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Basaltic shield volcanoes most commonly form as intraplate volcanic ocean islands that
arise from the ocean floor and continue to grow above the sea water level to form gigantic
volcanic edifices. The volcanic edifice evolution and the internal stress distribution may
be influenced by the water load of the surrounding ocean. We therefore investigate how
the presence of an ocean affects the internal stress of a volcanic edifice and thus magma
propagation by means of axisymmetric elastic models of a volcanic edifice overlying
an elastic lithosphere. We designed a volcanic edifice featuring a height of ~6,000m
and a radius of ~ 60km which was build up either instantaneously or incrementally,
i.e., by emplacing new layers of equal volumes on top of each other. The latter was
done in a way that the resulting stress and edifice geometry from one step served as
the initial condition of the subsequent step. Thus, each new deposit was emplaced on
an already deformed and stressed model layer. The ocean load was simulated using a
boundary condition at the surface of the model. For the instantaneous volcano growth
scenario, different water levels were investigated, while for the incrementally growing
volcano the water level was fixed to 4,000 m. We employed both half-space and flexural
models and compared the deformation of the volcanic edifice, as well as its internal
stress orientation and magnitude with and without applying an ocean load. Our results
show major differences in the resulting state of stress between an instantaneous and
an incrementally built volcanic edifice. Further, our results imply that stress orientations
and types of potential magma intrusions within the volcano as well are influenced by
the loading effect of an ocean. Ocean loading reduces the effective load magnitude
of an edifice via a buoyancy effect, reducing edifice stress magnitudes and substrate
subsidence. Ocean loading also adds vertical compression to edifices; in half-space
models, this addition reinforces the existing principal stress orientations and increases the
differential stress, whereas in flexural models, ocean loading reduces the differential stress
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and favors re-orientation of principal stresses within the edifices. Our results therefore
provide new insights into the state of stress and deformation within the edifices of basaltic
ocean island volcanoes with significant implications for magma ascent and eruption and

edifice construction.

Keywords: basaltic ocean island volcano, magmatic system, finite element models, flexure, numerical modeling,

volcano deformation

INTRODUCTION

Basaltic ocean island shield volcanoes are the largest
volcanic edifices on Earth. While these islands develop over
millions of years as a result of continuous volcanic hot spot
activity [e.g., La Réunion: ~5Ma (Gillot et al., 1994), Galapagos
Islands ~4 Ma (Bailey, 1976), Hawaiian Islands: ~5.1 Ma (Clague
and Dalrymple, 1987)], individual volcanic centers that build
those islands have a shorter lifespan [e.g., Piton de la Fournaise
at La Réunion: ~530 ka (Gillot et al., 1994), and Mauna Kea at
Hawaii: ~700 ka (Frey et al., 1990)]. Growth mechanisms include
both magmatic intrusions that generate dike and sill complexes
(Walker, 1993, 1999) and volcanic eruptions characterized
by lava flow emplacement and pyroclastic or volcanoclastic
material deposition (Walker, 1973, 2000). The contribution
of magmatic intrusions to the growth and therefore overall
volume of a volcanic edifice can be significant: for instance,
at Ko’olau Volcano (O’ahu Island, HI, USA) sill complexes
may be responsible for at least half of the height of the edifice
(Annen et al., 2001). As a basaltic volcano grows, the increasing
gravitational load causes a flexure of the underlying lithosphere
(McNutt and Menard, 1978; McGovern, 2007), generating
horizontal compressional stresses within the volcanic edifice and
clamping the propagation of magmas toward the surface and
promoting the formation of sills (McGovern and Solomon, 1998;
Pinel and Jaupart, 2004; McGovern, 2007; Menand et al., 2010;
Galgana et al,, 2011). The accumulation of magma within the
volcanic edifice leads to the formation of magmatic reservoirs
(Annen, 2011; Menand et al., 2011), wherein pressure can then
build up to generate eruptions at the surface (Tait et al., 1989;
McLeod and Tait, 1999; Pinel et al., 2010; Becerril et al., 2013).
These eruptions are the result of magma propagation through the
volcanic edifice, which is largely controlled by the internal state
of stress in response to structural controls (Fiske and Jackson,
1972; Carracedo, 1994; Rubin, 1995; Acocella and Neri, 2009;
Bagnardi et al., 2013; Chestler and Grosfils, 2013; Tibaldi, 2015),
the mechanical layering (Gudmundsson, 2005; Kavanagh et al.,
2006; Maccaferri et al., 2011), and pre-existing fractures (Gaffney
et al., 2007; Le Corvec et al., 2013).

Volcanic edifices are often modeled as instantaneous volume
(referred subsequently as instantaneous volcano; van Wyk
de Vries and Matela, 1998; Pinel and Jaupart, 2003; Casagli
et al, 2009; Galgana et al, 2011), while in fact they grow
incrementally over time (referred subsequently as incremental
volcano; McGovern and Solomon, 1993, 1998; Apuani et al,
2005; Musiol et al., 2016). Stresses within instantaneously-formed
and incrementally-grown volcanoes are significantly different.
While instantaneously-formed edifices show high differential

stresses in the upper parts of the volcano and low differential
stresses in the lower parts, incrementally-grown edifices show low
differential stresses in in upper and lower parts of the volcano,
separated by a zone of high differential stresses (McGovern
and Solomon, 1993). Over the course of their life, basaltic
ocean island volcanoes rose from the bottom of the ocean and
emerged to form the islands that we observe today. Previous
research has shown that ocean loading alters the state of stress
within the lithosphere at near-shore plate boundaries (Luttrell
and Sandwell, 2010) and influences volcanic eruptive activity
(McNutt, 1999), and that glacial cycles can cause pressure
changes in the mantle that yet affect the melt production at mid-
oceanic ridges (Crowley et al., 2015). Here, we investigate the role
of ocean loading on the growth of basaltic ocean island volcanoes
and suggest that edifice internal stresses and magma propagation
pathways may in fact be biased by ocean loads.

