the am-
plitude and wavelength of w(x). (C) o controls the amplitude of the maximum peak of
the outer rise as well as the slope of w(x) along the trench slope.

flexural amplitude at the trench axis w, (Fig. 1). For this alternative
approach restricted quantities can be directly measured from bathy-
metric data. The constants C; and C, of Eq. (6) are derived considering
the following boundary conditions:

wkx=0)=wg

and

dw
dx

= tan 3,
x=0

Thus, C; = w, and C; = atanf, + wy and the flexure of the litho-
sphere can be written as:

w(x) = ez [wo cos(g) + (atanf, + wO)sin(g)] a2)

Fig. 4A shows the flexure of the lithosphere for different values of
the flexure at the trench axis wy with T, and 8, constants. The higher the
flexural amplitude at the trench axis w,, the lower the flexural ampli-
tude at the outer rise. Fig. 4B shows the flexure of the lithosphere for
different values of T, with wy and 8 constants. An increase of T, results
in a longer wavelength of w(x) as well as a broader region of high
amplitude of w(x) defining a wide and pronounced outer rise. Fig. 2C
shows the flexure of the lithosphere for different values of the initial dip
of the subducting plate 3, with T, and w, constants. Results show that
plate with high initial dip of subuduction present short flexural wave-
lengths and a high flexural amplitudes at the trench axis. Large values
of B also result in the trenchward migration of the peak of the outer
rise wp.

The flexural amplitude is largely sensitive to the values of S,
(Fig. 4C). For high values of f3,, the model predicts unrealistic values for
the height of the fore-bulge and w(x) becomes unstable. However,
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bathymetric and seismic reflection data do not show evidence of large
initial dip values for the subducting plate (e.g., Harris and Chapman,
1994; Maksymowicz, 2015; Hoggard et al., 2017). Instead B, is typi-
cally a low angle (usually less than 15°), which becomes steeper as the
oceanic plate subducts several tens of kilometers (e.g., Contreras-Reyes
et al., 2012). Plausible values for f3, are shown in Fig. 5.

We can calculate the first zero crossing, at x; = O closest to the
trench axis, which is predicted by the alternative method using Eq.
(12); with the following:

—w . —w
x =aatan| ——2——| if B, > atan(—o)
atanf; + wy a

(13a)
ar . —W,
X = 7 if ﬁO = atan( 0{0) (]_Sb)
—Wy . —Wy
= t —_— |+ f B, <atan| —
X oc[a an[atanﬁo " Wo) 7'[] if g, <a an( . ) 130

Parameter sensitivity (wy, T, and ) for the second model is found
by calculating a mesh for the values of the fore-bulge amplitude w,. The
coordinate position of the fore-bulge amplitude x;, can be obtained
deriving Eq. (12) and equating to zero, with the following:

t: —
Xp = aatan __otanf, if B, > atan( ZWO)
atan B, + 2wy a (14a)
ar . —2wy
=2 ifg = atan| =222
Xp 5 ifB,=a an( o ) (14b)
t _
Xp = ot | atan Lﬂﬁo +7 ifﬁo<atan( ZWO)
atanf; + 2wy a (14¢)

Fig. 5 shows a set of meshes for the values of w(x = x;) = w, ob-
tained for the second method at different values of T,, 8o and w,. The
investigation of T, vs. 8 predicts that relatively high values of 3y and T,
result in large values of wy. This case correlates with a strong oceanic
lithosphere with a steep trench slope angle, and indicates a long bulge
and uplifted outer rise. In contrast, low values of 3, and T, result in low
values of wy. That is, a weak oceanic lithosphere subducting with a low
initial dip (initial flat subduction).

3. Data examples and model testing

We now compare the flexural curves, using methods 1 and 2, with
observed bathymetric profile across the Izu-Mariana trench in the
western Pacific (Fig. 6). The cross-sectional trench bathymetric profiles
were extracted from global bathymetry data sets (Sandwell and Smith,
1997), extending from the approximate trench axis to 500 km seaward
of the trench axis. Due to poor sedimentation of the Izu-Mariana trench
(e.g., Clift and Vannucchi, 2004), a correction for sediment loading was
not applied. In order to reduce the high frequency topographic noise, a
median filter was applied to the bathymetric data (2km moving
window). Considering the increase in seafloor depth with age, we ex-
tracted the plate age along each profile from the global age grid of
Mueller et al. (2008) to correct for the regional topographic tilt. To do
so, we compute the depth anomaly, which is the difference between the
observed bathymetry, and a theoretical depth given by the age sub-
sidence model of Parsons and Sclater (1977). Each point was corrected
as follows:

d(t) = 2500 + 350,/(¢)[m] if <20Ma

and
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Fig. 5. 2D and contour plots for the height of the forebulge wy, predicted by the method 2 as a function of the initial dip of subduction 3, and T.. The results are shown for different
constant values of wy. wp increases as the plate becomes stronger for a give value f,. The yellow curve corresponds to the critical curve atan(—2wp/a) according to the set of Egs.

