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Three dimensional flexure modeling of the Nazca oceanic lithosphere

offshore North (14°S-23°S) and Central Chile (32°S-34°S)

Paula Manriquez * Eduardo Contreras Reyes, | Axel Osses, *

Abstract

We present a method for determining the flexure of the lithosphere caused by the combined
effect of three dimensional seamount loading and bending of the lithosphere near the trench. Our
method consists on solving numerically the flexure equations of the Reissner-Mindlin thin plate
theory, including variable thickness, using the Finite Element Method with mesh adaptation. The
method was applied to study the flexure of the oceanic Nazca lithosphere beneath the O’Higgins
seamount group which lies ~120 km seaward of the trench off Chile. The results show that an elastic
thickness T, of ~5 km under the seamounts, a T, of ~15.2 km far from the trench and a T, of ~12.8
km near the trench can explain both, the down deflection of the oceanic Moho and bending of the
oceanic lithosphere observed in seismic and gravity profiles. In order to study the impact of high
trench curvature on the morphology of the outer rise, we apply the same methodology to study and
model the flexure of the lithosphere in the Arica Bend region (14°-23°S). Results indicate that the
T, values are overestimated if the 3D trench curvature is not included in the modeling.
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1 Introduction

Plate tectonics is based on the assumption that the lithosphere behaves as a rigid and thin plate that
flexes elastically in response to applied stresses at geological timescales (i.e. > 10° a). The main
evidence for its rigid behavior comes from studies of the way that it responds to surface loads such as
ice-sheets, sediments, and volcanoes (e.g., Watts [2001]). The shape of the flexure has been modeled to
determine physical properties of the lithosphere (Walcott [1970]; Bodine & Watts [1979]; Watts et al.
[1975]; Braitenberg et al. [2002]; Judge & McNutt [1991]; Wessel [1996]). The parameter that charac-
terizes the resistance of the lithosphere to deformation is the flexural rigidity D, which is commonly
expressed in terms of the elastic thickness (7¢) of the lithosphere. Tt is therefore a proxy of the strength
of the lithosphere.

In this work, we study the flexure of the oceanic lithosphere caused by the combined effect of
seamount loading and bending of the lithosphere near the trench. Currently, realistic three-dimensional
models are scarce because they are not able to model the flexure caused by the combined effect of the
subduction of a plate with the one that is produced by a given load (e.g., seamount). This is mainly
due to the large computational consumption and the associated mathematical complexity. An inter-
esting model is the one proposed by Hertz [1884] and which was later used in the work of Walcott
[1970] and Watts et al. [1975] among others. The model proposed by Hertz [1884] corresponds to
an analytical solution of the flexure equation, which allows to calculate the deflection produced by a
three-dimensional load away from a subduction zone. However, the results in terms of amplitude of the
deflection are not as expected since the calculated amplitudes of displacement are less than half those
observed, although the calculated flexure wavelengths are consistent with observations (Walcott [1970]).

On the other hand, there are models that can combine the effects of the plate subduction at
the trench with the effects caused by the existence of a topographic load (Fig.1). However, these
models have important limitations as they consider a load that is infinite in one direction, that is a
two-dimensional loading which could be appropriate to linear geological features such as seamount
chains and aseismic ridges. Furthermore, they consider that the plate subducts perpendicular to
the trench with a constant azimuth (Hanks [1971]; Watts & Talwani [1974]; Parsons & Molnar [1958];
Harris & Chapman [1994]; Levitt & Sandwell [1995]; Bry & White [2007]) which is an unrealistic ap-
proximation for margins where the trench axis has a strong curvature.

In this article we study two areas. The first one corresponds to the Nazca oceanic plate beneath
the Juan Fernandez ridge located about 120 km west of the Chilean coast at the same latitude of
Valparaiso as shown in Figure 2a. In this area we study the deflection caused by two seamounts: the
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O’Higgins Guyot and the O’Higgins Seamount, including the deformation caused by the subduction
of the Nazca plate beneath the South American continental plate. This will allow the determination
of the distribution of elastic thickness of the lithosphere, which is variable. For the flexural modeling,
we use gravity data constraining the geometry of the oceanic Moho. The second study zone is the
area known as the Arica Bend, located in north Chile. The particularities of this area are that the
convergence direction is not perpendicular to the trench and the strong curvature of the trench axis.
Computations are made using the Finite Element Method (FEM) and the results obtained are com-
pared with the bathymetry of the area.