In the following, we present finite element models of both
instantaneously- and incrementally grown volcanic edifices and
show the effect of the presence or absence of ocean load
on their internal stresses. Furthermore, we illustrate scenarios
incorporating or ignoring lithospheric flexure. We provide the
amount of displacement and the favored type of magmatic
intrusion (dyke or sill) within the edifice as calculated from the
edifice internal state of stress and we discuss the implications
of our models for tackling edifice internal stresses and magma
propagation at basaltic ocean island volcanoes.

METHODOLOGY

In this study, we use finite element models (FEMs) to investigate
the effect of ocean load on the vertical deformation and the
state of stress within a basaltic ocean island volcano. We develop
axisymmetric elastic models of a volcanic edifice overlying
an elastic lithosphere following the work of Galgana et al
(2011) and using the COMSOL Multiphysics software. All our
models have similar physical parameters (Table1) and are
loaded gravitationally with body forces and initial lithostatic
stresses (Table2, no ocean load). The boundary condition
applied at the base of the lithosphere balance the loading
of the lithostatically-prestressed lithosphere (-g.pjh.T1) and
simulates buoyant restoring forces (g. p,sth.W) in response to the
lithosphere subsidence within a denser asthenosphere (Table 2;
Watts, 2001). In our models, we adopt the convention that
extension is positive while compression is negative.

By developing and testing different model scenarios, we
investigate or account for: 1- a half-space configuration vs. the
flexure of the lithosphere below the edifice, 2- instantaneous
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TABLE 1 | Constant physical model parameters.

Name Expression
Constants Lithosphere density (pjitn) 2,800 kg/m3
Asthenosphere density (pasth) 3,300 kg/m3
Volcano density (pyolc) 2,800 kg/m?3
Radius Lithosphere (Rijtn) 1,000 km
Young’s Modulus (Ec) 1.10"1 Pa
Poisson’s ratio (v) 0.25
Earth gravitational acceleration (g) —9.81 m/s?

TABLE 2 | Boundary conditions of the initial finite element models (FEM), where w
is the vertical displacement, g is the Earth’s gravitational acceleration; pjin, pasth
and pyater are the lithosphere, asthenosphere and water densities, respectively,
Hwater is the water height, T; is the thickness of the lithosphere, Z represents the
depth of any point of the initial geometry (negative downward).

No ocean load Ocean load
Lithosphere| Volcano Lithosphere Volcano
Bodly load 9" piith 9" ovolo 9" piith 9" Pvole
Initial stress ~ ~g* pjtn'Z /' |-g(ith Z —pwater Hwate)]  /
Bottom ~(oith” TL —Pasth W) | ~0"(pwater Hwater + piith TL —Pastn W)
equilibrium
Ocean load / (pwater 9" (Hwater—2))"(Z< Hwater)

volcano existence vs. incremental volcano evolution, and 3- the
presence (or absence) of ocean load.

Half-Space vs. Flexural Models

In order to understand the role of flexure on edifice internal
stresses, two sets of models were developed (1) half-space models,
where the domain underlying the volcanic edifice is considered
as infinite (T, = 1,000 km), and (2) flexural models where the
thickness of the domain (T, = 30km) represents an average
elastic thickness of the oceanic lithosphere (Figure 1; Watts and
ten Brink, 1989; Wessel, 1993).

Instantaneous Edifice Existence vs.

Incremental Edifice Growth

Following the work of McGovern and Solomon (1993, 1998),
we reconstruct the volcanic edifice (a) as if it was existing
instantaneously, and (b) as if it was building up incrementally,
assuming a constant magma supply rate over time. For the latter
case, we start with an initial edifice of height Vi = 3,000m
and radius V; = 30,000 m (Figure 1) and then we subsequently
emplace seven new layers, each of them featuring the same
volume as the initial edifice (representing a constant magma flux
rate). The lithospheric and edifice internal stresses, as well as the
deformed geometry that result from one step, serve as the initial
conditions before the emplacement of the subsequent layer.
For each new layer, we apply two bottom boundary conditions
(Table 3); the first one in order to compensate for the imported
geometry and the second one in order to act as the buoyant
response of the asthenosphere to the load of the new layer.
To be computationally efficient and keep run-times less than 1
day long, a maximum of seven increments were performed for
any incrementally-grown edifice. The instantaneously-formed

volcanoes were built to match the final volumes of their
counterpart incrementally-grown volcano model (bold values in
Tables S1,S2).

Ocean Load

In order to understand the effect of the ocean on a
growing volcanic edifice, two kinds of models were developed
and tested in combination with the half-space and flexural
models (section Half-Space vs. Flexural Models) and the two
distinct edifice growth scenarios (section Instantaneous Edifice
Existence vs. Incremental Edifice Growth). For the scenario
of instantaneously-formed volcanoes, we tested eight different
ocean levels (from 0 to 7km) in order to study the effect of
different amounts of oceanic load on a volcano of constant
height. For the scenario of incrementally-grown volcanoes, the
ocean level was set to either 0 or 4,000 m [similar to the mean
depth of the ocean floor worldwide (Sverdrup et al., 1942; Vezzi
et al, 2005)] in order to study the rise and emergence of a
basaltic ocean island volcano. The ocean load was simulated
as a boundary load at the surface of the model, and taken
into account in buoyant restoring forces (Bottom equilibrium in
Tables 2, 3).