(14a)—(14c). Note that solutions in the domain 8, > atan(—2wop/a) are characterized by high flexural amplitudes and long wavelengths.

d(f) = 6400 — 3200e~ 625 [m] if ¢ > 20 Ma

The extracted, filtered, and age-corrected profiles were modeled by
fitting them to the flexural model using method 1 (Eq. (11)) and the
flexural model using method 2 (Eq. (12)), respectively (Fig. 7). The
observed profiles clearly illustrate a half-width fore-bulge (x;, wp) and
an initially crossing at x, = 0, which are depicted by orange and green
triangles, respectively. The flexure predicted by method 1 is calculated
by measuring the height of the fore-bulge w;, and the elastic thickness T,
(equivalent to measuring x, and xp, Eq. (11)). The flexure predicted by
method 2 was found by the iteration of T, and Sy (w, is directly mea-
sured from the bathymetric data). The blue curves correspond to the
solutions using method 1 for which T, values are ~24.6 km for the Izu-
Bonin trench and ~ 28 km for the Mariana trench. The calculated T,
values are derived from Eq. (10) by employing respective values for

(xp, wp) and x,. Across profile P1, the estimated solutions fit the filtered
bathymetric data very well. Across profile P2, the estimated solutions
fit the long-wavelength of the bathymetric data well. However, the
solution predicted by method 1 fails at the trenchward portion of the
bathymetric profile, exhibiting a large misfit in the flexural amplitude
at the trench axis (Fig. 7C and D). To quantify the model-error, we
calculate the squared RMS (Root Mean Square) error Wgys between the
observed bathymetry z; and the predicted flexure w; = w(x;) using:

L
Wrms = | — Z w; — z;?
\N = (15)

where N is the number of points along the profiles and w; is the com-
puted flexure using method 1.
The Wgys values obtained by using method 1 are ~91 m for P1 and
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Fig. 6. Bathymetric image of the Izu-Marianas convergent margin in
the western Pacific ocean with the location of the bathymetric profiles
shown in Fig. 7.
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~228 m for P2. The red curves shown in Fig. 7 correspond to the so-
lutions using method 2. Along P1, method 2 appears to fit the bathy-
metry equally as well, resulting in similar flexural parameters as
method 1 (Fig. 7A and B). However, the steepening of the trench slope
along P2 results in a large difference in flexural parameters between
method 1 and 2. Method 2 predicts a T, of 40 km with a Wxys value of
~96m, as opposed to the Wgys value of ~228 m in method 1
(Fig. 7C). The estimated solution obtained by using method 2 fit the
trenchward portion of the bathymetric profile well, however, it fails
considerably at the seaward part of the outer rise, resulting in a mis-
match. The respective Wrys value is about 96 m. In order to illustrate
the difference between T, and f,, we calculate an alternative solution
with T, = 30 km and By = 3.3°. The resulting flexure is shown in
Fig. 7D and it has a Wgys value of ~110 m. In this case, the predicted
flexure fits the long wavelength of the bathymetric profile at its sea-
ward portion well. However, the data-misfit increases at the trenchward
portion of the bathymetric profile. Both results obtained by using
method 2 (Fig. 7C and D) are 50% more accurate than the result ob-
tained using method 1. The range of T, values obtained using both
methods is similar to previous results found by Zhang et al. (2014)
across the Mariana trench (19-40 km).

4. Bathymetric data and model parameter uncertainties

The T, estimates for method 2 presented in the previous section are
based simply on the RMS misfit, and it does not explicitly take into

160°

account the uncertainty in the bathymetric data. In order to circumvent
this problem, we extracted a total of 10 profiles spanning at an interval
of 2-5km along profiles 1 and 2 (Fig. 8A). These ten profiles were
stacked together to form a section from which the average bathymetric
profile z; and its standard deviation Az; were computed (Figs. 8B-C).
The next step consists of finding a reference model defined by the
parameters T, and fo, which is constructed by fitting the average
bathymetric profile z;. That is, we forward modelled the average
bathymetric profiles using (12). Once obtained a reference model, say
T, and /§0, these model parameters are perturbed by + 50%, and the
weighted root mean square Wiy (TY, ﬁ({) is calculated to explore the
solution space. A reliable solution is achieved if the computed flexure
w(Ty, B;) reaches the condition x> < 1, where x* is given by

