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Abstract

Most caldera volcanoes are associated with circular dike intrusions. Ring-dikes form
during complete or partial subsidence of the caldera floor and may be responsible
for eruption locations that surround a structural basin. Through a systematic set of
numerical models, this paper summarizes a variety of types, mechanisms, and patterns
of caldera ring-dikes that can be observed in nature. Caldera subsidence is simulated
by magma chamber depressurization; three main sets of models are distinguished.
First, local linear and circular faults are included in order to understand their effect on
caldera-related displacements. Second, passive opening at a ring-fault is studied in
order to understand where ring-dike intrusions may occur. Third, models are designed
to exemplify how processes external to the caldera, such as a tectonic earthquake or
an eccentric intrusion, may affect the location of a ring-dike intrusion. These models
suggest that ring-dikes commonly form ‘‘incompletely,’’ i.e. only part of a ring can
be intruded because of the nonuniform displacement field around the ring-fault.
As described in the discussion, these models help explain the locations of ring-dikes in
various volcanic regions.
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1. Introduction

Large-volume ash-flow eruptions and sporadic cones typically align along the
circumference of a caldera basin (e.g., Walker, 1984; Lipman, 1997; Cole et al.,
2005). Studies of caldera structures show that groups of eruption feeder pathways
form discordant intrusive bodies with near-circular geometries in map view.
Intrusions along a circle around a volcanic center were described in detail in the
early twentieth century (Clough et al., 1909); these intrusions are referred to as ring-
complexes. Ring-complexes are very common for volcanoes with surface expressed
calderas (Richey, 1935; Smith and Bailey, 1968; Lipman, 1984), and different types
are distinguished. The geometry of ring-complexes comprise circular or angular,
inwardly dipping, vertical, and outwardly dipping dikes of variable thickness. These
can be singular intrusion events or multiple dikes, forming basaltic or silicic sheets.
Intrusion dynamics of ring-complexes include those that generate their own
propagating fractures or those that reactivate existing fracture zones. In the latter
case, the dike may follow predefined faults of regional tectonic and/or volcano-
tectonic origin.

In association with collapsed calderas, two main types of ring-complexes can be
distinguished (see Table 1): inwardly dipping (often 30–451) concentric dikes,
referred to as cone sheets (Bailey et al., 1924), and near-vertical or often outwardly
dipping concentric dikes intruded parallel to (or into) the ring-faults, referred to as
ring-dikes (Anderson, 1936; Billings, 1943). In the mid-1930s, E.M. Anderson
developed the first mathematical theory for the development of ring-complexes
(Anderson, 1936); a fluctuating pressure within a deep parabolic magma chamber is
thought to be responsible for the formation of ring-complexes. The two different
types of ring-complexes are therefore defined geometrically as well as genetically;
while cone sheets are thought to form during stages of caldera floor uplift
(inflation), ring-dikes form during stages of caldera floor subsidence (deflation).
This work focuses on the different conditions and geometries of ring-dike
formation related to caldera subsidence.

Ring-dikes ideally intrude along the ring-fault and form a closed ring; more
commonly, they only partially intrude into a ring-fracture to form curved or
segmented dikes (Billings, 1943; Bonin, 1986). Ring-dikes are often only a few
centimeters or meters thick. However, old eroded caldera system ring-dikes can
reach massive dimensions, wider than 10 km and more than 0.5 km thick. Classic
ring-dikes were described for volcanic systems in Scotland; for instance, at Glencoe
caldera, a deeply eroded caldera with inverted relief, caldera subsidence affects an
oval-shaped area and activated boundary faults (Clough et al., 1909). Although
similar mechanisms were applied to most intrusive complexes in the British
Volcanic Tertiary Province (Richey, 1935), newer studies suggest that some of these
ring-complexes are lopolithic intrusions associated with inflation and doming
(O’Driscoll et al., 2006).

