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Abstract4

We present a method for determining the flexure of the lithosphere caused by the combined5

effect of three dimensional seamount loading and bending of the lithosphere near the trench. Our6

method consists on solving numerically the flexure equations of the Reissner-Mindlin thin plate7

theory, including variable thickness, using the Finite Element Method with mesh adaptation. The8

method was applied to study the flexure of the oceanic Nazca lithosphere beneath the O’Higgins9

seamount group which lies ∼120 km seaward of the trench off Chile. The results show that an elastic10

thickness Te of ∼5 km under the seamounts, a Te of ∼15.2 km far from the trench and a Te of ∼12.811

km near the trench can explain both, the down deflection of the oceanic Moho and bending of the12

oceanic lithosphere observed in seismic and gravity profiles. In order to study the impact of high13

trench curvature on the morphology of the outer rise, we apply the same methodology to study and14

model the flexure of the lithosphere in the Arica Bend region (14o-23oS). Results indicate that the15

Te values are overestimated if the 3D trench curvature is not included in the modeling.16
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1 Introduction40

Plate tectonics is based on the assumption that the lithosphere behaves as a rigid and thin plate that41

flexes elastically in response to applied stresses at geological timescales (i.e. > 106 a). The main42

evidence for its rigid behavior comes from studies of the way that it responds to surface loads such as43

ice-sheets, sediments, and volcanoes (e.g., Watts [2001]). The shape of the flexure has been modeled to44

determine physical properties of the lithosphere (Walcott [1970]; Bodine & Watts [1979]; Watts et al.45

[1975]; Braitenberg et al. [2002]; Judge & McNutt [1991]; Wessel [1996]). The parameter that charac-46

terizes the resistance of the lithosphere to deformation is the flexural rigidity D, which is commonly47

expressed in terms of the elastic thickness (Te) of the lithosphere. Te is therefore a proxy of the strength48

of the lithosphere.49

50

In this work, we study the flexure of the oceanic lithosphere caused by the combined effect of51

seamount loading and bending of the lithosphere near the trench. Currently, realistic three-dimensional52

models are scarce because they are not able to model the flexure caused by the combined effect of the53

subduction of a plate with the one that is produced by a given load (e.g., seamount). This is mainly54

due to the large computational consumption and the associated mathematical complexity. An inter-55

esting model is the one proposed by Hertz [1884] and which was later used in the work of Walcott56

[1970] and Watts et al. [1975] among others. The model proposed by Hertz [1884] corresponds to57

an analytical solution of the flexure equation, which allows to calculate the deflection produced by a58

three-dimensional load away from a subduction zone. However, the results in terms of amplitude of the59

deflection are not as expected since the calculated amplitudes of displacement are less than half those60

observed, although the calculated flexure wavelengths are consistent with observations (Walcott [1970]).61

62

On the other hand, there are models that can combine the effects of the plate subduction at63

the trench with the effects caused by the existence of a topographic load (Fig.1). However, these64

models have important limitations as they consider a load that is infinite in one direction, that is a65

two-dimensional loading which could be appropriate to linear geological features such as seamount66

chains and aseismic ridges. Furthermore, they consider that the plate subducts perpendicular to67

the trench with a constant azimuth (Hanks [1971]; Watts & Talwani [1974]; Parsons & Molnar [1958];68

Harris & Chapman [1994]; Levitt & Sandwell [1995]; Bry & White [2007]) which is an unrealistic ap-69

proximation for margins where the trench axis has a strong curvature.70

71

In this article we study two areas. The first one corresponds to the Nazca oceanic plate beneath72

the Juan Fernandez ridge located about 120 km west of the Chilean coast at the same latitude of73

Valparáıso as shown in Figure 2a. In this area we study the deflection caused by two seamounts: the74
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O’Higgins Guyot and the O’Higgins Seamount, including the deformation caused by the subduction75

of the Nazca plate beneath the South American continental plate. This will allow the determination76

of the distribution of elastic thickness of the lithosphere, which is variable. For the flexural modeling,77

we use gravity data constraining the geometry of the oceanic Moho. The second study zone is the78

area known as the Arica Bend, located in north Chile. The particularities of this area are that the79

convergence direction is not perpendicular to the trench and the strong curvature of the trench axis.80

Computations are made using the Finite Element Method (FEM) and the results obtained are com-81

pared with the bathymetry of the area.82

83

2 Geodynamic Setting84

The oceanic Nazca Plate currently subducts beneath South America at a rate of∼6.6 cm/a [Angermann et al.,85

1999], but probably moved at mean rate of∼8.5 cm/a during the past several million years [DeMets et al.,86

1990]. The Nazca Plate was formed in the north of the Juan Fernández Ridge (JFR) at the Pacific-87

Nazca spreading center (East Pacific Rise) more than 35 Myr ago [Tebbens et al., 1997], whereas south88

of the JFR it was created at the Nazca-Antarctic spreading center within the past 35 Ma [Herron et al.,89

1981] (Fig. 2A). The age of the oceanic Nazca Plate [Tebbens et al., 1997; Müller et al., 1997] along90

the Peru-Chile trench increases from 0 Ma at the Chile Triple Junction (CTJ) to a maximum of 5091

Ma around 20◦S (Fig. 1).92

93

On the Nazca plate, off the coast of Valparáıso, lies the JFR, which is almost perpendicular94

(N78.4◦E) to the trench (Figure 2). This mountain range is ∼900 km long and has 11 mountains95

(extinct volcanoes) which extend from the hot spot (97.5oW/34oS), west of the island Alexander96

Selkirk to the O’Higgins seamount [von Huene et al., 1997]. The hypothesis that the JFR formed in97

the hot spot is held by the linear increase in age along the ridge as was inferred from magnetic data98

