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Simulating the deformation of active volcanoes is challenging due to inherent mechanical complexities
associated with heterogeneous distributions of rheologic properties and irregular geometries associated
with the topography and bathymetry. From geologic and tomographic studies we know that geologic
bodies naturally have complex 3D shapes. Finite element models (FEMs) are capable of simulating the
pressurization of magma intrusions into mechanical domains with arbitrary geometric and geologic
complexity. We construct FEMs comprising pressurization (due to magma intrusion) within an
assemblage of 3D parts having common mechanical properties for Rabaul Caldera, Papua New Guinea.
We use information of material properties distributed on discrete points mainly deduced from
topography, geology, seismicity, and tomography of Rabaul Caldera to first create contours of each
part and successively to generate each 3D part shape by lofting the volume through the contours. The
implementation of Abaqus CAE with Python scripts allows for automated execution of hundreds of
commands necessary for the construction of the parts having substantial geometric complexity. The
lofted solids are then assembled to form the composite model of Rabaul Caldera, having a geometrically
complex loading configuration and distribution of rheologic properties. Comparison between predicted
and observed deformation led us to identify multiple deformation sources (0.74 MPa change in
pressure in the magma chamber and 0.17 m slip along the ring fault) responsible for the displacements
measured at Matupit Island between August 1992 and August 1993.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

volcanic areas, as well as their topography and bathymetry. As
increased computational power became more widely available,

Advancements in computer resources and computational tech-
niques have opened the possibility to apply 3D solid modeling and
simulation to large-scale deformation of geological structures. Since
the beginning of the application of finite element models (FEMs) to
volcanic studies, axisymmetric and two-dimensional models were
extensively used (Bianchi et al., 1984; Dieterich and Decker, 1975;
Yang et al., 1988). Owing to computational limitations, the early
FEM studies predominantly used two-dimensional or axisymmetric
modeling, which simulates a magma chamber as a regular shaped
fluid-filled cavity. Consequently, these early models lacked geo-
metric fidelity to a natural volcanic system. In fact, model symmetry
poorly reflects the highly heterogeneous distribution of properties of
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larger 3D models became feasible and results from three-
dimensional models were increasingly reported in the literature
(Currenti et al., 2011a; Masterlark et al., 2012; Meo et al,, 2007;
Trasatti et al., 2008). Up to now, most approaches for 2D and 3D
modeling of volcano crustal deformation and stress distributions
have been based on applications of pressure loads, embedded in
either homogeneous or layered elastic half-spaces (Dieterich and
Decker, 1975; Geyer and Gottsmann, 2010; Gudmundsson and
Brenner, 2004; Gottsmann et al, 2006; Pritchard and Simons,
2004; Trasatti et al., 2003).

Due to the complex history and array of physical and chemical
processes occurring in volcanic areas, volcanic systems are char-
acterized by abrupt spatial variations of material properties, both
lateral and vertical. Considerable improvement of volcano deforma-
tion models thus may be attained by taking into account spatial
variations in the rheological properties (Currenti et al., 2011b;
Masterlark et al., 2012; Pedersen et al., 2009). Geologic maps,
tomographic images, and seismicity data provide information on
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the distribution of material properties and stress regime, which
often reveal a complex picture of the volcanic system.

This paper explores the capabilities of Abaqus software
(Abaqus, 2009) in modeling a 3D volcanic system as a geometric
pressure load embedded in an assembly of rheologic parts. We
provide a strategy to use information on the distribution of
material properties inferred from tomographic studies, among
other geophysical and geological information, in order to create a
3D representation of geological bodies. The bulk of this analysis
is devoted to creating parts using the Abaqus geometry definition
functions: splines and solid lofts, implemented with Python
scripts to automate execution of Abaqus commands. As a case-
study, we apply our methodology to build a 3D model of the
Rabaul Caldera, Papua New Guinea, in order to study the defor-
mation that occurred between 11 August 1992 and 30 August
1993 in the area of Matupit Island (Saunders, 2001).