A major difficulty in ring-dike studies is that exposures are usually poor and
often obscured by sedimentary caldera infill or other intrusive bodies (O’Driscoll
et al., 2006; Kennedy and Stix, 2007). It has been shown that the geometry of a
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Table 1 Classification of ring-complexes into cone sheets and ring dykes.
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ring-fault is important for ring-dikes. Based on studies using field constraints
(Newhall and Dzurisin, 1988), laboratory work (Komuro, 1987; Roche et al.,
2000; Acocella et al., 2001; Walter and Troll, 2001; Kennedy and Stix, 2003; Geyer
et al., 2006) and numerical modeling (Komuro et al., 1984; Gudmundsson, 1988;
Burov and Guillou Frottier, 1999; Kusumoto and Takemura, 2003, 2005), it now
appears that ring-fault location, dip, and slip are mainly controlled by the depth and
geometry of the magma chamber. The depth of a magma chamber is usually
between 2 and 15 km. For example, an intrusive body is suspected to be 2 km
beneath the Yellowstone caldera, 4–7 km beneath the Long Valley caldera, and 5–
15 km beneath the Valles caldera (Lipman, 1997). Calderas are often elliptical, for
instance the 35# 73 km Garita caldera, and the presently active Rabaul caldera,
which is 5# 10 km. Besides such geometrical difficulties, combinations of stress
fields, for instance, those due to a second deep magma chamber or regional
tectonics, may influence the geometries of ring-complexes near the surface (Marti
et al., 1996; Gudmundsson, 1998). In order to understand the general formation
and appearance of ring-faults, the reader is referred to other papers within this
volume detailing the structural development of caldera-related fault structures.

Ring-faults are often described as pure dip-slip structures; however, as shown
by the conceptual model of Figure 1 and by the abundance of intrusive dikes along
these faults, ring-faults (re)activate as opening mode fractures (Anderson, 1936).
The necessary space for ring-dike intrusion can be generated during caldera floor
subsidence. In fact, many former ring-faults are used as dike propagation paths,
such that outcrops of ring-dikes appear to be more common than outcrops of ring-
faults. A caldera ring-fault may become active during magma pressure changes
associated with, for example, input of fresh magma from deeper sources (Sparks et
al., 1984) or magma evacuation (Druitt and Sparks, 1984). Also, caldera ring-faults
may slip or open due to tectonic activity, a remote stress field, or pre-existing strain
history (Gudmundsson, 1988; Newhall and Dzurisin, 1988; Marti et al., 2000;

Magma chamber

Ring-dike

Collapse caldera

Figure 1 Sketch of ring-dike formation. During de£ation of a large magma chamber
(decrease of magma pressure), the chamber roof subsides (white arrow) to form subvertical or
outwardly dipping ring-faults. A ring-dike (shown in dark gray) intrudes into such ring-faults.
The ring-dike may reach the surface, as shown here, or may occur only underground and
develop a bell-jar geometry and the surface £exure above (this geometry is shown by the
dashed lines).
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Bosworth et al., 2003), and thereby influence ring-dike intrusions. This means that
ring-dikes may be emplaced in association with both magma chamber pressure
changes and extrinsic processes. In this paper, the conditions under which ring-
fractures may open to facilitate ring-dikes will be further explored and summarized.
This work uses a set of boundary element models that address the question of where
and under which circumstances a ring-fracture is subject to opening, and thus
examines the geometric possibility of ring-dikes. The first models are simple, using
spherical magma chambers and cylindrical ring-fractures. More complex models
are then designed in order to understand the effects of ellipsoidal and sill-shaped
chambers, and to test how extrinsic activities, such as peripheral radial dikes or
earthquakes, can affect the locations and patterns of subsequent ring-dikes.
Natural ring-dikes strongly compare to the patterns described herein (see Section 4).
This paper intends to provide a general overview of ring-dike formation using
numerical models, with the goal of stimulating successive studies at key locations
elsewhere.

2. Modeling Method

Numerical models are performed in a three-dimensional linear elastic half-
space medium, using a boundary element code (Crouch and Starfield, 1983;
Becker, 1992; Thomas, 1993). The modeling method is based on the analytical
solutions for angular dislocations in isotropic half- and full space (Comninou and
Dundurs, 1975), and has already been used in various studies concerning the
development of stress in volcanoes (e.g., Walter et al., 2005; Walter and Amelung,
2006). Using combinations of angular dislocations, polygonal (triangular) boundary
elements are made that together can describe complex three-dimensional objects.
This allows finite magma chambers and ring-faults of various dimensions to be
considered. Boundary conditions are defined as tractions or displacements at
the center of each element. Linear equations are solved in order to calculate
displacement distributions along faults, dikes, and magma chambers. For a more
detailed description, see Thomas (1993).