[Yáñez et al., 2001].99

100

The JFR forms a barrier for trench turbidites transport coming from the south. The sedimentary101

fill of the trench between 34oS and 45oS varies between 1.5 and 2.5 km depth, while north of the ridge102

sediments reach only about 500 m thick [von Huene et al., 1997]. Near the trench there are two promi-103

nent volcanic domes, located ∼120 km west of the trench in front of Valparáıso: the O’Higgins Guyot104

and the O’Higgins seamount. Their base is located about 4 km deep under the sea level and rise above105

the ocean floor to a height of 3.5 km in the case of O’Higgins Guyot and 2.9 km the O’Higgins seamount.106

The difference in size is best appreciated when we compare their respective volumes: the O’Higgins107

Guyot (base diameter of ∼27 km) has a volume of 668 km3
± 10 %, while O’Higgins seamount (base di-108

ameter of ∼15 km) has a volume estimated at 177 km3
± 10 % above the ocean floor [Kopp et al., 2004].109

110

The O’Higgins seamount formed about 9 Ma which has been inferred from its magnetic signal111

[Yáñez et al., 2001]. To the east of the trench there is a prominent magnetic anomaly located at112

72.6oW/32.7oS which would indicate the location of the Papudo seamount which already subducted113

under the continental plate [Yáñez et al., 2001].114

115

The second study area is part of what is known as the Arica Bend (Fig.3). This area is of great116

interest because the margin around 18oS changes its orientation from a NNE at the south to a NW117

to the north. This implies that the convergence direction goes from being almost perpendicular to118

the trench to an oblique direction. This feature requires a flexural model that can consider a three-119
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dimensional geometry. Also in this area the age of the Nazca plate increases from 30 Ma at the north120

to 45 Ma at the south along the trench.121

122

Numerous paleomagnetic studies indicate that the Arica Bend formed due to rotations of the plate123

[Prezzi & Vilas, 1998; Kley, 1999; Arriagada et al., 2008], however, there is no agreement on the mag-124

nitude of these because the estimates of crustal shortening produced by a turnover margin are not125

consistent with the observations. Other authors attribute the formation of the Arica Bend to the ex-126

istence of a period of flat subduction between 37 and 25 Ma which generated compression and crustal127

shortening [O’Driscoll et al., 2012]. The formation of flat subduction is attributed to a combined effect128

between the subduction of a buoyant piece of the Manihiki Plateau during the late Eocene and the129

suction effect due to the pressure generated by the flow of the mantle as the plate subducts under the130

Amazonian craton [O’Driscoll et al., 2012].131

132

3 Elastic Flexural Modeling133

3.1 The Reissner-Mindlin plate model134

The Reissner-Mindlin model considers a thin elastic plate which elastic thickness is given by Te(x, y)135

and that there are external forces acting perpendicular to the middle surface. The plate is defined as136

Ω×

(

−
Te(x, y)

2
,
Te(x, y)

2

)

, with ω ∈ R
2. Its lateral border is given by ∂Ω×

(

−
Te(x, y)

2
,−

Te(x, y)

2

)

.137

Let ~u be the displacement vector. The hypotheses of the Reissner-Mindlin plate theory are [Braess,138

2007]:139

H1. Linearity hypothesis. Segments lying on normals to the mid-surface are linearly deformed and140

their images are segments on straight lines again.141

H2. The displacement in the z-direction does not depend on the z-coordinate: u3(x, y, z) = w(x, y).142

H3. The points on the mid-surface are deformed only in the z-direction: u1(x, y, 0) = u2(x, y, 0) = 0.143

H4. The normal stress σ33 vanishes.144

The fundamental equations are given by:

−div(T 3
e σ(

~θ))− λ∗Te(∇w − ~θ) = 0 (1)

−div(λ∗Te(∇w − ~θ)) = g (2)

where λ∗ = k ·µ, with k =
5

6− ν
. The parameter k is known as the Timoshenko shear coefficient, which145

is an adjustment parameter in thick plate, beam, and shell equations of motion that is included to146

compensate for stress distribution in the cross-sectional shape of the object [Hull, 2004]. The parameter147

µ is one of the Lamé coefficients and the other one is ν the Poisson’s ratio.148

The total vertical force that experiments the plate is given by g, and corresponds, in our problem, to149

the vertical forces acting downwards due to bathymetric loading q(x, y), for example a seamount, and150

an hydrostatic restoring force acting upwards proportional to the vertical displacement of the plate w151

and the density difference between the overlying water and the underlying mantle rock ∆ρ = ρm− ρw.152

Then:153

g(x, y) = q(x, y)− (ρm − ρw)gw = q(x, y)−∆ρ g w. (3)
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We call w the transverse displacement or (normal) deflection, and ~θ = (θ1, θ2) the rotation. σ(~θ) is the
stress tensor defined as:

σ(~θ) = D̄
[

(1− ν)ε(~θ) + νtr(ε(~θ))I2×2,
]

where D̄ =
E

12(1− ν)
, E is the Young’s modulus and ε(~θ) corresponds to the strain tensor :

ε(~θ) =
1

2

(

∇~θ + (∇~θ)T
)

or εij(θ) =
1

2

(

∂θi
∂xj

+
∂θj
∂xi

)

.

In a more explicit form

σ(~θ) = D̄







(1− ν)∂xθ1 + ν(∂xθ1 + ∂yθ2)
(1− ν)

2
(∂yθ1 + ∂xθ2)

(1− ν)

2
(∂yθ1 + ∂xθ2) (1− ν)∂yθ2 + ν(∂xθ1 + ∂yθ2)






.