2 Geodynamic Setting

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

1999], but probably moved at mean rate of ~8.5 cm/a during the past several million years [DeMets et al.,
1990]. The Nazca Plate was formed in the north of the Juan Ferndndez Ridge (JFR) at the Pacific-
Nazca spreading center (East Pacific Rise) more than 35 Myr ago [Tebbens et al., 1997], whereas south
of the JFR it was created at the Nazca-Antarctic spreading center within the past 35 Ma [Herron et al.,
1981] (Fig. 2A). The age of the oceanic Nazca Plate [Tebbens et al., 1997; Miiller et al., 1997] along
the Peru-Chile trench increases from 0 Ma at the Chile Triple Junction (CTJ) to a maximum of 50
Ma around 20°S (Fig. 1).

On the Nazca plate, off the coast of Valparaiso, lies the JFR, which is almost perpendicular
(N78.4°E) to the trench (Figure 2). This mountain range is ~900 km long and has 11 mountains
(extinct volcanoes) which extend from the hot spot (97.5°W/34°S), west of the island Alexander
Selkirk to the O’Higgins seamount [von Huene et al., 1997]. The hypothesis that the JFR formed in
the hot spot is held by the linear increase in age along the ridge as was inferred from magnetic data
[Yénez et al., 2001].

The JFR forms a barrier for trench turbidites transport coming from the south. The sedimentary
fill of the trench between 34°S and 45°S varies between 1.5 and 2.5 km depth, while north of the ridge
sediments reach only about 500 m thick [von Huene et al., 1997]. Near the trench there are two promi-
nent volcanic domes, located ~120 km west of the trench in front of Valparaiso: the O’Higgins Guyot
and the O’Higgins seamount. Their base is located about 4 km deep under the sea level and rise above
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.
The difference in size is best appreciated when we compare their respective volumes: the O’Higgins
Guyot (base diameter of ~27 km) has a volume of 668 km?>+ 10 %, while O’Higgins seamount (base di-
ameter of ~15 km) has a volume estimated at 177 km3+ 10 % above the ocean floor [Kopp et al., 2004].

The O’Higgins seamount formed about 9 Ma which has been inferred from its magnetic signal
[Yénez et al., 2001]. To the east of the trench there is a prominent magnetic anomaly located at
72.6°W/32.7°S which would indicate the location of the Papudo seamount which already subducted
under the continental plate [Yanez et al., 2001].

The second study area is part of what is known as the Arica Bend (Fig.3). This area is of great
interest because the margin around 18°S changes its orientation from a NNE at the south to a NW
to the north. This implies that the convergence direction goes from being almost perpendicular to
the trench to an oblique direction. This feature requires a flexural model that can consider a three-
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dimensional geometry. Also in this area the age of the Nazca plate increases from 30 Ma at the north
to 45 Ma at the south along the trench.

Numerous paleomagnetic studies indicate that the Arica Bend formed due to rotations of the plate
[Prezzi & Vilas, 1998; Kley, 1999; Arriagada et al., 2008], however, there is no agreement on the mag-
nitude of these because the estimates of crustal shortening produced by a turnover margin are not
consistent with the observations. Other authors attribute the formation of the Arica Bend to the ex-
istence of a period of flat subduction between 37 and 25 Ma which generated compression and crustal
shortening [O'Driscoll et al., 2012]. The formation of flat subduction is attributed to a combined effect
between the subduction of a buoyant piece of the Manihiki Plateau during the late Eocene and the
suction effect due to the pressure generated by the flow of the mantle as the plate subducts under the
Amazonian craton [O’Driscoll et al., 2012].

3 Elastic Flexural Modeling

3.1 The Reissner-Mindlin plate model

The Reissner-Mindlin model considers a thin elastic plate which elastic thickness is given by Te(x,y)
and that there are external forces acting perpendicular to the middle surface. The plate is defined as

T.(z,y) Te(z, , N T (z, T (z,
Qx| — (; y)’ (;U y))’ with w € R2. Its lateral border is given by 9Q x | — (g y) , — (:; y))

Let i be the displacement vector. The hypotheses of the Reissner-Mindlin plate theory are [Braess,
2007]:

H1. Linearity hypothesis. Segments lying on normals to the mid-surface are linearly deformed and
their images are segments on straight lines again.