This study considers (i) a deflating magma chamber of various geometries
(spherical, oblate spheroid, ellipsoid), (ii) a subvertical ring-fault surrounding the
magma chamber (spherical, elliptical), (iii) freely slipping faults that may be
reactivated during magma chamber evacuation, and (iv) dike intrusion and faulting
in the periphery of the ring-fault.

The boundary element method was validated by comparing it with the
analytical solution of a spheroid source (Yang et al., 1988); results agree within a few
percentage for the studied range of geometries. The type of loading as shown in this
paper is pressure change at the magma chamber by "10MPa (depressurization). If
other types of loading were applied, they are specified below. AYoung’s modulus of
E ¼ 70GPa and a Poisson’s ratio of v ¼ 0.25 were assigned that were typical values
for the shallow crust (Turcotte and Schubert, 2002). Varying these material
properties can affect the magnitude of the results, but the patterns remain similar.
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Various model geometries were considered, and tests were conducted for reservoir
radii of 5 and 10 km, yielding very similar results. For spherical chambers, a radius
of 5 km was used, while for elliptical chambers, 10# 5 km was chosen. These
diameters agree with most known calderas (Newhall and Dzurisin, 1988). The
depth chosen for the chambers was 10 km to the reservoir center, thus between
5 and 7.5 km to the reservoir roof. Although realistic loading conditions and
geometries were applied for all models, the results are used mainly in a qualitative
way. The main goal of these model simulations is to emphasize the geometric
complexities of ring-dikes at various caldera systems.

3. Results

Three main sets of results are distinguished. First, deformation around a
depressurized magma chamber is described together with how local structures can
affect deformation. Second, the amount a ring-fault surrounding the depressurized
magma chamber opens is described in order to examine the potential locations of
dike intrusions. Third, models are designed to exemplify how processes external to
the caldera, such as an earthquake or intrusion, can affect the location of a ring-dike
intrusion. The results are shown in map view, cross-section, and side views as
displacement vectors and contour plots. A coordinate system is indicated in each of
the figures for orientation; x–y is used for the horizontal plane and z denotes the
vertical direction, so a view in the x–z plane is a side view.

3.1. Deformation around a depressurized magma chamber

3.1.1. Deflating spherical magma chamber
First, a simple scenario with a deflating magma chamber embedded in a uniform
elastic material is considered. The magma chamber is spherical, with a radius
r ¼ 5 km, located at a depth d ¼ 10 km below the surface (i.e. the depth of the roof
of the chamber is 5 km). The magma chamber is subjected to a pressure drop of
10MPa; this is the only type of loading in these models. The model setup is shown
in Figure 2A, and results are shown in map view (Figure 2B) and along a cross-
section west to east (x–xu, Figure 2C, D). The horizontal displacement field, shown
by displacement vectors, indicates movement of the material towards the deflating
source. Contours in Figure 2B indicate the amount of vertical displacement (Uz),
which is negative and thus defines subsidence. The cross-sections indicate the
horizontal displacement field (Ux, Figure 2C), showing that the material on the
west side of the chamber is displaced to the east, while the material on the east of
the chamber is displaced to the west (Figure 2D). At the surface, the maximum
horizontal displacement occurs at a slightly eccentric location above the edge of the
chamber. The vertical displacement field (Uz) shows that the material above the
chamber sinks downward (Figure 2D); maximum subsidence occurs in a bell-
shaped area just above the magma chamber. Below the chamber, a slight upward
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displacement can be observed (Figure 2D). Similar models have been studied
by other researchers in order to simulate, for example, caldera formation, elastic
flexure due to (under) pressurized sources, and related surface deformation
(Gudmundsson, 1988, 1999; Bosworth et al., 2003; Kusumoto and Takemura,
2003; Pinel and Jaupart, 2005; Dzurisin, 2007).