We also introduce the flexural rigidity defined as

D(x, y) := T 3
e (x, y) · D̄(x, y).

3.2 The Kirchhoff-Love plate model154

It can be easily seen that if we add a fifth hypothesis, known as the normal hypothesis or Kirch-155

hoff’s hypothesis, we can derive the Kirchhoff-Love equation of motion for an elastic plate. The fifth156

hypothesis says:157

H5. Normal hypothesis. The deformations of normal vectors to the middle surface are again orthog-158

onal to the (deformed) middle surface.159

The normal hypothesis implies that the rotations are no longer independent of the deflections:

θi(x, y) =
∂

∂xi
w(x, y),

ui(x, y, z) = −z
∂w

∂xi
(x, y),











i = 1, 2 (4)

If we take -div(1)+(2) we will get
div(div(T 3

e σ(
~θ))) = g.

Now we apply the condition imposed by H5 given in (4) obtaining

T 3
e σ(

~θ) = D

[

∂xxw + ν∂yyw (1− ν)∂xyw
(1− ν)∂xyw ν∂xxw + ∂yyw

]

.

Using that the divergence of a second order tensor corresponds to a vector which components are given160

by div(Aij) = Vj =
∑

i

∂iAij we will get the flexure differential equation for a variable elastic thickness161

under the Kirchhoff-Love model:162

∂xx (D(∂xxw + ν∂yy)) + 2∂xy (D(1− ν)∂xyw) + ∂yy (D(ν∂xxw + ∂yy)) = g. (5)

If additionally we suppose that the elastic thickness remains constant along the plate, and therefore
the flexural rigidity also remains constant, the previous equation simplifies to:

D∇
4w = g.

By replacing the value of the net vertical force we finally arrive to the well known flexure equation163

D∇
4w + (ρm − ρw)gw = q. (6)
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4 Finite Element Method (FEM)164

The Finite Element Method was used for numerically solve the problem given in equations (1) and (2)165

using the FreeFem++ software.166

4.1 Domain and boundary conditions167

For the model validation we used a rectangular domain divided into three distinct zones, identical to168

that shown in Figure 8, which allows to vary the elastic thickness along the plate. Once the model169

is validated we calculate the flexure for the Juan Fernández area using the domain shown in Figure170

9. Finally, we calculate the deflection for the second study area, known as the Arica Bend, using a171

domain as shown in Figure 10a.172

At the boundary, if n̂ denotes the exterior unit normal, the shear force and bending moment are173

respectively given by174

V = λ∗Te

(

∂w

∂n
− ~θ · n̂

)

and ~M = T 3
e σ(

~θ)n̂ (7)

which in both cases, act with a fixed value over the edge Γ1.175

176

The boundary conditions used for the trapezoidal domain as the one in Figure 9 were:177

Γ1 : ~M = − ~M0 = −M0β̂, V = −V0178

Γ2 : M = 0, V = 0179

Γ3 : w = 0, ~θ = 0180

Γ4 : M = 0, V = 0,181

where β̂ corresponds to the unitary vector in the plate convergence direction (see Figure 10b).182

183

The boundary conditions used for a domain of three edges as shown in Figure 10a were:184

Γ1 : ~M = − ~M0 = −M0β̂, V = −V0185

Γ2 : w = 0, ~θ = 0186

Γ3 : M = 0, V = 0.187

The total vertical force that experiments the plate g(x, y) in both cases corresponds to the sum188

of the load due to the bathymetry q(x, y) (for example a seamount as the O’Higgins Guyot) minus a189

hydrostatic restoring force in the opposite direction following equation (3).190

The constants used for the numerical modeling were the ones shown in Table 1.191

192

4.2 Variational formulation for the R-M plate model193

We started from the Reissner-Mindlin equations given in (1) and (2). We will multiply (1) by ~ψ (which
we suppose zero on the same boundary where θ is zero) and integrate by parts over the whole domain
Ω we obtain:

∫

Ω

T 3
e σ(

~θ) : ε(~ψ)−

∫

∂Ω

T 3
e σ(

~θ)n̂ · ~ψ −

∫

Ω

λ∗Te(∇w − ~θ) · ~ψ = 0,
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Name Symbol Value Unit

Young’s modulus E 70× 109 Pa

acceleration due to gravity g 9.8 ms−2

Poisson’s ratio ν 0.25

mantle density ρm 3300 kg ·m−3

crust density ρc 2700 kg ·m−3

sediment density ρs 2000 kg ·m−3

water density ρw 1030 kg ·m−3

Table 1: Values of parameters and constants used in flexural modeling.

where A : B =
∑

i,j aijbij stands for the tensor product between matrices. If we impose the boundary194

conditions of Section 4.1, we obtain195

∫

Ω

T 3
e D̄(1− ν)ε(~θ) : ε(~ψ) +

∫

Ω

T 3
e D̄νdiv(

~θ)div(~ψ)−

∫

Ω

λ∗Te(∇w − ~θ) · ~ψ +

∫

Γ1

M0β̂ · ~ψ = 0. (8)

Now we multiply (2) by v (which we suppose zero on the same boundary where w is zero) and integrate
by parts over Ω, then

∫

Ω

λ∗Te(∇w − ~θ) · ∇v −

∫

∂Ω

λ∗Te(∇w − ~θ) · n̂v +

∫

Ω

∆ρg w v =

∫

Ω

qv

then, using the boundary conditions of Section 4.1 we obtain196

∫

Ω

λ∗Te(∇w − ~θ) · ∇v +

∫

Ω

∆ρg w v −

∫

Ω

qv +

∫

Γ1

V0v = 0. (9)

The variational formulation shown above corresponds to a problem that is badly conditioned, which
can lead to shear locking [Braess, 2007], in order to avoid this, it is suggested a mixed problem by
introducing the normed shear term:

~γ := Te λ
∗(∇w − ~θ)

If we multiply by a test function ~η and integrate in Ω we will have a third integral that will conform197

our system:198
∫

Ω

Teλ
∗(∇w − ~θ) · ~η −

∫

Ω

~γ · ~η = 0. (10)

Finally, we add a fourth equation which will let us compute the bending moment easier:

d := div(~θ).