2. Method, 3D modeling strategies

The goal of this study is to provide a strategy to build a 3D
geologic model using the Abaqus/CAE environment. Abaqus is a
commercial software that uses Python commands during the
model creation. The Python code provides access to Abaqus
functions. We took advantage of this versatility developing some
Python routines which significantly increased the flexibility of
Abaqus functions and allowed for automated execution of hun-
dreds of commands, as is necessary to produce complex 3D parts.
To construct the 3D model, a CAE approach that allows simple
creation and alteration of model geometries was used in combi-
nation with Python scripts, written to control the input points and
the creation of splines and lofted volumes. For each recognized
geologic region, an Abaqus part was first built with the help of the
Python script and then modified by using boolean operations in
the CAE environment during the assemblage of the model. Finally,
all parts were merged into a single entity (Fig. 1), preserving the
numerically welded boundaries of the individual parts.

The meshing procedure was preceded by the initial phase of
constructing a suitably smooth solid geometric representation of
the geologic body volumes deduced from geologic maps, earth-
quake locations, and tomographic images of Rabaul Caldera
(Finlayson et al., 2003; Greene et al., 1986; Heming, 1974; Jones
and Stewart, 1997; Mori and McKee, 1987; Saunders, 2001).
Geologic bodies such as magma chambers have complex 3D
shapes, so their solid representation assumes complex three-
dimensional shapes that can be built by lofting the body through
cross-sectional closed splines. In fact, considering a contour as a
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continuous curve representing the intersection of a plane and the
surface of an object, one technique for creating a solid volume is
to imagine contours from different hypothetical slices and to loft
a solid through these contours. The same technique can be used
to construct a surface through many surface sections (Fuchs et al.,
1977; Meyers et al., 1992). In our approach, to construct the
primitive parts of the model as smooth 3D objects, we used
discrete geo-referenced points obtained from tomographic
images and geologic maps (Figs. 2 and 3a-d). Because the Abaqus
solid-loft function uses a series of consecutive 2D cross sections
bounded by closed splines to generate a volume, we needed to
first identify some contours from the tomographic profiles and
tomographic slices at different depth (e.g., magma chamber
construction in Fig. 3c and d). Two-dimensional contouring
involved fitting splines through a number of control points
(Zhang et al., 2005) located along the 2D cross sections of the
body. We first created contours and then sculpted the solid
objects (magma chamber, caldera infill, etc.) by lofting them
through their contours. The lofted object geometries were later
modified and adjusted to the surrounding objects they were in
contact with using partitions and boolean operations. The boolean
operation makes use of primitive solid objects and utilizes the
regularized boolean operators (union, difference, etc.) to combine
the primitive objects into new solid objects. Finally, we assembled
the entire model combining all the objects into one single part.

2.1. Identify control point coordinates and create an input file

The process of building a 3D geometry for an FEM consists of
three main steps: (1) Choosing the control points, (2) Building
the 3D parts, and (3) Assembling the parts to build the model.
An additional step, meshing the resulting 3D construct, is
discussed later.

Tomographic and geologic images were geo-referenced to the
Universal Transverse Mercator (UTM) projection system through
the open-source GIS software package QGIS (Quantum GIS
Development Team, 2011). The UTM system has some advantages
for Abaqus users. In this global coordinate system, a grid con-
structed on the Transverse Mercator projection of each longitude
zone is used to locate points. The grid system is rectangular,
decimal based, and has uniform units of measure that are
amenable to Cartesian coordinate mathematics and suitable for
the large scale domain of volcano deformation problems. This
procedure enabled us to choose and obtain the spatial coordinates
of strategic points which were later imported in Abaqus CAE and
used as control points for the object spline contours (Fig. 3d).
Points with UTM coordinates (X, Y;, Z; for East, North and up) are
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Fig. 1. Conceptual diagram of the model geometry construction.
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Fig. 3. Area study and parts construction. (a) Map of the geologic sub-domains on top of two tomographic profiles (adapted from Finlayson et al. (2003)). Footprint of the
tomographic slices is shown (boxed area centered on Rabaul harbor). Dashed lines on X-Profile show the position of the slices at different depths. (b) Simplification of
approximate geometry of the five geologic sub-domains from interpretation of Finlayson et al. (2003) tomography. (c) Slices at 1, 2, 3, and 4 km depths under the central
Rabaul Caldera adapted from Finlayson et al. (2003). Solid lines are the contours used as reference for the magma chamber closed splines. Control points coordinates,
cPt=(X, Y;, Z;), are chosen along these contours. Dashed lines on the slices at 2 and 3 km represent the seismically active portions of the ring fault recognized by Jones and
Stewart (1997), above 2 km and below 3 km, respectively. (d) Abaqus 3D solid part representing the magma chamber with splines and control points superimposed for
clarity. The geometry of the magma body is achieved by lofting the solid through five horizontal closed sections at different depth (closed splines). Depth refers to sea level.
Points in figure are the control points used to create the closed splines.