Limitations

In order to focus our interest on the mechanical response of a
volcanic edifice to the presence of an ocean load, we made a
series of simplifications. First, the growth of volcanic islands is
also affected by the process of gravitational spreading, usually
facilitated by basal sediments units (Borgia et al., 1992; Le Corvec
and Walter, 2009; McGovern and Morgan, 2009; Byrne et al.,
2013; McGovern et al., 2015; Musiol et al., 2016). However, not all
volcanic edifices are subject to decollement-based gravitational
spreading [e.g., the volcanoes of the Canary Islands (Carracedo,
1994; Mitchell et al., 2002)]; therefore in order to focus on
the flexural response and the ocean load effect, we neglect the
effect of gravitational spreading in our models. Second, the
development of magma reservoirs is known to influence the
surrounding state of stress and the type of magma intrusions
(Chestler and Grosfils, 2013; Le Corvec et al., 2015); however
the influence of the magma reservoirs is localized compared to
the scale of an edifice as modeled in this study. Finally, we limit
our models to the elastic rheology, the viscoelastic response of
the asthenosphere (McGovern and Solomon, 1993, 1998; Musiol
et al., 2016) and the hot cumulates within the volcanic edifice
(Clague and Denlinger, 1994) are neglected. These behaviors will
be integrated in future work. As we show in the following section,
although our models are simplified, important information
can be extracted that helps in understanding real volcano
behavior.

RESULTS

In the following, we first present the vertical displacements
observed at the surface of the models (Figure2). For our
incrementally-grown volcano models, the final vertical
displacement  corresponds to the cumulative vertical
displacements of all successive steps. Then we describe the
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FIGURE 1 | Boundary conditions for the different axisymmetric finite element models (FEMs) used in this study. Initially, models are composed of an elastic lithosphere
and an elastic volcanic edifice with or without an ocean load, with buoyant restoring forces applied at the base of the model and rollers applied to the right margin to
constrain horizontal movements. Models are tested for a half-space geometry where T = 1,000 km, and a flexure geometry where T = 30 km. We studied two
types of edifice growth: (A) an instantaneously-formed volcanic edifice, and (B) an incrementally-grown volcanic edifice consisting of layers of equal volumes as the
initial edifice. In the models taking into account an ocean load, the ocean level varies from 1,000 to 7,000 m in instantaneously-formed volcano models (A2), while it
stays constant at 4,000 m in incrementally-grown volcano models (B2). Cross-sections were created at 5, 20, 40, 60, and 80% of the resulting length of the volcanic
edifice away from the symmetry axis (Table S$3). These cross-sections are used to plot the differential stress and the type of magmatic intrusions within the edifice
(cf. Figures 3, 5, 7).

TABLE 3 | Boundary conditions of the subsequent FEMs, where wj, is the vertical displacement in the nth model.

No ocean load

Ocean load

Imported geometry

New volcanic layer

Imported geometry New volcanic layer

Body load

Initial stress

9" piith
Transferred /

9" Pvolc

g 0ith 9" ovolc
Transferred /

-g(oith TL— Pastn @+ T1)
*Q*(*pasth*wn)
Ocean load /

Bottom equilibrium 1
Bottom equilibrium 2

~9"((pwater Hwater + pith TL) =pastn (Z + T1)
*Q*H)asth*wn)
(pwater*g*(Hwater—Z))*(Z< Hwater)

Legend as in Table 2.

state of stress within the volcanic edifice along cross sections
by means of the differential stress (Ao = o7 - 03). The cross
sections were created at 5, 20, 40, 60, and 80% of the length
of the volcanic edifice away from the symmetry axis (red
lines in Figure 1). The initial 5% cross-section was chosen
to avoid the stress orientation degeneracy at the symmetric
axis (i.e., r = Okm). Pathways of magmatic intrusions are
defined by the orientation of the minimum compressional
stress (03; Rubin, 1995). Sills, angular dikes and circumferential
dikes are formed when o3 is in the r-z plane (with r being
the radial (horizontal) distance from the symmetry axis, z
corresponds to the vertical coordinates); sills are sub-horizontal
intrusions, and are defined for angles <20° between o3
and the z-axis (cf. dark blue color in Figures 3-8), angular
dikes are defined for angles >20° and <70° (cf. light blue
in Figures 3-8), finally circumferential dikes are sub vertical
intrusions, and are defined for angles of >70° (cf. green color

in Figures 3-8). Radial dikes are formed when o3 is the “out
of plane” stress, perpendicular to the r-z plane (cf. red color in
Figures 3-8).