If we multiply by the test function e and by T 3
e D̄ν and integrate in Ω we will get199

∫

Ω

T 3
e D̄νdiv(

~θ)e−

∫

Ω

T 3
e D̄ν d e = 0. (11)

The sum of equations (8),(9),(10) and (11) makes the variational formulation. In summary, the varia-200

tional formulation is the following201

Find (~θ, w,~γ, d) such that

∫

Ω

T 3
e D̄(1− ν)ε(~θ) : ε(~ψ) +

∫

Ω

T 3
e D̄νdiv(

~θ)div(~ψ) +

∫

Ω

~γ · (∇v − ~ψ)

+

∫

Ω

Teλ
∗(∇w − ~θ) · ~η −

∫

Ω

~γ · ~η +

∫

Ω

T 3
e D̄νdiv(

~θ)e−

∫

Ω

T 3
e D̄ν d e+

∫

Ω

∆ρg w v

=

∫

Ω

qv −

∫

Γ1

V0v −

∫

Γ1

M0β̂ · ~ψ for all (~ψ, v, ~η, e), (12)
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where (~θ, w) and (~ψ, v) are prescribed to be zero on the same boundaries, as indicated in Section202

4.1. Notice that the term β̂ · ~ψ should be written in an intrinsic reference system to the boundary, if203

β̂ = (cosβ, sinβ) and n̂ = (nx, ny) and τ = (−ny, nx) (see Figure 10), then204

β̂ · ~ψ =

(

(nx cosβ + ny sinβ)(nxψ1 + nyψ2)
(nx sinβ − ny cosβ)(nxψ2 − nyψ1)

)

, (13)

where β is the subduction angle with respect to the horizontal reference.205

206

The previous formulation (12) of the original problem (1)-(2) was programmed in the variational207

framework of the FreeFem++ software. In order to approximate w, v, ~θ = (θ1, θ2), ~ψ = (ψ1, ψ2) we208

used triangular finite elements of type P2. In order to approximate ~γ = (γ1, γ2), ~η = (η1, η2), d and e209

we used triangular finite elements of type P1.210

4.3 Model Validation211

First we calculated the flexure produced by a rectangular load of 5 km high, 40 km wide and 400 km212

long (one dimensional load). The mesh used was 500 km long and 400 km wide. The elastic thickness213

was varied along the plate and thus the mesh was divided into three distinct regions. The first ranges214

from 0 km to 100 km away from the trench (Te = 10 km), the second from 100 km to 200 km away215

from the trench (Te = 15 km) and the third from 200 km to 500 km (Te = 20 km). At the top of216

Figure 7 it is shown the variation of elastic thickness in green and the load used in blue dotted line.217

Both curves are expressed in kilometers. At the bottom of the figure in light blue the result of the 1-D218

Kirchhoff-Love model solved using a variable elastic thickness through the Finite Difference Method219

shown in the work of Contreras-Reyes & Osses [2010]. In purple dotted line, the result of the 2D220

Reissner-Mindlin model using β = 0o. It can be seen that the fit is very good and there are only minor221

differences in the part of the bulge ∼50 km away from the trench.222

223

Then, we calculated the flexure produced by a rectangular load with square base of 100 km long,224

100 km wide and 5 km high located at the center of an elastic plate of constant elastic thickness (Te =225

15 km) of 1200 km × 1200 km. It was imposed that the bending moment and shear force were equal226

to zero at Γ1. The results were compared with those obtained using the grdfft function of the Generic227

Mapping Tools (GMT) [Wessel & Smith, 1998] (Figure 8).228

229

5 Results230

5.1 Juan Fernández seamounts231

To calculate the flexure under the Juan Fernández seamounts we used a mesh as the one shown in232

Figure 9a. The area closest to the trench (S1) ranges from 0 km to 60 km away from the trench,233

the second area (S2) from 60 km to 200 km and the third from 200 km to the end of the plate (S3).234

A Monte Carlo method was used in order to find those values that minimize the difference between235

the calculated Moho and gravimetric or reference one. We varied M0 uniformly between 1.954× 1015236

[N] and 1.658 × 1017 [N], V0 uniformly between 1.3 × 1010 [N/m] and 1.093 × 1013 [N/m], the elastic237

thickness uniformly in sector S1 between 10-20 km, in sector S2 between 2-10 km and in S3 between238

10-20 km in steps of 1 km. The rest of the parameters used correspond to those shown in Table 1. To239

quantify the associated error we calculated the RMS (Root Mean Square) error in meters as follows:240

8



RMS = 1000

√

√

√

√

1

N

N
∑

i=0

(Mohoreali −Mohocalci )2

where N is the number of points, Mohoreal the vertical coordinate (in km) of the reference gravimetric241

Moho and Mohocalc the vertical coordinate of the calculated Moho using finite elements.242

243

In this study region the Nazca plate converges in a direction N78.4oE so it was decided to set the244

angle β at 11.6o. As an example Figure 9b shows one of the results obtained. Once the surface is245

calculated we proceed to extract data for profile P01 to campare with the gravimetric Moho. The246

results in which RMS error, in meters, was less than 150 meters are shown in Figure 9c. The minimum247

value found for the elastic thickness in the S1 was 10 km, while the maximum was 18 km. For sector248