Deflating spherical magma reservoir 

B) Map view, displacement vectorsA) Map view, model setup

Cross-section
in x-direction 

D) Cross-section, z-displacement (Uz)
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Figure 2 De£ation of a spherical magma chamber. (A) Map view of model setup (x--y plane).
The magma chamber (5 km radius) is emplaced at (x, y) coordinates (0, 0) at 10 km depth, and
is subject to a pressure drop of 10MPa. (B) Map view of displacement vectors at the surface
(x--y plane).The vectors converge toward the de£ating source. Contours indicate negative
vertical displacement (subsidence). (C) Cross-section x--xu.The displacement ¢eld in the
horizontal direction (Ux) shows peak values near the chamber and at two locations at the
surface. (D) Cross-section x--xu.The displacement ¢eld in the vertical direction (Uz) shows a
bell-shaped subsidence area.
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3.1.2. Deflating spherical magma chamber with a nearby reactivated fault
Caldera systems are often located in tectonic areas already faulted by previous
geological processes. In this set of models, a fault is introduced that is passively
allowed to slip in the along-strike and dip-slip direction. All other model
parameters, magma chamber shape and position, loading and output, are the same
as described in the previous model. The fault is vertical and oriented south to
north, 5 km from the magma chamber (Figure 3A). Displacements are calculated
in map view (Figure 3B) and along cross-section x–xu, perpendicular to the fault
(Figure 3C, D). The pattern of subsidence above the evacuating magma chamber

Deflating spherical magma reservoir nearby reactivated fault

B) Map view, displacement vectorsA) Map view, model setup

D) Cross-section, z-displacement (Uz)

C) Cross-section, x-displacement (Ux)
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Figure 3 De£ation of a spherical magma chamber near a reactivated fault. (A) Model setup
(x--y plane). A linear vertical fault is de¢ned 10 km from the magma chamber, from 2 to
20 km depth.The magma chamber is subject to a pressure drop of 10MPa. As a result, the fault
can be reactivated and slip in dip-slip and strike-slip motion. (B--D) Same as in Figure 2; the
fault is shown only in D. Note that displacement vectors and ¢elds are in£uenced by the fault.
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(contours in Figure 2B) is influenced by the reactivated fault, with larger
displacement vectors near the fault. The cross-sections show that evacuating the
magma chamber results in higher horizontal (Ux) and vertical (Uz) displacements
near the fault. The vertical displacement field Uz shows a maximum downward
displacement centered above the chamber. Similarly, previous researchers have
discussed the effect of freely slipping faults near magma chambers subject to
pressure changes (Gargani et al., 2006). Some other studies considered circular
faults around a magma chamber, as detailed below.

3.1.3. Deflating spherical magma chamber enclosed by a reactivated ring-
fault
A caldera ring-fault can be considered a zone of weakness that may accumulate
volcano-tectonic strain. In the end-member scenario, caldera ring-faults are free
to slip, considerably affecting deformation at the surface. Figure 4 shows a circular
fault at a radius of 10 km circumscribing the deflating magma chamber. The fault
can be considered a ring-fault peripheral to the active magma system, and can be
reactivated in dip-slip and strike-slip. All other model parameters are the same as
described above. The horizontal displacement vectors show material convergence
towards the reservoir (Figure 4B). In cross-section, the displacement Ux shows
slightly smaller values near the surface (Figure 4C). In contrast, vertical
displacement Uz shows a broad area of subsidence (Figure 4D). The bell-shaped
area of peak subsidence is less expressed, meaning that subsidence would most likely
occur as a uniform block, limited by the reactivated ring-fault. There is more
subsidence than in models lacking such a ring-fault, although the pressure drop
within the magma chamber is the same (cf. Figure 2). Several previous studies have
considered the effect of reactivated ring-faults surrounding a magma chamber
subject to pressure changes, for instance, at the caldera of Campi Flegrei, Italy.
These studies analyze the extent of deformation due to magmatic or hydrothermal
activity influenced by fault reactivation (Troise et al., 1997, 2003, 2004; Petrazzuoli
et al., 1999; Beauducel et al., 2004). It must be noted that the pattern of
displacement fields can vary depending on the type and geometry of the reactivated
ring-fault.