easily imported in the Abaqus cartesian space and ready to be coordinates are measured in meters and they translate directly
used to build more evolved objects. In the UTM system, coordi- to distances on the ground, allowing the user a rough preliminary
nate precision is readily understood; for our purposes, control of the geometric model.
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A good approach for the selection of spline control points
(Fig. 3d) is to choose strategic points along the contour we want
to be represented by a spline (Fig. 3c) in Abaqus. Thus, the control
point coordinates cPt;=(X;, Y; Z;) were obtained by manual
selection of points along the chosen body contours (Fig. 3c) on a
geo-referenced horizontal tomographic slice. For very precise 3D
representation, this could be a drawback as it can lead to
pronounced geometric discrepancies between the spline and the
parent cross section perimeter (Young et al., 2008). However, this
technique is suitable for geological purposes where the sections
along which we select the control points are tomographic images
characterized by resolution of kilometers (Finlayson et al., 2003)
and smooth changes of Vp, which cannot resolve sharp bound-
aries between velocity anomalies. Abaqus CAE reads and imports
the control point coordinates of closed contours from a text file
through the first commands of the Python script (Appendix A). In
the text file, the control point coordinates (X;, Y; Z;) have to be
recorded in three columns. The points need to be specified in the
order that the spline passes through them. Finally, the first and
the last point have to be coincident in order to ensure the creation
of a closed spline (Fig. 1).

2.2. Importing control points and creating part contours

All processes of importing points and generating closed splines
were automated in a Python script (Appendix A). This script can
be executed in Abaqus CAE. The script reads the input.txt file,
imports the control point coordinates, recognizes the different
depth values (Z;) encountered in the file through the group index
group I=2 specified by the user, and calls the Abaqus function
WireSpline, which generates a series of planar closed loops (one
spline contour for each depth value encountered).

2.3. Assembling the model

Once we had all the parts needed (one for each geologic
region), the model was assembled in the CAE Assembly module.
With the use of boolean operations, two or more solids can be
combined. Solid combination by boolean operators provides great
flexibility to create a variety of shapes. First, all parts were
reshaped using boolean operations in order to fit the neighbor

upper crust

lower crust

mantle

part surfaces. The advantage of using boolean operations is that
they allow us to obtain new objects whose surfaces are precisely
coincident with the adjoining parts, avoiding the formation of
unwanted gaps in the model. The resulting parts were then
stacked together from the upper crust parts to the mantle part
forming a pile. The cavity for the magma chamber was created by
subtracting the magma chamber solid from the pile, while the far
field was shaped as a hemisphere by building a mold as a separate
object and using it, through boolean operation cutting tools, to
remove any exceeding volumes (outside of the wanted far field
boundaries) of the piled layers.

3. A case-study: Rabaul Caldera, Papua New Guinea

We built the FEM to simulate the observed deformation of
Rabaul Caldera as the result of pressurization of a magma
chamber embedded in a heterogeneous elastic model domain.
Expressed in index notation, the governing equations for the 3D
elastic domain having spatially variable material properties are

0 ou; 0 ou; oy

e e @ ] o
where u is displacement, G is the shear modulus, v is Poisson’s
ratio. The subscripts i and j span orthogonal direction components
x,y,and z, and i #].