S2 the minimum Te was 4 km and the maximum of 6 km. For S3, the further sector from the trench,249

the minimum was 10 km and the maximum of 20 km. The average values obtained for the elastic250

thickness, whose RMS did not exceed 150 meters were: T 1
e ≈ 12.8 km, T 2

e ≈ 5 km and T 3
e ≈ 15.2 km.251

The trend is that the elastic thickness reaches its minimum value just below the seamounts and its252

maximum value in the zone farthest from the trench.253

254

5.2 Arica Bend255

The unique geometry of the Arica Bend region is characterized by the variable convergence direction256

change, which makes the bending moment also vary. We chose a very large area to study the flexure257

caused only by the subduction process, and thus ignoring the small ridges on the plate. For the flexure258

calculation the domain was divided into three distinct regions (Figure 10a) to vary the elastic thickness259

in each of them using a Monte Carlo method. The first region, the closest to the trench (yellow) has260

a thickness of 80 km approximately. The second region, intermediate (black), also has a thickness of261

about 80 km. Finally the third region is that shown in pink covering most of the plate.262

263

In the Monte Carlo analysis we varied M0 uniformly between 7.7× 1011 [N] and 4.4× 1014 [N], V0264

uniformly between 6.3× 109 [N/m] and 1.5× 1013 [N/m] and elastic thicknesses of each of the regions265

uniformly from 17 km to 30 km in steps of 1 km. These values determine the value of the bending266

moment. The rest of the parameters used correspond to those shown in Table 1.267

268

To calculate the RMS error associated with the result, it was decided to filter the bathymetry, in269

order to remove defects that were not produced by the flexure. The filter used was not a conventional270

filter, but the domain was divided into small rectangular regions and took the minimum value in the271

z coordinate of each of them. Then we made an interpolation of the minimums found which provides272

a bathymetry with less roughness. The RMS error (in meters) was calculated as:273

RMS = 1000

√

∫

(err)dxdy

Area

where err corresponds to the square modulus of the difference between the calculated geometry in274

FreeFem++ (Figure 10b) and the filtered bathymetry (Figure 10c), and Area is the area considered275

in the study zone. Given the boundary conditions, especially the one that makes no deflection at the276

edge Γ2 we decided to calculate the RMS error in an area smaller than the total area of the zone,277

so we can neglect the error associated to that edge, especially in the far north, where there are also278

bathymetric heights unrelated to the bending and that were not possible to filter completely. The279
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smaller area considered covers well profiles P04, P05, P06 and P07 (Figure 3).280

281

Finally, the best results were chosen, those whose RMS error did not exceed 1% of the bathymetric282

measurement and profiles P04, P05, P06 and P07 were extracted. Figure 11 shows the 270 best results283

for each of the profiles in gray, the real bathymetry in black dots and the filtered bathymetry in solid284

blue line. In P06 profile it can be seen that the filter could not effectively remove the large bathymetric285

high, although the fit is quite good.286

287

The minimum value among the 270 best fits of the elastic thickness of the first region (closest to288

the trench) was 17 km, the maximum of 24 km while the average was ∼19 km. For the intermediate289

region the minimum was 17 km, a maximum of 30 km and the average ∼21 km. Finally for the region290

furthest from the trench the minimum was 17 km, the maximum of 24 km and the average of ∼20.3291

km.292

6 Discussion and Conclusions293

6.1 Model scope294

Although in nature all structures are three-dimensional, the exact analysis of the stresses and strains295

presents enormous difficulties. However, such precision is rarely necessary, and therefore justified, since296

usually the magnitude and distribution of the load, as well as strength and stiffness of the material297

studied, are not known with precision. So it seems appropriate to consider some structures like two-298

dimensional. On a plate for example, it is considered that its thickness is small compared to its other299

dimensions, and therefore can be analyzed in a two-dimensional way, as proposed by the Reissner-300

Mindlin model (a dimension of the problem is lost). In the work of Comer [1983] analytical expressions301

for the deflections and stresses due to the action of a one-dimensional load on a plate of arbitrary302

thickness were derived and subsequently the results were compared with those predicted by thin plate303

theory. For small loads such as seamounts, and for large loads, the solutions of the thick plate theory304

and the thin plate theory differ very little. The greatest differences are in the area immediately under305

the load, where the theory of thin plates could underestimate the deflection in a 5-10%. The solutions306

proposed by Comer [1983] are almost exact, except that he was despised the effect of gravity on the307

plate itself. The work of Wolf [1985] agrees with the model proposed by Comer [1983] in that for most308

geological applications, the deflections and the calculated stresses using thin plate theory is a good309

approximation. However some corrections were made and included the effects of the plate’s gravita-310

tional body forces. This showed that the differences between the models of thin and thick plates are311

even lower than deduced from Comer [1983]. The debate did not end there and despite the work that312

followed, there is an agreement that thin plate theory is a successful approach.313

314

The 2D Kirchhoff-Love model corresponds to a simplification of the Reissner-Mindlin model, and315

as discussed above, considers a fifth hypothesis that ultimately will result in both, the bending moment316

and the resulting deflection, will depend only on the vertical deformations and not on rotations that the317

volume elements involved may suffer. Although this simplification may seem strong enough, the most318

widely used models include one more simplification. They consider a 1D model [Bry & White, 2007;319

Hanks, 1971; Judge & McNutt, 1991; Contreras-Reyes & Osses, 2010; McAdoo et al., 1978; Bodine et al.,320