1 Zj'\]:o lw; (T, ﬁ({) -zl
N Az (16)

%% = 1 means that the model error is equal to the bathymetric data
uncertainty Ag;. Figs. 9 and 10 show a 2D grid for the ¥ parameter as a
function of T, and f, for profiles 1 and 2, respectively. The results show
that a set of parameters T, =23 * 1km and f, =5.2 + 0.1°
achieved the condition yx® <1 for profile 1. The respective
Wrns (T = AT, B, + ABy) is in the range of 75-80m for profile 1
(Fig. 9). For profile 2, the results show that a set of parameters
T, =30 * 5kmand f, = 3.7 = 0.2° achieved the condition y* < 1.
The respective Wy\is(T, + AT, B, + Af,) is in the range of 140-150 m



E. Contreras-Reyes, J. Garay

(A)
10001~
P1
o] p—
£.-1000]
g
% M1 Te~24.6km (Wams=90.59 m)
&= —2000
:M2 Te=25km (Wsrms=92.17 m)
-3000] Bo=5.1°
0 100 200 300 400 500
distance from the trench axis [km]
(@)
10004 P2
— 0-
£
£ -1000
= M1 Te~28km (Wrms=228.24 m)
=
—20007 :M2 Te=40 km (Wams= 96.29 m)
—30007 Bo=2.7°
~1007g 100 200 300 400 500

distance from the trench axis [km]

flexure [m]

Journal of Geodynamics 113 (2018) 1-12

(B)
1000
P1
o] o~
—-10001
M1 Te~246km (Wams=90.59 m)
=2000] M2 Te=27 km (Wams= 79.66 m)
3000 Bo=4.9°
0 100 200 300 400 500
distance from the trench axis [km]
(D)
10007 P2
0.
—10007 M1 Te~28km (Wavs=228.24 m)
—2000° :M2 Te=30km (Wams=109.5 m)
o= 3.3°
—-3000] P
~400%g 100 200 300 400 500

distance from the trench axis [km]

Fig. 7. Flexural parameter values obtained from flexural modeling methods 1 (M1) and 2 (M2). Cyan square, green triangle and orange triangle denote the location of the points
(0, wp), (x,, 0) and (xp, wp), respectively. Grey curve corresponds to the unfiltered bathymetric profiles. The black curve corresponds to the observed bathymetric profile after applying a
median filter of 33 points (~ 2 km window). The bathymetry profiles were fit to formula (11) for method 1 (blue curves) while the data were fit to formula (12) for method 2 (red curves).
(A) and (B) trench-normal bathymetric profiles across the Izu-Bonin Trench (P1). (C) and (D) trench-normal bathymetric profiles across the Marianas Trench (P2). The presented squared
RMS (Root Mean Square) error Wgys was calculated related to the filtered bathymetric profile.

(Fig. 10). The weighted root mean square Wiys(TY, 8;) is calculated
depending on the position x along the profile. Features unrelated to
plate flexure like seamounts and spreading center fabric are less
weighted.

5. Discussion

The classic approach (method 1, Section 2.1) utilizes morphological
information of the trenchward part of the outer rise (specifically, the
half-width of the fore-bulge (x;, wp)). In general, the outer rise topo-
graphy presents morphological features related to spreading center
fabric, seamounts, and bend faults; as well as other large topographic
features that obscure the trench and outer rise signature. These features
are not related to the mechanical, long-wavelength flexure of the li-
thosphere, and can be considered noise. Therefore, a basic requirement
to model the flexure of the lithosphere is the clear identification of the
fore-bulge to model w(x) using the method 1. However, the precise
identification of (x,, wy) is often difficult due to increased topographic
noise, which is sometimes of the same amplitude as wy. In which case,
method 1 likely provides a poor estimate on the flexural parameters.
Nevertheless, method 1 provides a better fit to the data in the seaward
portion of the outer rise and to the long wavelength of the w(x) (Fig. 7).

The alternative method (method 2, Section 2.2) requires the mor-
phological information of the trench axis (3p and wy), which is typically
more precise to identify than the half-width of the fore-bulge. This is
due to the much higher values of wy, related to wy, (usually more than 5
times; Caldwell et al., 1976; Levitt and Sandwell, 1995). For bathy-
metric profiles where the fore-bulge is clearly observable, the T,

estimates obtained by using methods 1 and 2 increase in similarity
(Fig. 7A and B). In contrast, underdeveloped fore-bulges might result in
a large source error when using method 1. Underdeveloped fore-bulges
(small outer rise) are usually found in convergent margins where the
oceanic subducting plate is young and weak. Examples include the
southeastern Gulf of Alaska and southern Chile (Harris and Chapman,
1994; Contreras-Reyes and Osses, 2010). In these cases, visual estimates
of (xp, wp,) are very sensitive to the estimate of T, and are highly suspect
because the classic model may correlate with non-flexural topography
(Caldwell et al., 1976; Judge and McNutt, 1991; Harris and Chapman,
1994; Bry and White, 2007). We believe our alternative method is
better because w, and f, are more easily identified from the bathy-
metric data, mainly due to the high amplitude of wy.