A complete description of an FEM includes the governing
equations, the tessellated geometric domain, initial conditions,
boundary conditions, and applied loads. The governing equations
are given in Eq. (1). The 3D problem domain approximated a solid
hemisphere with a diameter of 100 km centered on the caldera
(Fig. 4). The outer surface of the hemisphere represented the far-
field of the problem domain, and we assumed that it was far away
enough from the caldera for displacements to vanish and to be
specified as zero displacement. The magma chamber of the
Rabaul system was simulated as a pressurized cavity. The loads
applied to the system were both a pressure load along the wall of
the embedded cavity and slip along a section of the ring fault.

The mesh used for this study has characteristic length of the
element edges on the free surface of about 150 m above the
magma reservoir, where a higher displacement gradient is
expected, and gradually increasing characteristic lengths up to
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Fig. 4. FEM configuration. Parts of the upper eight km (a) Baining Mountains block (sky blue), dike complex block (violet), and intra-caldera fill block (light gray). Extra-
caldera deposits block has been ignored to permit the visualization of inner parts. (b) Magma chamber magnified about three times for clarity. (c) Magnification of intra-
caldera fill block. (d) General scheme of the model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)



E. Ronchin et al. / Computers & Geosciences 52 (2013) 325-333 329

about 3000 m near the far-field boundary where lower displace-
ment gradients are expected. The element length near the magma
chamber is about 300 m. Masterlark et al. (2012) validated a
similar FEM configuration for volcano deformation.

3.1. Building the Rabaul Caldera geometry

Rabaul Caldera is a historically active collapse caldera system
with an elliptic shape having major and minor axes of 14 and
9 km, respectively. Geologic relations document successive over-
lapping caldera forming events during the past few hundred
thousand years accompanied by the eruption of dacitic ignim-
brites, which largely filled the collapse depression (Heming, 1974,
1977; Heming and Carmichael, 1973; Nairn et al., 1995). These
events resulted in a complex caldera shape and topography, and
mechanical properties of caldera fill successions conspicuously
different from the surrounding rocks. Since surface deformation
is greatly influenced by material heterogeneities of the crust
(Pedersen et al., 2009) and is very sensitive to the presence of
weak materials within a caldera (Masterlark et al., 2012), we
focused our attention on modeling the first eight kilometers
(Figs. 3b and 4a, b and c). The choice of point coordinates,
necessary to control the splines construction and used as input
for the Python code to build the solids, was guided by the
Finlayson et al. (2003) tomographic slices and the Heming
(1974) geology previously geo-referenced through the QGIS-
Grass functions (Fig. 2). The control points were input in UTM
coordinates, the Y axis and X axis assumed, respectively, the
North-South and West-East direction.

Table 1
FEM configuration and parameters.

Based on the seismic tomography and geology, we chose to
represent the domain with eight geologic bodies of different
elastic properties (Table 1). These bodies were constructed as
3D deformable solid parts by using the lofting technique, parti-
tions, and boolean operations in the Abaqus Assembly module.
Based on the properties distribution derived from the tomo-
graphic sections and geological map, the upper part of the model
(first 8 km of the upper crust) was subdivided into five solids: the
Baining Mountains, the volcanic deposits external to the caldera,
the infill deposits, the magma chamber, and the dike complex
(Fig. 3b and Table 1). The remaining three regions were the
mantle, the lower crust, and the upper crust (Fig. 4d). The
transition between crust and mantle is located at a depth
of 30km; this assumption is justified by previous studies
(Finlayson and Cull, 1973; Wiebenga, 1973).

At Rabaul Caldera, seismic hypocentral locations define an
elliptical volume having horizontal major and minor axes of 10
and 5 km, respectively. This volume is interpreted as bounded by
ring faults overlying a central region of low seismicity at depths
below 2-4 km that is inferred to represent the present-day
magma chamber (Mori et al., 1989; Lipman, 1997).