Vertical Displacements

Instantaneous Volcano

For an instantaneous volcano, the vertical displacements we
observe differ significantly between half-space and flexural
models. We compare the ratio between the vertical displacements
and the final height of the volcanic edifice (Figure2 and
Tables S1,S2). Without an ocean load, the displacement ratio in
the half-space model reaches ~0.15 x 107> (blue color at 0 m sea
level in Figure 2A), while in the flexural model the displacement
ratio is about two orders of magnitude higher and reaches ~123
x 1073 (blue color at 0 m sea level in Figure 2B). In the presence
of an ocean load, we observe decreasing vertical displacements
with increasing sea levels (blue dotted lines in Figures 2A,B).
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FIGURE 2 | Ratios between the vertical displacements at summit of the volcanic edifice (w) and its the final height (Vh) for instantaneously-formed (blue) and
incrementally-grown (red) volcano models. Different sea levels are displayed for instantaneously-formed volcano models (0, 3,000, 5,000, and 7,000 m), and for
incrementally-grown volcano models (0 or 4,000 m). Results for half-space models are shown in the upper panel (A) while results for flexural models are shown in the
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This tendency is valid until a certain water level threshold is
reached at ~5,500 m after which the vertical displacements slowly
increase again.

Incremental Volcano

We obtain quasi-identical vertical displacements for
incrementally-grown  volcanoes and  the  equivalent
instantaneously-formed volcano simulations when applying
half-space models without the effect of ocean loading and
also for incrementally-grown volcanoes and the analogous
instantaneous volcano modeled in half-space with an oceanic
load (red dots at 0 and 4,000m ocean level in Figures 2A,
and Tables §1,S2). For flexural models, we observe slightly
lower vertical displacements for the incrementally-grown
volcano without an ocean load as compared to the analogous
instantaneous volcano, but slightly more displacements from
models with the presence of an ocean load (red dots at 0 and
4,000 m seal level in Figures 2B, and Tables S1,S2).

State of Stress and Magmatic Intrusions
Instantaneous Volcano

Instantaneous volcano half-space models

A volcanic edifice that is instantaneously-formed in a half-space
model and is not affected by an ocean load shows a curved
state of stress, i.e., high Ao in the upper and lower parts of
the edifice, separated by a zone of low Ao in most part of the

edifice (cf. dotted lines from 5 to 60% in Figures 3A, 4A and
Figure S1.1). At the tip of the edifice (cf. dotted line at 80%
in Figure 3A), the Ao decreases from top to bottom. Below
the summit (i.e., at 5% distance from the symmetry axis), the
state of stress promotes circumferential dike intrusions and
sill emplacement at the lower and upper parts of the edifice,
respectively, separated by an intermediate zone of angular dike
intrusion. Such state of stress becomes more prominent with
increasing distance from the symmetry axis, replacing the deep
zones prone to circumferential dikes and decreasing the vertical
extent of sill emplacements (cf. cross-sections at 20-80% in
Figure 3A).

We find that rising ocean levels decrease the amount of
Ao within the upper part of the volcanic edifice while at
deeper levels of the edifice Ao increases with increasing oceanic
load (cf. solid lines in Figures 3A, 4B and Figures S1.2-4).
In addition, the zone of low Ao shifts upward within the
edifice, which ultimately changes the curved state of stress into
a linear one (e.g., the cross-section at 40% distance from the
symmetry axis with an ocean level of 7km in Figure 3A). At
the highest water level (+7,000m), we also observe that the
magnitude of Ao becomes larger at the surface of the lower flanks
than the models with lower ocean load (cf., cross-sections 60
and 80% in Figures 3A, 4B and Figures S1.2-4). Furthermore,
our results show that the type of magmatic intrusions is also
affected when applying oceanic loading. We find that increasing
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FIGURE 3 | Differential stress magnitudes, and magmatic intrusion types predicted from principal stress orientations along the internal cross-sections for

z-axis), light blue color represents angular dike intrusion [(20°-70°) between o3 and the z-axis], green color represents circumferential dike intrusion ([70°-90°]

nes represent the model without an ocean load. Solid lines represent models
ine). Dark blue color represents sill intrusion ([0°-20°] between o3 and the

the ocean load increases the fraction of the edifice that is
subject to stress states favoring circumferential dike development.
Furthermore, we find stress states that facilitate radial diking
at the base of the volcanic flank near the summit and that
the vertical extent of such conditions increases with increasing
ocean levels (cf., e.g., the cross-sections at 5 and 20% distance
from the symmetry axis with ocean levels of 3, 5, and 7km in
Figure 3A).

Instantaneous volcano flexure models

When ignoring oceanic load, a volcanic edifice instantaneously-
formed on an elastic 30 km thick lithosphere shows increasing
differential stresses Ao from deeper to shallower levels within the
volcanic edifice (dotted lines in Figures 3B, 4C and Figure S2.1).
The state of stress promotes sill intrusions throughout the entire
edifice (Figures 3B, 4C).

Increasing the ocean load causes the magnitude of Ao to
decrease without substantially changing the slope or shape of
the Ao (solid lines in Figures 3B, 4D and Figures S2.2-4).
While Ao decreases in magnitude, the stress orientations are not
affected and continue to favor the formation of sills throughout
the entire edifice, with the exception of small zones favoring
angular dikes at the base of the outer flanks for an ocean level
of 7,000 m (Figure 3B).