H2. The displacement in the z-direction does not depend on the z-coordinate: us(z,y, z) = w(z,y).
H3. The points on the mid-surface are deformed only in the z-direction: u;(x,y,0) = ua(z,y,0) = 0.
H4. The normal stress os3 vanishes.

The fundamental equations are given by:

—div(T30(0)) — N T.(Vw — 0
—div(\*T,(Vw — 6)

0 (1)
=g (2)

where \* = k-p, with k = P The parameter k is known as the Timoshenko shear coefficient, which
v

is an adjustment parameter in thick plate, beam, and shell equations of motion that is included to
compensate for stress distribution in the cross-sectional shape of the object [Hull, 2004]. The parameter
w1 is one of the Lamé coefficients and the other one is v the Poisson’s ratio.

The total vertical force that experiments the plate is given by g, and corresponds, in our problem, to
the vertical forces acting downwards due to bathymetric loading ¢(z,y), for example a seamount, and
an hydrostatic restoring force acting upwards proportional to the vertical displacement of the plate w
and the density difference between the overlying water and the underlying mantle rock Ap = pm — po-
Then:

g(z,y) = q(z,y) — (pm — pw)gw = q(z,y) — Apgw. (3)
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We call w the transverse displacement or (normal) deflection, and § = (61, 65) the rotation. o(6) is the
stress tensor defined as:

—

o(8) = D [(1 = v)e(8) + vir(=(0)) Iy, |

E —
W)’ E is the Young’s modulus and &(6) corresponds to the strain tensor:
—v

;99
al'j 3(131 '

where D =

—

() = % (V8 + (V6" or <35(6) = % <

In a more explicit form

1_
. B (1 — z/)Ble + u(é?x&l + Oyﬁg) %(ayéﬁ + 63;92)
2
We also introduce the flexural rigidity defined as

D(x7y) = Teg(x7y) ’ D(l’,y)

(8y91 + (91«92) (1 — V)ayeg + u(8x91 + 8y92)

3.2 The Kirchhoff-Love plate model

It can be easily seen that if we add a fifth hypothesis, known as the normal hypothesis or Kirch-
hoff’s hypothesis, we can derive the Kirchhoff-Love equation of motion for an elastic plate. The fifth
hypothesis says:

H5. Normal hypothesis. The deformations of normal vectors to the middle surface are again orthog-
onal to the (deformed) middle surface.

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

0
01(x7y) = x'w(wv y)a

ui(l‘a Y, Z) = _Zgz’}i(xvy))

If we take -div(1)+(2) we will get
div(div(T30(9))) = g.
Now we apply the condition imposed by H5 given in (4) obtaining

Opzw + V0w (1 — v)0pyw

3 (0
Tlo(0) =D (1 —=v)0pyw  VOppw + Oyyw

Using that the divergence of a second order tensor corresponds to a vector which components are given
by div(A;;) =V; = Z 0;A;; we will get the flexure differential equation for a variable elastic thickness

under the Kirchhoﬁ’—ﬁove model:

Oz (D (0w + v0yy)) + 20y (D(1 — v)Ogyw) + Oyy (D(v0zpw + dyy)) = 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:

DViw = g.

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

DV w + (p — pu)gw = q. (6)
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4 Finite Element Method (FEM)

The Finite Element Method was used for numerically solve the problem given in equations (1) and (2)
using the FreeFem++ software.

4.1 Domain and boundary conditions

For the model validation we used a rectangular domain divided into three distinct zones, identical to
that shown in Figure 8, which allows to vary the elastic thickness along the plate. Once the model
is validated we calculate the flexure for the Juan Fernandez area using the domain shown in Figure
9. Finally, we calculate the deflection for the second study area, known as the Arica Bend, using a
domain as shown in Figure 10a.

At the boundary, if 7+ denotes the exterior unit normal, the shear force and bending moment are
respectively given by

V =\T, <‘;w —0- n) and M =T3c(0)n (7)
n

which in both cases, act with a fixed value over the edge I';.
The boundary conditions used for the trapezoidal domain as the one in Figure 9 were:
Ti: M=-My=—-MB, V=-V
Ty : M
Is: w=0, =0
| M=0, V=0,

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

The boundary conditions used for a domain of three edges as shown in Figure 10a were:
Iy: M=-My=—-Myp, V=-V,
I's: w =0, 6=0
Is: M=0, V=0.
The total vertical force that experiments the plate g(z,y) in both cases corresponds to the sum
of the load due to the bathymetry ¢(z,y) (for example a seamount as the O’Higgins Guyot) minus a

hydrostatic restoring force in the opposite direction following equation (3).
The constants used for the numerical modeling were the ones shown in Table 1.