Due to the feasibility of making an arbitrary 3D shape in
Abaqus, we have simulated the pressure source as a distributed
load pressure in a single 3D reservoir having a complex shape
with variable depth of the roof. The Rabaul reservoir cavity was
inferred from tomographic slices (Fig. 3c). A region of magma
accumulation under Blanche Bay was deduced from anomalously
low P-velocity (Vp) distribution shown by the tomographic data
(Finlayson et al., 2003). With the help of tomographic slices

Parameter Description

References

FEM domain extension (UTM zone 56M)
Xmin=Easting 3.6048e+05 m

Xmax=Easting 4.6048e+05 m

Ymin=Northing 94.8075e+05 m
Ymax=Northing 95.8078e+05 m

Center of FEM domain 4.1052e+05, 95.3091e+05 m UTM

Analysis type elastic
Maximum FEM domain depth 50e+03 m
FEM domain radius 50e+03 m
Chamber volume 32x10°m3

FEM far field boundary conditions Zero displacements

Top of problem domain Topographic relief

Elements (1st order tetrahedra) 280,000

Elastic formulas G=Vs?.p and E=2 G-(1+v), where G is the shear modulus and Vs was computed from Vp velocities,
inferred from tomography (Finlayson et al., 2003)

Intracaldera-fill

Extra-caldera

Baining Mountains

Dikes complex

Upper crust

Lower crust

Mantle

Density =1900 kg/m>
Vs=337m/s
E=0.5x10° Pa
v=0.15

Density =2052 kg/m*
Vs=882 m/s

E=4.08 x 10° Pa
v=0.28
Density=2627 kg/m>
Vs=2854 m/s
E=54.98 x 10° Pa
v=0.28

Density =2936 kg/m>
Vs=3322 m/s
E=85.53 x 10° Pa
v=0.29
E=37.5x10°Pa
v=0.25

E=200.724 x 10° Pa
v=0.29

E=174.59 x 10° Pa
v=0.28

(McKee et al., 1984; Jaeger et al., 2007) from Vp velocities
(Brocher, 2005 Eq. (6)). From elastic theory formulas
(Wang, 2000)

(Brocher, 2005 Eq. (1), Rodriguez-Losada et al., 2009)

from Vp velocities (Brocher, 2005 Eq. (6))

From elastic theory formulas.

(Rodriguez-Losada et al., 2009)

(Gardner et al., 1974) from Vp velocities (Brocher, 2005 Eq. (6))
From elastic theory formulas. (Christensen, 1996 Eq. (1))

(Christensen, 1996) from Vp velocities (Brocher, 2005 Eq. (8))
From elastic theory formulas,

(Turcotte and Schubert, 2002; Carlson, 2001)

(Christensen, 1996 Eq. (1))

Masterlark (2007)

Masterlark (2007)

Turcotte and Schubert (2002)

Masterlark (2007)

Turcotte and Schubert (2002)

Turcotte and Schubert (2002)
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(Finlayson et al., 2003) and distribution of earthquake focuses
(Mori and McKee, 1987; Jones and Stewart, 1997; Saunders, 2001)
we inferred the size and shape of the magma chamber. The
outward-dipping ring fault structure overlying the central region
of low seismicity is outlined by the location of the earthquake
focuses of the above mentioned studies. Jones and Stewart (1997)
recognized two elliptical faults at different depths: an outer
elliptical fault which embraces a smaller inner elliptical fault in
its northern end (Fig. 3c). As faults cannot propagate in molten
rocks, we assumed that the magma chamber should be enclosed
into the ring fault structure with a narrower and shallower
intrusion below the northern end of the outer ring fault, between
Matupit Island and Turangunan. This ring fault complexity
reflects the complex shape of the magma chamber and also
defines the extension of the magma body. We outlined closed
contours around the low velocity zone of the tomographic slices
at 2, 3, and 4 km depth of Finlayson et al. (2003) tomography and
picked some control points (cPt) (Fig. 3c). Then, we used the
Python script (Appendix A) to import the control points and to
generate a spline curve for each relevant contour of the magma
chamber in CAE. Finally, we lofted a solid through the sections
defined by the splines in CAE. In order to create the smooth solid
part representing the magma chamber (Fig. 3d), the splines
curves were sequentially lofted from the bottom (contour
4500 m below the sea level) to the uppermost spline. The
modeled magma chamber had a volume of 32 x10°m3, in
agreement with the volume calculated by Finlayson et al. (2003)
and had a roof with variable depth: 1900 m under Greet Harbour,
in good agreement both with the depth of 1800 m previously
estimated from leveling and gravity data (McKee et al., 1989) and
with the depth of 2000 m estimated from tilt data (McKee et al.,
1985), and 3000 m under Vulcan in agreement with tilt measure-
ments (McKee et al., 1985) and with the low velocity zone shown
in the X-profile of Finlayson et al. (2003) tomography. The magma
chamber bottom reached its maximum depth of 4500 m centrally
under Blanche Bay.