Incremental Volcano

Incremental volcano half-space models

When neglecting the loading effect of the ocean (dashed lines in
Figures 5, 6A,B, and Figure S3), the initial volcanic edifice that is
emplaced on a half-space shows essentially the same curved stress
distribution as the corresponding instantaneous volcano model
(dashed lines in Figure 3A in comparison with the dotted lines
in step 1 of Figure 5). In the subsequent layers, the differential
stress Ao at the center of the edifice (i.e., at 5% distance from
the symmetry axis) increases almost linearly with depth (first row
of steps 3 to 7 in Figure 5), a pattern that becomes more curved
toward the flanks (e.g., cross-section at 60% in step 3 in Figure 5).
However, this curved differential stress gradient becomes more
linear upon the emplacement of new layers [e.g., the curved
dashed line at 60% distance from the symmetry axis (18 km) in
step 1 of Figure 5 becomes the linear dashed line at a similar
distance (40%) from the summit (~17.4 km) at deep levels within
the edifice (0-1km) in step 3 of Figure 5 upon the emplacement
of two new layers (during step 2 and 3). The predominant type
of magmatic intrusions (dikes or sills) that are likely to form
within the edifice also changes in response to the emplacement of
new layers. In the first stage, only angular, circumferential dikes
(light blue and green) and sills (dark blue) can be formed (colored
dashed lines in step 1 in Figure 5). Their occurrence decreases
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B Instantaneous volcano half-space model
with ocean load (+7,000 m)

A Instantaneous volcano half-space model
without ocean load

Ao (MPa)

Ao (MPa)

Magma intrusion legend:
radial dike
circumferential dike D Instantaneous volcano flexure model

with ocean load (+7,000 m)

sill

C Instantaneous volcano flexure model
without ocean load

H3OO
0

FIGURE 4 | Sketch illustrating the state of stress and the type of magmatic intrusions within instantaneously-formed volcanoes in (A,B) half-space and (C,D) flexure
models without an ocean load (A,C) and (B,D) with an ocean load (+7,000 m). Sill intrusions are presented by dark blue-colored bars, while angular, circumferential
and radial dikes presented by light blue, green and red-colored bars (in cross-section) and lines (at the surface of the edifice). Background colors represent the amount

of differential stress (Ao; similar Ao scales are applied for A,B; and for C,D).

simultaneously with the increase of radial dikes in consequence
of additional layer emplacement (red dashed lines in steps 2-7 in
Figures 5, 6). The emplacement of angular and circumferential
dikes is favored below the summit and in the deeper parts below
the flanks (light blue and green dotted lines in steps 2-6 from 5 to
80% in Figures 5, 6) while radial dikes become predominant with
edifice growth within the edifice (red dotted lines in steps 4-7
from 5 to 80% in Figure 5). While sill formation can be observed
at the surface of the entire edifice, sills are more prominent near
the surface of the outer parts of the edifice (dark blue dashed lines
in steps 2-7 from 40 to 80% in Figures 5, 6).

When taking the effect of ocean loading into account (solid
lines in Figures 5, 6C,D, and Figures $4), the initial volcanic
edifice that is emplaced on a half-space (first row of Figure 5)
again gives a similar edifice internal stress distribution to that
obtained for the corresponding instantaneous volcano model
(Figure 3B). In comparison to our simulations ignoring the
oceanic loading, we observe lower differential stresses at the
shallower parts of the edifice, and higher Ao magnitudes at
deeper levels of the edifice (solid lines from 5 to 60% in Step 1
in Figures 5, 6C,D, and Figures S4). However, we observe that at
the tip of the flank the Ao displays higher values along the entire
cross-section than the model without an ocean load (solid line
at 80% in Step 1 in Figure 5). As the volcano grows, we observe
that the loading effect of an ocean results in a homogeneous

linear increase of the differential stress (Ao) within each layer
from top to bottom and overall in the entire edifice (solid
lines in Figure 5), and we observe that the magnitudes of Ao
are slightly higher near the summit than the models without
an ocean (from 5 to 40% in Figure5), while further within
the flank the magnitudes of Ao are much larger than for the
model without an ocean load (solid lines at 60 and 80% in
(Figure 5).

Magmatic intrusions are only slightly influenced by the
growth of the edifice from the initial step promoting mostly
circumferential and radial dikes (green and red solid lines in
step 1 in Figure5). Angular dikes and sills (light and dark
blue) are restricted to the upper part of the flank near the
summit of the volcano (from 5 to 40% in step 1 in Figure 5).
As the volcano grows radial dikes (red) are favored throughout
the entire volcanic edifice near the summit (at 5% from the
symmetrical axis during steps 2-7 in Figure 5) and near the
surface of the flanks in the first steps (red solid lines in steps 2—
4 from 20 to 60% in Figure 5). In the subsequent steps, radial
dikes are formed mostly within the edifice flanks (red solid lines
in steps 4-7 from 20 to 60% in Figure 5). Finally, we observe
that more circumferential dikes are dictated by the state of stress
within the edifice’s flanks when compared to the non-ocean load
model as the volcano grows larger (green solid lines in steps 1-7
from 40 to 80% in Figures 5, 6).
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FIGURE 5 | Differential stress magnitudes, and magmatic intrusion types predicted from principal stress orientations along the internal cross-sections for
incrementally-grown volcanoes in half-space models with and without an ocean load (solid and dashed lines, respectively). Legend as in Figure 3.