4.2 Variational formulation for the R-M plate model

We started from the Reissner-Mindlin equations given in (1) and (2). We will multiply (1) by ¢ (which
we suppose zero on the same boundary where 6 is zero) and integrate by parts over the whole domain
Q we obtain:

| 720 et~ [ T2o@i- i~ [ NTU(Tw-5)- 5 =0,
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Name Symbol | Value | Unit
Young’s modulus B 70 x 107 | Pa
acceleration due to gravity g 9.8 ms >
Poisson’s ratio v 0.25

mantle density Pm 3300 kg-m™3
crust density Pe 2700 kg-m™3
sediment density Ps 2000 kg-m™3
water density Puw 1030 kg-m™3

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

where A : B = Z -a;;b;; stands for the tensor product between matrices. If we impose the boundary
conditions of Sectlon 4.1, we obtain

/TfD(l —)e(0) : e(¢) + /T3D1/d1v /A* Vw—0)- ¢+ [ MyB-9=0. (8)
Q

I

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

//\* e(Vw — 0) Vv—/ A*Te(Vw—g)'ﬁv+/Apng:/qv
Q o0 Q Q

then, using the boundary conditions of Section 4.1 we obtain

/A*Te(Vw—g)‘Vv+/Apng—/qv—i—/ Vov = 0. 9)
Q Q Q Iy

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:

Y =T, \*(Vw — 6)

If we multiply by a test function 77 and integrate in 2 we will have a third integral that will conform

our system:
/TEA*(Vw—g) .ﬁ—/v-ﬁ:o. (10)
Q Q

Finally, we add a fourth equation which will let us compute the bending moment easier:
d := div(6).
If we multiply by the test function e and by TSDZ/ and integrate in 2 we will get

/TgDydiv(_')e—/Tg’Dyde = 0. (11)
Q Q

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

— -,

Find (7,w, 7, d) such that / T3D(1 = v)e(d) : e(F) + / T3 Dudiv(6)div(d) + / 5. (Vo— )
Q Q Q
+/T6A*(Vw—§)-ﬁ—/ 1]+ /T3Dyd1v(0)e—/T3Dude+/Apng
Q Q Q

/qv_/ Vou— | MoB -4 for all (¢,v,7,e), (12)
Q Iy I'

Ql

7
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where (6, w) and (1, v) are prescribed to be zero on the same boundaries, as indicated in Section
4.1. Notice that the term B w should be written in an intrinsic reference system to the boundary, if
B = (cos f,sin ) and 1 = (ng,ny) and 7 = (—ny,n,) (see Figure 10), then

5 = [ (ngcos B+ nysinf)(ngr + ny)
= < (ngsin B — ”jCOS B)(ng1e — ”31/’1) ) 7 e

where 3 is the subduction angle with respect to the horizontal reference.

The previous formulation (12) of the original problem (1)-(2) was programmed in the variational
framework of the FreeFem++ software. In order to approximate w, v, g = (01,02), w (11,12) we
used triangular finite elements of type P2. In order to approximate ¥ = (v1,72), 7 = (m1,72), d and e
we used triangular finite elements of type P1.

4.3 Model Validation

First we calculated the flexure produced by a rectangular load of 5 km high, 40 km wide and 400 km
long (one dimensional load). The mesh used was 500 km long and 400 km wide. The elastic thickness
was varied along the plate and thus the mesh was divided into three distinct regions. The first ranges
from 0 km to 100 km away from the trench (7, = 10 km), the second from 100 km to 200 km away
from the trench (7, = 15 km) and the third from 200 km to 500 km (7, = 20 km). At the top of
Figure 7 it is shown the variation of elastic thickness in green and the load used in blue dotted line.
Both curves are expressed in kilometers. At the bottom of the figure in light blue the result of the 1-D
Kirchhoff-Love model solved using a variable elastic thickness through the Finite Difference Method
shown in the work of Contreras-Reyes & Osses [2010]. In purple dotted line, the result of the 2D
Reissner-Mindlin model using 8 = 0°. It can be seen that the fit is very good and there are only minor
differences in the part of the bulge ~50 km away from the trench.