The sediment and rock units outside the caldera are preva-
lently non-welded tuff (Heming, 1974; Heming and Carmichael,
1973; Nairn et al., 1995). The geometry of this volume was mainly
inferred from the geologic map (Heming, 1974) and tomographic
sections (Finlayson et al.,, 2003) (Fig. 3a). The intra-caldera fill
(Fig. 3b) is defined by a region of low velocity detected by the
tomography X-Profile (Finlayson et al., 2003) in the area of
Blanche Bay and Vulcan edifice, filling the caldera topographic
depression and gradually deepening from —800 m in the North to
up to about — 1500 m in the South, below Karavia bay. Finlayson
et al. (2003) imaged high velocity features around the magma
chamber and under the rim of Rabaul Caldera that were inter-
preted to be mafic intrusive rock and that here are assumed to be
a swarm of mafic dikes (Fig. 3b).

Another high Vp region occurs west of Rabaul Caldera, from
the surface down to 5-6 km depth, and represents the Baining
Mountains range (Finlayson et al., 2003), which is made up of
tertiary volcanoclastic sequences, volcanic sediments, and lime-
stones all intruded by leucogabbros, adamellites, and granites.
This range can possibly extend as a slab interfingered with
unconsolidated sediments under the Rabaul Caldera, making part
of the caldera basement (Heming, 1974; Madsen and Lindley,
1994; Finlayson et al., 2003). In the proximity of Rabaul Caldera,
the Baining Mountains are mainly represented by limestone, as
can be deduced from the presence of Rembar Range limestone
about 20 km west of the caldera (Heming, 1974; Nairn et al,,
1995) and limestone about 20 km north-west of the caldera, in
Watom island (Heming, 1974) (Fig. 2).

Elastic properties were calculated from the Vp distribution
provided by the tomography (Finlayson et al., 2003) and are
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5.104

Fig. 5. Filter used to control distortion of the elements while applying the PMP to
the free surface nodes in order to add the topography to the FEM. R is the distance
of a free surface node from the center of the domain.

summarized in Table 1. Tomography and geology provided
detailed information about the property distribution in an area
of about 15 km radius centered around Rabaul Caldera. Outside of
this perimeter, tomographic information was missing. We over-
came this lack of information by extending the Baining Mountains
and Extra-caldera sediments volumes to the domain boundaries.

Once the desired internal structure of the problem domain was
built, the next step was to refine the geometry of the top of the
problem domain in order to be more representative of the real
land surface and sea floor. We used the Pinned Mesh Perturbation
(PMP) method described by Masterlark et al. (2012) to generate
the complex geometry of topographic and bathymetric relief of
the stress-free surface. The terrain relief describing the geometry
of the Earth’s surface for both onshore and offshore regions of the
model domain was compiled from three types of data having
different resolution: the 90 m resolution SRTM data from the
EROS-USGS website (EROS, 2011), the relatively coarse resolution
(1-minute) gridded bathymetry data available from the GEBCO
project website (GEBCO, 2011), and bathymetric data of Blanche
Bay (RVO data). In order to avoid excessive element distortion
during the perturbation of the mesh, we refined the mesh,
reducing the size of the elements for areas having steep slopes,
and we smoothed the displacements applied to the free surface
nodes through a spatial filter (Fig. 5), which preserved the
displacements in the central area of the free surface domain and
reduced the applied displacements to zero along the border of the
free surface. This way, the free surface was faithfully adapted to
the topography in the area of interest (Rabaul Caldera) while
avoiding large distortion due to the oceanic trench present in the
areas far from the caldera center.