Incremental volcano flexure models

We study the effect of an incrementally growing volcanic
edifice on an elastic lithosphere by allowing lithospheric flexure
(Figures 7, 8 and Figures S5-S6). When neglecting the effect of

an ocean, the initial step is again similar to the instantaneously-
formed volcano model (Figure 3B) with the magnitude of Ao
increasing from the base to the surface of the edifice (dotted
lines in step 1 in Figures 7, 8 and Figure S5.1). As the edifice
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FIGURE 6 | Sketch illustrating the state of stress and the type of magmatic intrusions within incrementally-grown volcanoes for half-space models. Steps 3 (A) and 7
(B) of the model without an ocean load. Steps 3 (C) and 7 (D) of the model with an ocean load (+4,000 m). Legend as in Figure 4.

with ocean load (+4,000 m) - Step 7

grows, we find that overall the magnitude of Ao within each load
increment increases with increasing edifice height, i.e., with the
emplacement of subsequent layers, e.g., Aomax in step 1 equals
~70 MPa while Ao max in step 7 equals ~200 MPa (in Figures 7,
8 and Figure S5). However and more specifically, the magnitude
of Ao in each successive increment decreases compared to that
of the previous layer, such that the lowest differential stresses
are observed at shallow levels within the edifice, i.e., within the
youngest, uppermost increment. The combination of these effects
produces a characteristic “zig-zag” pattern of Ac within the
edifice [see also (McGovern et al., 2001)] at all distances from
the symmetry axis (Figure 7). The characteristics described above
occur regardless of the presence or absence of a water load as
the volcano grows. We observe however that the ocean load
influences the state of stress within the initial edifice (solid lines
in step 1 in Figure 7), which produced a curved state of stress
within the edifice (solid lines in step 1 from 5 to 40% in Figure 7).
As in the instantaneously-formed volcano models (Figure 3B),
the presence of an ocean results in a significant decrease of the
differential stress Ao, e.g., Aomax in step 1 equals ~40 MPa vs.
~80 MPa for the model without an ocean load, while Aomax in
step 7 equals ~150 MPa vs. ~210 MPa (solid lines in Figure 7, 8
and Figure S6).

Magmatic intrusions formed within a growing edifice without
the presence of an ocean will only be sills (dark blue dashed
lines in Figures 7, 8). When considering the ocean load, we
observe that the proportion of the edifice with internal stresses
promoting angular and circumferential dike intrusions increases
(cf. light blue and green portions of solid lines in Figure 7).

Circumferential dikes are favored in the base of the initial edifice
below the summit (cf. green portions in step 1 from 5 to 20%
in Figure 7), while the proportion of angular dike within the
edifice increase away from the summit (cf. light blue portions
of solid lines in steps 1-3 from 5 to 80% in Figures 7, 8). As
the edifice grows, sill intrusions are favored closer to the summit
(cf. cross-sections at 5 and 20% in steps 3-7 in Figure 7) while
the proportion of angular dike decreases and becomes restricted
at the extremities of the edifice (c.f. light blue solid lines in
steps 1-7 at 80% in Figures 7, 8) with limited opportunities for
circumferential dikes (e.g., green solid lines in steps 2-7 at 80%
in Figure 7).

DISCUSSION
Vertical Displacement

In our experiments, we observed that the increase of an ocean
load decreases the subsidence of the volcanic edifice until the
ocean depth level becomes greater than the original height
of the edifice load (Figure2). The decrease in subsidence is
due to the buoyancy imparted to the volcanic rock by the
pre-existing ocean water (Wessel and Keating, 1994; Kim and
Wessel, 2010). For segments of the edifice deeper than the
ocean level, volcanic rock replaces water, and therefore the
net change in load felt by the lithosphere is proportional
to the difference of rock and water densities. This reduction
of load magnitude relative to the oceanless case reduces the
vertical displacement and the magnitude of Ao as seen in
Figure 2 until the ocean greater than the total edifice height.
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FIGURE 7 | Differential stress magnitudes, and magmatic intrusion types predicted from principal stress orientations along the internal cross-sections for
incrementally-grown volcanoes in flexure models with and without an ocean load (solid and dashed lines, respectively). Legend as in Figure 3.

No significant differences of the edifice vertical deformation are
observed between instantaneously-formed and incrementally-
grown volcanoes in a half-space model (blue and red circles,
respectively in Figure 2A), nor in the oceanless flexure model

(Figure 2B). However, we observe that in the flexural model
subjected to an ocean load the vertical displacement is larger
for the incrementally-grown volcanoes. This result likely stems
from a reduced contribution of the growing edifice to local
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FIGURE 8 | Sketch illustrating the state of stress and the type of magmatic intrusions within incrementally-grown volcanoes for flexure models. Steps 3 (A) and 7 (B)
of the model without an ocean load. Steps 3 (C) and 7 (D) of the model with an ocean load (+4,000 m). Legend as in Figure 4.

thickening (effective stiffening) of the lithosphere (see Figures 14
and Figure 19A of McGovern and Solomon, 1993) vs. that of the
instantaneous edifice. The full height of the instantaneous edifice
is present throughout the flexural response, whereas the growing
edifice is shorter during early increments, and thus the response
to those is not affected by as much effective stiffening, resulting
in greater final displacements at the end of loading.

Volcanic Growth and Magma Intrusions
An important difference in the effects of ocean loads on half-
space loads vs. flexural loads can be explained in terms of the
stress tensor. For the half-space incremental loads (Figure 5,
steps 2-7), the effect of the ocean load is to generally increase
Ao, while in contrast, for the flexural incremental loads
(Figure 7, steps 2-7) the ocean load generally decreases Ao . This
phenomenon can be understood in terms of the orientation of
the stress tensors in these edifices. For the half-space cases shown
in Figure 5, 0}, the most compressive principal stress, is vertical.
Thus, adding another component of vertical compressive load
from an overlying ocean will reinforce this stress state, thereby
driving Ao higher. Conversely, the flexural loading case without
an ocean is generally characterized by horizontal principal
compression and vertical principal extension (o} horizontal and
o3 vertical, the “sill” stress state; see the dark blue dashed lines
in Figure 7). Thus, the imposed vertical compression from the
ocean will add to o3, thereby reducing Ao and in some cases
reorienting the stress tensor such that o3 is horizontal (the light
blue and green solid lines in Figure 7).