Then, we calculated the flexure produced by a rectangular load with square base of 100 km long,
100 km wide and 5 km high located at the center of an elastic plate of constant elastic thickness (T, =
15 km) of 1200 km x 1200 km. It was imposed that the bending moment and shear force were equal
to zero at I'y. The results were compared with those obtained using the grdfft function of the Generic
Mapping Tools (GMT) [Wessel & Smith, 1998] (Figure 8).

5 Results

5.1 Juan Fernandez seamounts

To calculate the flexure under the Juan Ferniandez seamounts we used a mesh as the one shown in
Figure 9a. The area closest to the trench (S1) ranges from 0 km to 60 km away from the trench,
the second area (S2) from 60 km to 200 km and the third from 200 km to the end of the plate (S3).
A Monte Carlo method was used in order to find those values that minimize the difference between
the calculated Moho and gravimetric or reference one. We varied My uniformly between 1.954 x 10°
[N] and 1.658 x 107 [N], V; uniformly between 1.3 x 10'® [N/m] and 1.093 x 10'3 [N/m], the elastic
thickness uniformly in sector S1 between 10-20 km, in sector S2 between 2-10 km and in S3 between
10-20 km in steps of 1 km. The rest of the parameters used correspond to those shown in Table 1. To
quantify the associated error we calculated the RMS (Root Mean Square) error in meters as follows:
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N
1
RMS = 1000, | > (Mohoj* — Moho"'*)?
=0

where N is the number of points, Moho"® the vertical coordinate (in km) of the reference gravimetric

Moho and Moho€ the vertical coordinate of the calculated Moho using finite elements.

In this study region the Nazca plate converges in a direction N78.4°E so it was decided to set the
angle 8 at 11.6°. As an example Figure 9b shows one of the results obtained. Once the surface is
calculated we proceed to extract data for profile PO1 to campare with the gravimetric Moho. The
results in which RMS error, in meters, was less than 150 meters are shown in Figure 9¢. The minimum
value found for the elastic thickness in the S1 was 10 km, while the maximum was 18 km. For sector
S2 the minimum 7T, was 4 km and the maximum of 6 km. For S3, the further sector from the trench,
the minimum was 10 km and the maximum of 20 km. The average values obtained for the elastic
thickness, whose RMS did not exceed 150 meters were: T} ~ 12.8 km, T2 ~ 5 km and T ~ 15.2 km.
The trend is that the elastic thickness reaches its minimum value just below the seamounts and its
maximum value in the zone farthest from the trench.

5.2 Arica Bend

The unique geometry of the Arica Bend region is characterized by the variable convergence direction
change, which makes the bending moment also vary. We chose a very large area to study the flexure
caused only by the subduction process, and thus ignoring the small ridges on the plate. For the flexure
calculation the domain was divided into three distinct regions (Figure 10a) to vary the elastic thickness
in each of them 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.

In the Monte Carlo analysis we varied My uniformly between 7.7 x 101! [N] and 4.4 x 10'* [N], V;
uniformly between 6.3 x 10° [N/m] and 1.5 x 10" [N/m] and elastic thicknesses of each of the regions
uniformly from 17 km to 30 km in steps of 1 km. These values determine the value of the bending
moment. The rest of the parameters used correspond to those shown in Table 1.

To calculate the RMS error associated with the result, it was decided to filter the bathymetry, in
order to remove defects that were not produced by the flexure. The filter used was not a conventional
filter, but the domain was divided into small rectangular regions and took the minimum value in the
z coordinate of each of them. Then we made an interpolation of the minimums found which provides
a bathymetry with less roughness. The RMS error (in meters) was calculated as:

RMS = 1000 M

Area
where err corresponds to the square modulus of the difference between the calculated geometry in
FreeFem++ (Figure 10b) and the filtered bathymetry (Figure 10c), and Area is the area considered
in the study zone. Given the boundary conditions, especially the one that makes no deflection at the
edge I's we decided to calculate the RMS error in an area smaller than the total area of the zone,
so we can neglect the error associated to that edge, especially in the far north, where there are also

bathymetric heights unrelated to the bending and that were not possible to filter completely. The



250 smaller area considered covers well profiles P04, P05, P06 and P07 (Figure 3).