4. Deformation data modeling and results

We used the 3D FEM to simulate uplift at Rabaul Caldera
comparable to leveling data published by Saunders (2001). First,
in order to generate a deformation comparable to the observed
one, an adequate change in pressure due to magma intrusion was
derived from linear inversion of leveling data and applied to the
magma chamber walls. We therefore assessed the calibration of
two model parameters, the pressure change in the magma
chamber, and the slip along a fault through linear inversion of
the leveling data.
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We modeled the displacements which occurred between
August 1992 and August 1993 along the level line M (Saunders,
2001; Fig. 6 of this work) by inverting the data to first fit a source
of pressure change and successively to fit the combination of a
pressure change in the magma chamber and a normal dip slip
fault along a segment of the ring fault.

Due to the traditional methods used to measure the caldera
deformation, few level lines pass over the ring fault, so much
detail of the complex deformation is missed. That means that only
portions of the ring fault have any detailed data. For this reason
we considered the portion of the ring fault that could greatly
affect the deformation along the level line M that crosses the ring
fault with closely spaced benchmarks (Fig. 6).

Deformations collected along level line T and those collected
during July 1994 were not used because they are thought to be
driven by the presence of deformation sources not taken into
account in our model, such as the Talwat fault (Fig. 6) and a
dilating fracture, respectively (Saunders, 2001).

Leveling data are of the First Order and Class [ (Vanicek et al.,
1980; Dzurisin, 2007). The accuracy estimates include both a
length-dependent term to account for random surveying errors
(Vanicek et al., 1980) and a time dependent term to account for
vertical instability (Dzurisin et al., 2002; Wyatt, 1989). As the data
of deformation are relative to the August 1992 survey taken as
datum, the standard deviation of the height change is due to the
contribution of the standard deviations of both surveys. Pelton

331

and Smith (1982) provided the formula to calculate the standard
deviation of a height change measured by comparison of two
leveling surveys:

5(0h) = \/o1(h)* + 62(h)

where o¢(h) and o,(h) are the standard deviation of height
differences measured by the first and the second survey,
respectively.

Computation of standard deviation of leveling measurements
of level line M gives different values for each observed data,
which means that every observation should not be treated
equally during the inversion. Weighted least squares account for
errors correlated to the measurement elevation by weighting the
misfit using a matrix of data weights, We, in order to give each
data point its proper amount of influence over the parameter
estimates. We jj=1/0; is a diagonal matrix containing the inverse
of the standard deviation of leveling measurements (¢;; Menke,
1989). Thus, the W, matrix defines the relative contribution of
each individual error to the total prediction error. The equation
for the forward weighted model is

(@)

W.Gm = Wed (3)

where G is the model matrix, m is the parameters vector, and d
is the column vector of leveling measurements. The linear least

LI R S e s e

LA N B e B B B B

T T T T T T T T T T

r BM21.

Papua

9535000
I

New Guinea™ ey M

Australia

New Ireland
Rabaule

Britain

0.08

Y (m)
9530000
T

0.06

0.04

9525000
T

Displacements (m)

".'~-T5V zl'caldera i

" Tovanumyatir

AP =0.74%0.03 MPa
+ slip = 0.17£0.02 m

Greet
Harbour

Matupit
Island

I
=)
o
=3
S
S

410000
- UTM zone 56M, X (m)

0.02

0.00

T T T T T S T T YT O N N RO

415000

/ slip=0.17£0.02 m

-0.02
5

000

4000

3000 2000 1000

30
20 -

10
ok
-10

(m)

Elevation

[ /W”/*R//, /\/\/
m)

Distance (
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Table 2
Parameters of the fault patch.

Dip slip dislocation (m) 0.17
Length (m) 2600
Width (m) 2600
Depth of Okada’s origin-fault center (m) 2700 b.s.l.
Angle inclination (deg.) 82w
Angle strike (deg.) 216

Okada’s origin in the center of the fault patch, UTM
coordinates (m)

East 409,350
North
9,532,293

squares inverse solution for Eq. (3) is (Aster et al., 2005):
Mest = [(;3\,(;w]_l Gsvdw “4)

where Gy =W.G and d,,=W.d. This solution minimizes the sum
of the weighted squared residuals, e"W.e, where the residuals are
e=[d—Ues] and Uese=Gmeg; is the vector of estimated vertical
displacements.