1981], i.e., a model in which the three-dimensionality of the problem is lost and can not work with321

localized loads or margins with complex geometries such as the Arica Bend.322

323

The model presented in this article is a general model, with few simplifications, able to calculate the324
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flexure of a plate produced by the combined effect of three-dimensional loads and bending associated325

with subduction. Furthermore, it is a simple model that allows working with margins with complex326

geometries and allows the elastic thickness variation along the plate. The elastic thickness variation327

lets the identification of weaker areas of the lithosphere that can result from thermal alterations, brittle328

deformation or even rheological changes as discussed below.329

6.2 Elastic Thickness330

One objective of this work is to find the elastic thickness able to reproduce the observed deflection of331

the lithosphere. The elastic thickness (Te) is a parameter that characterizes the apparent strength of332

the plate to deformation. However, there are a number of factors that affect it and we will explain333

some of these:334

6.2.1 Plate age and thermal state335

Previous work (example: Caldwell & Turcotte [1979]) suggest that the estimates of oceanic lithosphere336

elastic thickness more or less obey the depth of the isotherm of 700oC for a plate free of seamounts337

[Harris & Chapman, 1994] and 200 o-400 oC in the case of seamounts and that as the plate cools with338

time it becomes stronger and thus the elastic thickness increases [Caldwell et al., 1976]. It is widely339

accepted that significant deviations of observed Te from the predicted values are associated with ther-340

mal anomalies [McNutt & Menard, 1982; Burov & Diament, 1995], as might be the action of a hot341

spot. When a load is placed on a plate, it responds almost instantaneously [Bodine et al., 1981], so342

that the value of elastic thickness inferred for the area of Juan Fernandez would be a lower bound, i.e.,343

corresponds to the value of Te at the time of the appearance of the seamount. This is because as time344

goes on, the plate gets older, cooler and becomes more rigid [Billen & Gurnis, 2005].345

346

However it has been shown that the lithosphere’s thermal state is only one of at least three iden-347

tically important properties which determine Te. This dependence of the elastic thickness on age has348

not been exempt of discussions and inconsistencies [Bry & White, 2007]. According to the thermal349

model, we would expect that the elastic thickness for the area of Juan Fernández was about ∼ 20 km350

and for the Arica bend area of about ∼ 40 km. The values found in this work for Te are much lower351

than those predicted by a thermal model, which suggests that the age of the plate is not the main352

factor determining the elastic thickness.353

6.2.2 Geometry and Composition354

Another important property which determines the elastic thickness corresponds to the composition and355

geometry of the plate. Note that there is a major contradiction between the assumption of a linear356

elastic rheology and what is known about rock’s properties, as the linear elasticity assumes that there357

isn’t any dependence between the rates of deformation, stress and time. Furthermore, as mentioned358

above, the infiltration of fluids can change the rock’s composition and therefore, their elastic properties.359

360

On the other hand, margin geometry in the Arica Bend makes the three-dimensionality of the361

problem to increase the maximum amplitude of outer rise (wb ∼ 650 m). The assumption of a unidimen-362

sional model would overestimate the value of flexural rigidity [Watts et al., 1975; Contreras-Reyes & Osses,363

2010].364
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6.2.3 Inelastic deformation and hydrofracturing365

Purely elastic plate models considering a constant elastic thickness are self-inconsistent because they366

usually predict intra-plate stresses large enough (in some cases close to 500 MPa [McAdoo et al., 1978;367

Capitanio et al., 2009]) to produce inelastic deformation (brittle or ductile). That is why models that368

combine elastic with plastic deformation have been able to explain more satisfactorily the amplitude369

and wavelength of the outer rise [McAdoo et al., 1978], however tend to overestimate the elastic thick-370

ness [Bodine & Watts, 1979].371

372

The strategy followed in this work was to use an elastic model with a variable elastic thickness373

(as in the work of Judge & McNutt [1991] and Contreras-Reyes & Osses [2010]) because inelastic be-374

havior reduces the local resistance of the plate [Billen & Gurnis, 2005] and as a result it deflects as375

if the effective elastic thickness had decreased in some areas, especially those of greater curvature376

[Burov & Diament, 1995; Bodine & Watts, 1979; Bodine et al., 1981].377

378

With this in mind, the results obtained for the elastic thickness under the Juan Fernández seamounts379

are consistent because of the existence of a thermal anomaly (which gave rise to the mountains) that380

weakened the plate in the first place, and secondly, the fact that under the plate we find a greater381

curvature justifies a reduction of the elastic thickness.382

383

At the top of the outer rise, extensional faults associated with the deflection of the plate were ob-384

served and evidenced by horst and graben structures [Ranero et al., 2005] and seismicity [Christensen & Ruff,385

1983]. These extensional faults allow fluid percolation within the crust and upper mantle, which may386

result in serpentinization of the latter. The infiltration of water decreases seismic waves propagation387

velocity [Ranero & Sallarès, 2004; Kopp et al., 2004; Contreras-Reyes & Osses, 2010]. Pore pressure in-388

crement and fractures are mechanisms that significantly reduce the rock’s strength [Brace & Kohlstedt,389

1980].390

391

Given the above, it seems reasonable to find a lower elastic thickness at the outer rise in both zones:392

Juan Fernández and the Arica Bend.393

6.2.4 Horizontal forces394

Finally, in areas where there are active spreading centers or where there is compression, the strength395

of the lithosphere is reduced by horizontal forces, by thermal anomalies and possible pre-existing396

heterogeneities. For example, in most elastic models, including the one proposed in this paper, the397

tectonic horizontal force is ignored because various studies have shown that does not greatly affect the398

deflection of the elastic plate unless stresses reach higher values than 10 kbar [Caldwell et al., 1976].399