281

282 Finally, the best results were chosen, those whose RMS error did not exceed 1% of the bathymetric
283 measurement and profiles P04, P05, P06 and P07 were extracted. Figure 11 shows the 270 best results
28« for each of the profiles in gray, the real bathymetry in black dots and the filtered bathymetry in solid
285 blue line. In P06 profile it can be seen that the filter could not effectively remove the large bathymetric
286 high, although the fit is quite good.

287

288 The minimum value among the 270 best fits of the elastic thickness of the first region (closest to
29 the trench) was 17 km, the maximum of 24 km while the average was ~19 km. For the intermediate
200 region the minimum was 17 km, a maximum of 30 km and the average ~21 km. Finally for the region
201 furthest from the trench the minimum was 17 km, the maximum of 24 km and the average of ~20.3
292 km

s 6 Discussion and Conclusions

2 6.1 Model scope

205 Although in nature all structures are three-dimensional, the exact analysis of the stresses and strains
206 presents enormous difficulties. However, such precision is rarely necessary, and therefore justified, since
207 usually the magnitude and distribution of the load, as well as strength and stiffness of the material
208 studied, are not known with precision. So it seems appropriate to consider some structures like two-
200 dimensional. On a plate for example, it is considered that its thickness is small compared to its other
s0 dimensions, and therefore can be analyzed in a two-dimensional way, as proposed by the Reissner-
s Mindlin model (a dimension of the problem is lost). In the work of Comer [1983] analytical expressions
32 for the deflections and stresses due to the action of a one-dimensional load on a plate of arbitrary
303 thickness were derived and subsequently the results were compared with those predicted by thin plate
304 theory. For small loads such as seamounts, and for large loads, the solutions of the thick plate theory
305 and the thin plate theory differ very little. The greatest differences are in the area immediately under
306 the load, where the theory of thin plates could underestimate the deflection in a 5-10%. The solutions
so7 proposed by Comer [1983] are almost exact, except that he was despised the effect of gravity on the
s plate itself. The work of Wolf [1985] agrees with the model proposed by Comer [1983] in that for most
300 geological applications, the deflections and the calculated stresses using thin plate theory is a good
310 approximation. However some corrections were made and included the effects of the plate’s gravita-
sii tional body forces. This showed that the differences between the models of thin and thick plates are
si2 - even lower than deduced from Comer [1983]. The debate did not end there and despite the work that
s1i3 followed, there is an agreement that thin plate theory is a successful approach.

314

315 The 2D Kirchhoff-Love model corresponds to a simplification of the Reissner-Mindlin model, and
316 as discussed above, considers a fifth hypothesis that ultimately will result in both, the bending moment
317 and the resulting deflection, will depend only on the vertical deformations and not on rotations that the
318 volume elements involved may suffer. Although this simplification may seem strong enough, the most
s19 - widely used models include one more simplification. They consider a 1D model [Bry & White, 2007;
20 Hanks, 1971; Judge & McNutt, 1991; Contreras-Reyes & Osses, 2010; McAdoo et al., 1978; Bodine et al.,
;21 1981], i.e., a model in which the three-dimensionality of the problem is lost and can not work with
32 localized loads or margins with complex geometries such as the Arica Bend.

323

324 The model presented in this article is a general model, with few simplifications, able to calculate the
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flexure of a plate produced by the combined effect of three-dimensional loads and bending associated
with subduction. Furthermore, it is a simple model that allows working with margins with complex
geometries and allows the elastic thickness variation along the plate. The elastic thickness variation
lets the identification of weaker areas of the lithosphere that can result from thermal alterations, brittle
deformation or even rheological changes as discussed below.

6.2 Elastic Thickness

One objective of this work is to find the elastic thickness able to reproduce the observed deflection of
the lithosphere. The elastic thickness (7¢) is a parameter that characterizes the apparent strength of
the plate to deformation. However, there are a number of factors that affect it and we will explain
some of these:

6.2.1 Plate age and thermal state

Previous work (example: Caldwell & Turcotte [1979]) suggest that the estimates of oceanic lithosphere
elastic thickness more or less obey the depth of the isotherm of 700°C for a plate free of seamounts
[Harris & Chapman, 1994] and 200 °-400 °C in the case of seamounts and that as the plate cools with
time it becomes stronger and thus the elastic thickness increases [Caldwell et al., 1976]. It is widely
accepted that significant deviations of observed T, from the predicted values are associated with ther-
mal anomalies [McNutt & Menard, 1982; Burov & Diament, 1995], as might be the action of a hot
spot. When a load is placed on a plate, it responds almost instantaneously [Bodine et al., 1981], so
that the value of elastic thickness inferred for the area of Juan Fernandez would be a lower bound, i.e.,
corresponds to the value of T, at the time of the appearance of the seamount. This is because as time
goes on, the plate gets older, cooler and becomes more rigid [Billen & Gurnis, 2005].