Assuming only the change in pressure in the magma chamber
as the deformation source, we built the model matrix G using the
FEM-generated impulse response functions (Masterlark, 2007),
applying a unity pressure change (1 MPa) on the magma chamber
walls. The parameter AP estimated by the weighted least squares
linear inverse solution (Eq. (4)) is equal to 0.64 + 0.03 MPa; the
displacements predicted at the benchmarks by the FEM applying
this pressure are shown in Fig. 6.

Assuming two complementary sources of surface deformation,
the change in pressure AP in the magma chamber and the slip along
a ring fault patch S (see Table 2 for fault patch parameters; Okada,
1992), the inversion analysis returns two parameter estimates:
0.74 + 0.03 MPa and 0.17 + 0.02 m, respectively (Fig. 6). The change
in volume of the magma chamber related to the estimated over-
pressure is 4.0 +0.16 x 10° m>,

5. Discussion and conclusions

We presented some strategies to integrate different types of
information (geologic, tomographic, structural, and seismic data)
in order to generate a complex 3D FEM of a volcanic system.
Using contours, loft methods, and boolean operations in Abaqus
CAE, integrated with the proposed Python script (Appendix A), we
were able to take into account the spatial information of geologic
bodies during the building process of 3D complex solids. The
application of these strategies to the Rabaul Caldera case-study
led to the construction of a new 3D FEM of the Rabaul system, but
the same straightforward strategies can be applied to model any
other volcanic system having the necessary constraining informa-
tion for the internal structure (e.g. seismic tomography).

We compared the displacements predicted by the FEM to
observed displacements, by applying a positive change in pres-
sure of 0.64 MPa (inferred from the inversion of leveling data) to
the walls of the magma chamber. Both FEM predictions and
leveling data are strongly correlated with distance from the
inflation center of Greet Harbour proposed by McKee et al.
(1984, 1985). The FEM prediction recovers 72% of the leveling
signal. The graph in Fig. 6 illustrates the strong discrepancy
between the predicted and the observed signal, which we inter-
preted to be due to the effects of the slip along the portion of the
ring fault. In order to verify this hypothesis and to better recover
the observed deformation signal, as no discontinuities were
simulated in the Rabaul Caldera FEM proposed here, in addition
to the pressure source simulated by the FEM, we computed the
contribution of the slip along the portion of the ring fault located
across the leveling line M, using the Okada (1992) analytical
model. Information about the shape of the fault patch and its

relative fault parameters were inferred from the distribution of
ring seismicity in the area of leveling line M from Saunders
(2001).

Earthquakes, generated as a response to overpressure in a
shallow magma chamber, are focused along discontinuities
(Troise et al., 1997) where shear slip takes place causing the
upward motion of the inner collapsed area (De Natale and Pingue,
1993). The distribution of earthquakes thus gives important
information about the dip and the geometry of the ring fault.
The fault model parameters of the ring fault patch considered to
be responsible for the deviation of 3D FEM predictions from the
observed data, resumed in Table 2, are generally consistent with
the distribution of hypocenters under level line M, which shows
an active area between about 2000 and 4000 m depth (Jones and
Stewart, 1997; Saunders, 2001) (Fig. 6).

By introducing a new parameter in the inverse analysis for slip,
S, along the fault patch in addition to the change in pressure AP,
we obtained new parameter estimates. The new predicted signal
of the displacements obtained by summing the deformations
predicted by the FEM and the Okada forward models recovers
98% of the observed signal (Fig. 6 dark gray), and thus well
explains the deviation of the 3D FEM prediction from the
observed signal as consequence of the strong influence of the slip
along the ring fault patch.

Future studies using the proposed 3D FEM of Rabaul might
focus on the understanding of the role property spatial variations
and topography play in modifying the surface deformation.
A further step in the improvement of the 3D Rabaul FEM can be
done including the ring fault discontinuities in order to investi-
gate the behavior of the ring fault and the interaction between the
ring fault structure and the magma chamber.
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