The loads acting on the volcanic edifice and on the orientation
of the state of stress will therefore influence volcanic edifices

growth as a result of magmatic intrusions and/or eruptions
(Annen et al,, 2001; Pinel et al., 2010; Roman and Jaupart, 2014),
where buoyant magma is propagating through the lithosphere,
and finally through the volcanic edifice via self-induced fractures
that form perpendicular to o3 (Nakamura, 1977; Rubin, 1995).
The flexural response of the lithosphere to the increasing
gravitational load is dependent on the viscous flow of the
underlying asthenosphere (Watts and Zhong, 2000). Therefore
our models can be seen as temporal growth end-members
such that instantaneously-formed volcanoes could represent
the fastest growth rate of a volcanic edifice (Figures3, 4),
while incrementally-grown volcanoes the slowest growth rate
(Figures 5-8). The behavior of the lithosphere depends on the
geodynamic environment and is represented in our simulations
using flexural models describing the simplest mechanical
response of a lithosphere to a load (Figures 3B, 7), and the half-
space models that enable us to take into account (1) the delayed
mechanical response of the lithosphere due to a fast volcanic
growth, and (2) the counteracting load of a plume, magmatic
underplating and/or crustal accumulation (Figures 3A, 5; Wolfe
etal., 1994; Michon et al., 2007; Kliigel et al., 2015; Ramalho et al.,
2017).

We show that the magmatic systems within volcanic edifices
subject or not to flexural subsidence are highly different
(Figures 3-8). In fact, the lithospheric flexure inhibits the vertical
propagation of magmas as it generates horizontal compressive
stresses within the edifice (McGovern and Solomon, 1993, 1998;
Galgana et al., 2011). This will ultimately favor endogenous
growth through sill-like magmatic intrusions (Francis et al,
1993). On the other hand, when volcanic edifices are not
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subjected to flexure, magmas are more able to propagate vertically
and eventually erupt (Grosfils et al., 2013), favoring exogenous
edifice growth through subaerial emplacement (Annen et al,
2001; Garcia and Davis, 2001).

The ocean load significantly increases the proportion of a
volcanic edifice that is favorable to the development of radial
dikes (c.f. red lines in Figures 5, 6). This especially applies to the
early increments of the half-space, incremental case (Figure 5,
Steps 1-3). However, as the edifice grows (Figure 5, Steps 4-
7), the prominence of radial dike-favoring zones becomes less
pronounced. In fact, the difference between models taking
into account or ignoring the ocean load becomes negligible
or might even turn into the opposite effect of predominant
radial dike development as a result of lacking ocean load. This
trend suggests that oceanic load can facilitate early-stage radial
diking in incrementally-grown volcanic edifices. However, if
the magma supply rate is low with respect to the relaxation
time of the lithosphere, allowing for flexure to occur (Figures 7,
8), the presence of radial dikes is not predicted anywhere in
the edifice regardless of the presence or absence of an ocean.
This can be understood in terms of the substantial horizontal
compression induced in edifices welded to a flexing lithosphere
(e.g., McGovern and Solomon, 1993, 1998; McGovern et al,
2001). The compression results in stress states consistent with
sill intrusions for most of the edifice (c.f. dark blue lines in
Figure 7), although small portions at the lower parts of the
flanks exhibit stress states that allow for angular diking and
few occurrences of circumferential dikes (c.f. light blue and
green lines in Figure 7). This horizontal compressional stresses
increase will promote the formation of magmatic reservoirs
by trapping intrusions within the edifice (Kligel et al., 2015;
McGovern et al,, 2015). The resulting oblate reservoirs or sill
complexes can lead to the lateral migration of magmas into the
edifice’s flank; these magmas can ultimately reach zones favoring
vertical propagation (Chestler and Grosfils, 2013) and ultimately
promote lateral migration of volcanic activity (Maccaferri et al.,
2017). Furthermore, the reduction in Ao and increase in vertical
compression experienced by a sub-ocean volcanic edifice subject
to flexure (Figures?7, 8) will increase the likelihood that a
stress perturbation of given magnitude (such as magma chamber
inflation Chestler and Grosfils, 2013, regional stress fields, or
local edifice deformation) can re-orient the principal stresses to
achieve a state of horizontal principal extension consistent with
magma ascent.

APPLICABILITY TO NATURAL VOLCANIC
SYSTEMS

Our models represent theoretical end-members that do not
imitate the full reality of natural volcanic systems, which are
known to be far more complex. Nonetheless, we will discuss
similarities and differences between our results and several
natural examples worldwide.