However it has been shown that the lithosphere’s thermal state is only one of at least three iden-
tically important properties which determine T.. This dependence of the elastic thickness on age has
not been exempt of discussions and inconsistencies [Bry & White, 2007]. According to the thermal
model, we would expect that the elastic thickness for the area of Juan Fernandez was about ~ 20 km
and for the Arica bend area of about ~ 40 km. The values found in this work for T, are much lower
than those predicted by a thermal model, which suggests that the age of the plate is not the main
factor determining the elastic thickness.

6.2.2 Geometry and Composition

Another important property which determines the elastic thickness corresponds to the composition and
geometry of the plate. Note that there is a major contradiction between the assumption of a linear
elastic rheology and what is known about rock’s properties, as the linear elasticity assumes that there
isn’t any dependence between the rates of deformation, stress and time. Furthermore, as mentioned
above, the infiltration of fluids can change the rock’s composition and therefore, their elastic properties.

On the other hand, margin geometry in the Arica Bend makes the three-dimensionality of the
problem to increase the maximum amplitude of outer rise (wp ~ 650 m). The assumption of a unidimen-

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

2010].
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s 6.2.3 Inelastic deformation and hydrofracturing

366 Purely elastic plate models considering a constant elastic thickness are self-inconsistent because they
ss7  usually predict intra-plate stresses large enough (in some cases close to 500 MPa [McAdoo et al., 1978;
ss  Capitanio et al., 2009]) to produce inelastic deformation (brittle or ductile). That is why models that
360 combine elastic with plastic deformation have been able to explain more satisfactorily the amplitude
s and wavelength of the outer rise [McAdoo et al., 1978], however tend to overestimate the elastic thick-
sn ness [Bodine & Watts, 1979].

372

373 The strategy followed in this work was to use an elastic model with a variable elastic thickness
s (as in the work of Judge & McNutt [1991] and Contreras-Reyes & Osses [2010]) because inelastic be-
srs  havior reduces the local resistance of the plate [Billen & Gurnis, 2005] and as a result it deflects as
a6 if the effective elastic thickness had decreased in some areas, especially those of greater curvature
sr7 [Burov & Diament, 1995; Bodine & Watts, 1979; Bodine et al., 1981].

378

379 With this in mind, the results obtained for the elastic thickness under the Juan Fernandez seamounts
;0 are consistent because of the existence of a thermal anomaly (which gave rise to the mountains) that
31 weakened the plate in the first place, and secondly, the fact that under the plate we find a greater
32 curvature justifies a reduction of the elastic thickness.

383

384 At the top of the outer rise, extensional faults associated with the deflection of the plate were ob-
s served and evidenced by horst and graben structures [Ranero et al., 2005] and seismicity [Christensen & Ruff,
sss  1983]. These extensional faults allow fluid percolation within the crust and upper mantle, which may
37 result in serpentinization of the latter. The infiltration of water decreases seismic waves propagation
ss  velocity [Ranero & Sallares, 2004; Kopp et al., 2004; Contreras-Reyes & Osses, 2010]. Pore pressure in-
30 crement and fractures are mechanisms that significantly reduce the rock’s strength [Brace & Kohlstedst,
30 1980).

391

302 Given the above, it seems reasonable to find a lower elastic thickness at the outer rise in both zones:
303 Juan Ferndndez and the Arica Bend.