Plate weakening mechanisms create additional errors when fitting
the trenchward portion of the bathymetric profiles. In this region, the
oceanic plate exhibits high curvatures and the bending moments, which
exceed the yield stress of the oceanic lithosphere causing brittle failure
in the upper part of the plate (Fujie et al., 2003; Faccenda, 2014). The
inelastic behavior of the oceanic plate has been modeled using yield
strength envelopes, which allow any T, measurement to be converted to
the true mechanical thickness (e.g., McAdoo et al., 1978; McNutt and
Menard, 1982; Hunter and Watts, 2016). Alternatively, a reduction in
T, has been incorporated to simulate the yielding associated with the
decreased strength of the lithosphere towards the trench (i.e., Judge
and McNutt, 1991; Contreras-Reyes and Osses, 2010; Hunter and Watts,
2016). Though our extracted bathymetric profile was adequately,
analytically fit using methods 1 and 2 (the aim of this paper), the fit
could be improved by introducing a variable flexural rigidity or
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Fig. 8. (A) Bathymetric image of the Izu-Marianas convergent margin in the western Pacific ocean. Basement topography of every ten individual profiles (red lines) was stacked to form
an averaged section for modeling and to estimate the bathymetric uncertainties. The extracted bathymetry of these ten individual profiles are shown in (B) and (C) as red curves. (B) and
(C) The black curves represent the stacked average bathymetry Z;, while the blue curves correspond to the bathymetry uncertainties Az; for the respective profiles 1 and 2.

variable elastic thickness throughout a given profile. For example, in
profile P2 (Fig. 7C), the seaward slope is steeper that the flexure pre-
dicted by method 2. By increasing the value of 3 and decreasing the
value of T, the seaward slope is adjusted for a better fit, but the tren-
chward slope of the bulge presents an increased misfit, implying that
flexural rigidity is increased as the plate approaches to the trench.
Values of constant T, can be considered weighted averages of the true
elastic thickness along the length of the bathymetric profile (Judge and
McNutt, 1991). Other general limitations for flexural modeling include

interplate stresses, 3D effects (e.g., Manriquez et al., 2014), unbending
history and thermal resetting. These conditions cannot be adequately
constrained and they mainly depend on unknown factors such as local
and regional stress, as well as thermal history (e.g., Levitt and Sandwell,
1995).

Differences in T, values predicted by methods 1 and 2 along profile
P2 (Fig. 7D) can be explained as method 2 aims to find a flexural model
with an optimal fit for the trenchward slope, causing the plate to appear
stronger. In contrast, method 1 fits well with the long wavelength of the
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the initial dip of subduction S, and T,.

flexure seaward of the outer rise, causing the plate to appear weaker.
The difference in the estimated T, is reduced when f, is increased,
however, the Wgys increases in the trenchward part of the outer rise.
This is illustrated in the example shown in Figs. 8-10 by comparing the
results of profiles P1 and P2. The bathymetric uncertainty along the
trench slope of profile P2 is much higher than along profile P1 (Fig. 8B
and C). Consequently, the estimated uncertainties for T, for profile P2
are up to 5 times higher than along profile P1 (Figs. 9 and 10).

6. Conclusions

In this study, we investigated the mutual dependence of the flexural
parameters to model the flexural response of the oceanic lithosphere to
loading at trenches using two different analytical solutions. Method 1
corresponds to the classic approach and is limited to parameters
Xp, Wy, T, while the alternative method is limited to parameters
Wo, By, To. This work leads to the following conclusions:

- We find that method 1 is not an accurate estimate of elastic thick-
ness for bathymetric profiles where the outer rise is obscured by
topographic noise. In this case, the model may correlate with

10

nonflexural topography. In contrast, when the bulge is well devel-
oped and when there is less topographic noise around the outer
bulge, the estimated T, values using methods 1 and 2 become si-
milar.

The alternative method 2 results in a practical approach when the
location of the trench axis is clearly identifiable, regardless of the
topographic noise surrounding the outer rise. This method is very
sensitive to the initial dip of subduction and it becomes unstable for
high values of . Nonetheless, seismic constraints do not show
evidence for steep subduction near the trench (< 15°), and the al-
ternative plate flexural model provides a smooth fit to the ob-
servations. This method predicts large flexural bulges for high S,
values.

In general, the validity of the flexural modeling technique for the
inversion of the flexural parameters is greatly limited by the pre-
sence of short- and long-wavelength bathymetric noise (Levitt and
Sandwell, 1995) as well as weakening mechanisms of the oceanic
plate related to remnant thermal stress, unbending history, and/or
interplate stress (Judge and McNutt, 1991; Contreras-Reyes and
Osses, 2010; Hunter and Watts, 2016).
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