More common on continental basaltic volcanoes (Poland
et al., 2008; Roman and Jaupart, 2014), the formation of radial
dike systems on basaltic ocean island volcanoes, as observed

on Fernandina (Galapagos; Chadwick and Howard, 1991), Fogo
(Day et al., 1999) or Piton de la Fournaise (Michon et al., 2016)
is explained by some authors by the behavior of the magmatic
system and/or with its interaction with the volcanic edifice
(Chestler and Grosfils, 2013; Corbi et al., 2015). However, the
state of stress within an edifice subjected to flexural deformation
inhibits radial intrusions to develop (Figures 3B, 4C,D, 7, 8).
Here, we show that growing edifices lacking flexural deformation
will tend to promote the formation of radial dike systems
(Figures 3A, 4B, 5, 6) which can be applied at Piton de la
Fournaise (Lénat, 2016) where the plume positive buoyancy
contribute to the dynamic support of the load of La Réunion.
Flexure can also be counteracted by magmatic intrusions at
crustal levels that can lead to uplift deformation of the basaltic
ocean island volcano allowing potential stress state rotation and
the formation of radial dike intrusions in the upper part of the
edifice (e.g., Fogo, Cape Verde; Kliigel et al., 2015; Ramalho et al.,
2017).

Hawaiian volcanoes are the typical example of volcanic edifice
subjected to flexural deformation (Thurber and Gripp, 1988;
Watts and ten Brink, 1989; Wessel, 1993; Pritchard et al., 2007).
Geophysical data have provided information on the growth and
contemporary magmatic processes occurring at these volcanoes
(Hill and Zucca, 1987) and their structural interpretation defines
the Hawaiian flanks to be composed of basaltic dikes overlaid
by pillow lavas and subaerial flows and clastic deposits (Hill
and Zucca, 1987). While recent formation of pillow lavas is
linked to the subaerially erupted material traveling through lava
tubes (Garcia and Davis, 2001), the formation of dikes in the
flanks of a growing underwater edifice and their accompanying
pillow lavas could correlate with the stress orientation favoring
angular and circumferential dike formation in the flanks of the
growing flexural model subjected to an ocean load (Figure 8C).
As the volcanic edifice grows and the flexural response increases,
compressional stresses will inhibit vertical magma propagation
favoring sill intrusion and the development of accumulation
zones or reservoir within the edifice (Figures 8D; Staudigel and
Schmincke, 1984; Ryan, 1988; Pietruszka et al., 2015).

Our results also have implications for the outer flank
submarine structure of basaltic ocean island volcanoes.
Bathymetry data for Fernandina volcano (Galdpagos Islands)
reveal three focused offshore rift zones emanating from the
southwest, west, and northwest submerged flanks (Geist et al.,
2006). These workers attribute the rift zones to a rift-normal
orientation of the least compressive stress o3, arguing for a
transition in stress states between low differential stress in
and beneath the subaerial edifice (producing diffuse radial rift
zones) and high differential stress in the outer flanks (producing
strongly defined radial rift zones). Our results suggest an
alternative scenario: incrementally grown ocean loaded edifices
in a half-space configuration predict outer flank stress states with
high Ao and principal stress orientations consistent with radial
diking (red solid lines in Figure 5), an effect that is particularly
enhanced relative to oceanless models for early stages of growth
(steps 2-4, with edifice dimensions comparable to those of
Fernandina) and for the 60% flank position. Thus, radial dikes
within the edifice, predicted by the stress states of Figure 5, could
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transport magmas from centrally located magma bodies to the
locations of the rift zones, as inferred on petrological grounds by
Geist et al. (2006). We note that such a scenario is not consistent
with the stress states found for the flexural models (Figures 7,
8), suggesting that expected downward flexure at Fernandina
is being counteracted by some mechanism. The inference of
substantial crustal underplating at the western Galdpagos based
on analysis of bathymetry and gravity data provides such a
mechanism (Mittelstaedt et al., 2014).

The presence of thick and dense fluid layers at other planetary
bodies in the solar systems provides a final application for
our analysis. The ~9 MPa surface atmospheric pressure on
Venus can provide a stress-altering effect comparable to an
ocean depth of about 1km on Earth, helping to counteract
the magma ascent-inhibiting effects of the large magnitude
horizontal compressive stresses predicted for the very broad
basaltic volcanic edifices on Venus (e.g., McGovern and
Solomon, 1998). Further, worlds with substantial water oceans
that envelop silicate cores, such as Jupiter’s moon Europa, may
exhibit silicate edifice-building volcanism at the surfaces of
the cores. In the case of Europa, the total thickness of outer
ice shell plus ocean may be as high as 100km (Nimmo and
Pappalardo, 2016), providing an immense vertical load on an
edifice that could re-orient the principal stresses to enhance
horizontal extension (and thus magma ascent) at a magnitude
at least comparable to, and likely greater than, the effects
shown in Figures 3-7. Thus, the mechanical effects of an icy
planet ocean may facilitate eruption and edifice construction at
the top of a silicate core, in turn enhancing delivery of heat
and chemical energy to the subsurface ocean, with important
implications for surface ice shell structure and astrobiological
potential.

CONCLUSION

The growth of basaltic ocean island volcanoes is linked to their
growth rate, the flexural response of their underlying lithosphere
and the presence of an ocean. Specifically, these factors
significantly influence a volcano’s internal stress distribution and
preferred pathways of magma propagation.

In this work, we show that vertical propagation of magmas
is favored for a limited flexural response of the lithosphere,
which can be caused by a balance between edifice growth (i.e.,
loading) and (a) mantle plume rise, magmatic underplating
and/or crustal accumulation (pushing against the load), or (b)
the presence of an ocean (pushing on the flanks). We translate
predominant types of magmatic intrusions at volcanic ocean
islands into edifice growth mechanisms: extrusive/exogenous
growth is more like to occur within incrementally-grown
edifices that are affected or not by the load of a water
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