304 6.2.4 Horizontal forces

305 Finally, in areas where there are active spreading centers or where there is compression, the strength
36 of the lithosphere is reduced by horizontal forces, by thermal anomalies and possible pre-existing
37 heterogeneities. For example, in most elastic models, including the one proposed in this paper, the
398 tectonic horizontal force is ignored because various studies have shown that does not greatly affect the
309 deflection of the elastic plate unless stresses reach higher values than 10 kbar [Caldwell et al., 1976].
a0 However, if a plate’s behavior is not purely elastic, the horizontal force can produce surface faulting
a1 and reduce the value of elastic thickness decreasing the flexural rigidity of the plate [Burov & Diament,
a2 1995; Bodine et al., 1981; Caldwell et al., 1976]. Currently it is not possible to determine the values of
a3 horizontal forces involved through bathymetry analysis so additional data would be required, such as
s0s  focal mechanisms of earthquakes with hypocenters near the trench, as was proposed by Hanks [1971].
a5 Other authors have proposed that the value of the horizontal force can vary considerably depending
w6 on the model used [Bodine & Watts, 1979], so that its determination is still debated. Notice that
a7 horizontal forces are easily included in our model by adding a term —FVw in equation (1), where F
a8 represents the horizontal force. This term does not modify boundary conditions (7).
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6.3 Conclusions

The above results show that for the Juan Fernandez area the elastic plate thickness decreases signifi-
cantly under the seamounts, i.e., in the area of greatest curvature. These results are consistent with
previous work [Burov & Diament, 1995; Bry & White, 2007].

In the case of the Arica bend area, the results show that the elastic thickness tends to decrease
in the section closest to the trench, which can be interpreted as a result of plate weakening due to
bending, extensional or horizontal stresses experimented as the plate subducts.

The results do not support a simple relationship between age and elastic thickness of the plate.
The resistance of the plate to deformation is probably strongly dominated by the involved stresses,
which could produce inelastic deformation and thus reduce the effective elastic thickness, by changes
on the lithosphere thickness, by thermal anomalies or rheological changes.

Unlike this model, previous studies only consider simple geometries and one-dimensional loading,
so that the model presented in this paper is a more general model that allows to work with complex
margins and three-dimensional loads. However, this model works under the assumptions of linear
elasticity, an approximation whose validity is open to debate.

Acknowledgments

P. Manriquez was supported by FONDECYT grant No. 11090009 through a Masters scholarship. A.
Osses also acknowledges FONDECYT grant No. 1110290.

A Appendix

A.1 Gravity model for the Juan Fernandez seamounts

In order to validate our elastic model for the first study area, data are needed with which to make a
further comparison.

A velocity model was performed and its gravimetric effect was calculated and compared with the
free air gravity anomaly observed. The 2D gravity calculation is based on Parker’s spectral method
[Parker, 1973] (for details see Korenaga et al. [2001]). The model is modified to minimize the misfit
or RMS error between observed and calculated gravity. The data correspond to the free air gravity
anomaly for the three studied profiles (P01, P02 and P03) and were obtained from free global data
sets [Sandwell & Smith, 1997].

A mantle’s density of 3300 k‘g/m3 was assumed. Initially a velocity model (V') was proposed, as
shown in Figure 4, which then becomes a density model (p) using the following relations:

Nafe & Drake [1963] relationship for the sedimentary section,
p=1.75+0.16V

Carlson & Herrick [1990] relationship for igneous upper crust,
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p=3.61-6.0/V
Birch [1961] law for plagioclase, and diabase-gabbro ecoglite (lower crust),
p=0375(1+V)

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

N
1
RMS = | = > (97" = g;")?
=0

where N is the number of points along the profile, g°** the observed gravity (data) and g°¢ the gravity
calculated using the proposed density model.

With the previous model we obtain the best Moho along the three studied profiles (P01, P02 and
P03), which will subsequently be compared with our flexure calculations results.
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Figure 1: a) Cartoon of the flexure produced by a seamount far away from the trench. Here p,, is
the water density, pr, the applied load (seamount) density, p; the sediment infill density, p. the crust’s
density and p,, is the mantle’s density. b) Cartoon of the flexure produced by a seamount near the
trench. My is the bending moment and Vj 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. ¢) Gravity anomaly plot expressed in [mGal].
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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/.
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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.
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Figure 5: First domain used for the flexure calculation through FEM for the Juan Ferndndez region.
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Figure 6: a) Second domain used for the flexure calculation through FEM for the Arica Bend region.
b) Border I'y for the domain used for the second studied zone, the Arica Bend, shown in red line. The
convergence direction is shown in blue, n and 7 correspond to the normal and the tangent to the plate
border respectively and ¢ 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 §=0°. 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. ¢) 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.

24



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. ¢) 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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Figure 12: Proposed velocity model for profile PO1.
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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 & Septilveda [2011].
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Figure 13: (top) Observed Bouguer anomaly along the bathymetric profile PO1 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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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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