However, if a plate’s behavior is not purely elastic, the horizontal force can produce surface faulting400

and reduce the value of elastic thickness decreasing the flexural rigidity of the plate [Burov & Diament,401

1995; Bodine et al., 1981; Caldwell et al., 1976]. Currently it is not possible to determine the values of402

horizontal forces involved through bathymetry analysis so additional data would be required, such as403

focal mechanisms of earthquakes with hypocenters near the trench, as was proposed by Hanks [1971].404

Other authors have proposed that the value of the horizontal force can vary considerably depending405

on the model used [Bodine & Watts, 1979], so that its determination is still debated. Notice that406

horizontal forces are easily included in our model by adding a term −F∇w in equation (1), where F407

represents the horizontal force. This term does not modify boundary conditions (7).408
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6.3 Conclusions409

The above results show that for the Juan Fernández area the elastic plate thickness decreases signifi-410

cantly under the seamounts, i.e., in the area of greatest curvature. These results are consistent with411

previous work [Burov & Diament, 1995; Bry & White, 2007].412

413

In the case of the Arica bend area, the results show that the elastic thickness tends to decrease414

in the section closest to the trench, which can be interpreted as a result of plate weakening due to415

bending, extensional or horizontal stresses experimented as the plate subducts.416

417

The results do not support a simple relationship between age and elastic thickness of the plate.418

The resistance of the plate to deformation is probably strongly dominated by the involved stresses,419

which could produce inelastic deformation and thus reduce the effective elastic thickness, by changes420

on the lithosphere thickness, by thermal anomalies or rheological changes.421

422

Unlike this model, previous studies only consider simple geometries and one-dimensional loading,423

so that the model presented in this paper is a more general model that allows to work with complex424

margins and three-dimensional loads. However, this model works under the assumptions of linear425

elasticity, an approximation whose validity is open to debate.426

427
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A Appendix433

A.1 Gravity model for the Juan Fernández seamounts434

In order to validate our elastic model for the first study area, data are needed with which to make a435

further comparison.436

A velocity model was performed and its gravimetric effect was calculated and compared with the437

free air gravity anomaly observed. The 2D gravity calculation is based on Parker’s spectral method438

[Parker, 1973] (for details see Korenaga et al. [2001]). The model is modified to minimize the misfit439

or RMS error between observed and calculated gravity. The data correspond to the free air gravity440

anomaly for the three studied profiles (P01, P02 and P03) and were obtained from free global data441

sets [Sandwell & Smith, 1997].442

443

A mantle’s density of 3300 kg/m3 was assumed. Initially a velocity model (V ) was proposed, as444

shown in Figure 4, which then becomes a density model (ρ) using the following relations:445

446

Nafe & Drake [1963] relationship for the sedimentary section,447

448

ρ = 1.75 + 0.16V449

450

Carlson & Herrick [1990] relationship for igneous upper crust,451

452
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ρ = 3.61− 6.0/V453

454

Birch [1961] law for plagioclase, and diabase-gabbro ecoglite (lower crust),455

456

ρ = 0.375(1 + V )457

458

The RMS error (Root Mean Square) was calculated as follows:

RMS =

√

√

√

√

1

N

N
∑

i=0

(gobsi − gcalci )2

where N is the number of points along the profile, gobs the observed gravity (data) and gcalc the gravity459

calculated using the proposed density model.460

461

With the previous model we obtain the best Moho along the three studied profiles (P01, P02 and462

P03), which will subsequently be compared with our flexure calculations results.463
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sedimentary framework of the Perú-Chile Trench, pages 323–349. Geological Society of America,611

1981.612

Tebbens, S.F., Cande, S.C., Kovacs, L., Parra, J.C., LaBrecque, J.L., and Vergara, H. The Chile ridge:613

A tectonic framework. Journal of Geophysical Research, 102(B6):12035–12059, June 1997.614

Turcotte, D.L. and Schubert, G. Geodynamics. Cambridge University Press, 2002. ISBN615

9780521666244.616

Walcott, R.I. Flexure of the Lithosphere at Hawaii. Tectonophysics, 9(5):435–446, Mayo 1970.617

Watts, A.B. Isostasy and Flexure of the Lithosphere. Cambridge University Press, 2001. ISBN618

0521006007.619

Watts, A.B. and Talwani, M. Gravity Anomalies Seaward of Deep-Sea Trenches and their Tectonic620

Implications*. Geophysical Journal of the Royal Astronomical Society, 36(1):57–90, 1974. ISSN621

1365-246X. doi: 10.1111/j.1365-246X.1974.tb03626.x.622

Watts, A.B., Cochran, J.R., and Selzer, G. Gravity Anomalies and Flexure of the Lithosphere: Three-623

Dimensional Study of the Great Meteor Seamount, Northeast Atlantic. Journal of Geophysical624

Research, 80(11):1391–1398, Abril 1975.625

Wessel, P. Analytical solutions for 3-D flexural deformation of semi-infinite elastic plates. Geophysical626

Journal International, 124(3):907–918, 1996. ISSN 1365-246X. doi: 10.1111/j.1365-246X.1996.627

tb05644.x.628

Wessel, P. and Smith, W. New, improved version of generic mapping tools released. Eos, Transactions629

American Geophysical Union, 79(47):579, 1998. doi: 10.1029/98EO00426.630

Wolf, D. Thick-plate flexure re-examined. Geophysical Journal of the Royal Astronomical Society, 80631

(1):265–273, 1985. ISSN 1365-246X. doi: 10.1111/j.1365-246X.1985.tb05090.x.632
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Figure 1: a) Cartoon of the flexure produced by a seamount far away from the trench. Here ρw is
the water density, ρL the applied load (seamount) density, ρi the sediment infill density, ρc the crust’s
density and ρm is the mantle’s density. b) Cartoon of the flexure produced by a seamount near the
trench. M0 is the bending moment and V0 is a vertical shear force.
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Figure 2: Bathymetry and Bouguer gravity anomaly for the first study zone. Bathymetry as well
as gravity data were obtained from global free data sets available at http://topex.ucsd.edu/. a)
Location of the study area between 32-34◦S,76.5-72◦W at the east part of the Nazca Plate. b) High
resolution bathymetry of the study area and the three studied profiles: P01, P02 and P03 shown in
red. c) Gravity anomaly plot expressed in [mGal].

20

http://topex.ucsd.edu/


-77˚ -76˚ -75˚ -74˚ -73˚ -72˚ -71˚ -70˚
-23˚

-22˚

-21˚

-20˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-77˚ -76˚ -75˚ -74˚ -73˚ -72˚ -71˚ -70˚
-23˚

-22˚

-21˚

-20˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

P04
P05

P06

P07

0 50 100

km

Figure 3: Location of the second study area known as the Arica Bend. The studied profiles P04,
P05, P06 and P07 are shown in red. Bathymetry was obtained from global free data sets available at
http://topex.ucsd.edu/.

Figure 4: Square mesh used for the validation of the FEM model. The domain was divided into three
equal areas in which the elastic thickness was varied.

21

http://topex.ucsd.edu/


−76˚ −75˚ −74˚ −73˚ −72˚

−34˚

−33˚

−32˚

0 50

Figure 5: First domain used for the flexure calculation through FEM for the Juan Fernández region.
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Figure 6: a) Second domain used for the flexure calculation through FEM for the Arica Bend region.
b) Border Γ1 for the domain used for the second studied zone, the Arica Bend, shown in red line. The
convergence direction is shown in blue, n̂ and τ̂ correspond to the normal and the tangent to the plate
border respectively and φ corresponds to the angle formed by the normal to the plate border and the
horizontal.
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Figure 7: (top) The load is shown in blue dashed line, which is a very long load in the perpendic-
ular direction of the figure (infinite) and in green is shown the variable elastic thickness used for
calculating the flexure. (bottom) Comparison of the flexure calculated using two different numerical
models and methods near a subduction zone. In blue is shown the Finite Difference Method used in
Contreras-Reyes & Osses [2010] and in purple is the Reissner-Mindlin model using the Finite Element
Method with β=0o. For all calculations we used the same bending moment and boundary conditions.
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Figure 8: Comparison of the flexure for a rectangular load of 100 km width, 100 km length and 5
km height calculated using a constant elastic thickness of 15 km through GMT (orange) and FEM for
the Reissner-Mindlin thin plate model (dashed black line). The calculations don’t include the flexure
produced by subduction.
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Figure 9: a) Mesh used for calculating the flexure using the FEM under the O’Higgins seamounts. The
first zone goes between 0 to 50 km of distance from the trench (pink sector), the second one from 50
to 150 km of distance from the trench (black) and the third sector, further from the trench is located
150 km away from the trench (green). b) 3-D view of the flexure of the Moho under the seamounts
using the R-M model with variable elastic thickness. c) In gray the various possible solutions for the
profile P01, whose RMS error did not exceed 150 meters and in black the reference gravimetric Moho.
These solutions were extracted from the different areas as calculated as the one shown in Figure 9b. It
can be seen that the fit is quite reasonable. The average value of elastic thickness for the area closest
to the trench was ∼12.8 km, for the area just below the seamounts of ∼5 km and for the area farthest
of ∼15.2 km.
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a) b) c)

Figure 10: a) Mesh used by FEM for calculating the flexure for the Arica bend using the R-M model.
The domain was divided into three distinct regions in which the elastic thickness was varied using a
Monte Carlo method. The first region, the closest to the trench (yellow) has a thickness of 80 km
approximately. The second region, intermediate (black), also has a thickness of about 80 km. Finally
the third region is that shown in pink covering most of the plate. b) Example of flexure calculated
using R-M model with variable elastic thickness through the FreeFem++ software. c) Loaded filtered
bathymetry of the Arica bend used for calculating the RMS error.
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Figure 11: The dotted line shows the real bathymetry for profiles P04, P05, P06 and P07 located at
the Arica bend (Figure 3). The blue line shows the filtered bathymetry and the grey lines show the
270 best fit with an RMS error less than 130 meters.
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Appendix Figures639
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Figure 12: Proposed velocity model for profile P01. This will be used for calculating the gravity
anomaly, which subsequently will be compared with the observed data. The proposed Moho is based
on the work of Contreras-Reyes & Sepúlveda [2011].
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Figure 13: (top) Observed Bouguer anomaly along the bathymetric profile P01 shown in Fig.2b in
black line, and Bouguer anomaly, in gray line, calculated from the density model shown below. The
RMS error is ∼7.6 [mGal]. (bottom) Density model for profile P01.
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Additional material641
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Figure 14: (top) Observed Bouguer anomaly along the bathymetric profile P02 shown in Fig.2b in
black line, and Bouguer anomaly, in gray line, calculated from the density model shown below. The
RMS error is ∼5.9 [mGal]. (bottom) Density model for profile P02.
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Figure 15: (top) Observed Bouguer anomaly along the bathymetric profile P03 shown in Fig.2b in
black line, and Bouguer anomaly, in gray line, calculated from the density model shown below. The
RMS error is ∼5 [mGal]. (bottom) Density model for profile P03.
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