3.2. Predicting the location of ring-dike intrusions

The following models consider an evacuating magma chamber and a passively
opening ring-fault. Results are shown in map view and in side views, displaying the
contoured amount of ring-fault opening. In these calculations, the displacement
perpendicular to each element of the ring-fault is determined; a positive dis-
placement means that ring-dike intrusion is facilitated, while a negative
displacement signifies areas where ring-dike intrusions are hindered. These models
are designed to predict the most likely location and direction of a ring-dike
intrusion, based on the assumption that a ring-dike intrusion may preferentially
occur where the ring-fault is opened.
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3.2.1. Deflating spherical magma chamber
In this model, a deflating magma chamber is encircled by a ring-fault, which
reaches from the base of the magma chamber to the surface (Figure 5).
Displacement vectors and displacement contours suggest piston-type subsidence
with the largest horizontal displacement in the periphery (Figure 5B). The side
views onto the opening ring-dike (Figure 5C) show that the displacement at the
ring-fault is largest at depth near the magma chamber and is radially uniform,

Deflating spherical magma reservoir enclosed by reactivated ring-fault

B) Map view, displacement vectorsA) Map view, model setup
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Magma chamber
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D) Cross-section, z-displacement (Uz)
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Figure 4 De£ation of a spherical magma chamber enclosed by a ring-fault. (A) Model setup
(x--y plane). A ring-fault is de¢ned surrounding the magma chamber, with a radius of 10 km
at 2--20 km depth.The magma chamber is subject to a pressure drop of 10MPa. As a result,
the ring-fault may be reactivated and slip in dip-slip and strike-slip. (B)--(D) Same as in
Figure 2. Displacement abruptly stops at the ring-fault, whileUz deformation is ampli¢ed
inside the ‘‘caldera.’’
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implying that a dike intrusion could occur anywhere along the ring-fault and in a
complete circle around the magma chamber. Separate tests were done to study
the effect of a ring-fault dipping in or out (not shown in figures), which affects
the amount of opening in the sense that a larger amount of opening is found

Deflating spherical magma reservoir, opening at ring-fault

B) Map view, displacement vectorsA) Map view, model setup
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Figure 5 De£ation of a spherical magma chamber causes opening at a circumferential ring-
fault. (A)Model setup (x--yplane).Themagma chamber (5 km radius) is emplaced at (x, y)
coordinates (0,0) at10 kmdepth, and is subject to apressure dropof 10MPa.A ring-fault is de¢ned
surrounding themagma chamber, with a radius of 5 km at 0--20 kmdepth. Boundaryconditions
are set so that the ring-fault is allowed to open. (B)Amapviewof horizontal displacement vec-
tors at the surface (x--yplane) shows convergence toward the de£ating source.Vector magnitudes
are largest at the periphery and tend tobecome zero inside the caldera (piston subsidence).
(C) Side views on opening ring-fault (left showingx--zplane, right y--zplane).The projection
of the spherical magma chamber enclosed by the ring-fault in (C) is indicated as a dashed ring
centered at10 kmdepth.Maximumopening occurs near themagma chamber.The pattern is
radially symmetric, so dike intrusion (shown byblack arrow)mayoccur as a complete ring.
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for outwardly dipping ring-faults. However, a more complex shape of the ring-
fault or magma chamber or a variably dipping ring-fault may yield variable
amounts of opening, thus also affecting the geometry and completeness of a ring-
dike.

3.2.2. Deflating sill-shaped magma chamber
Because magma chambers are typically flattened rather than spherical (Marsh,
2000), a sill-shaped (oblate spheroid) geometry must be considered, as it may
significantly affect the distribution of ring-fault opening. In this model, a deflating
sill-shaped magma chamber is encircled by a ring-fault, and the setup of the model
is similar to the scenario described above with the only exception that the magma
chamber is flat: 10 km wide and 5 km high (Figure 6). Depressurizing the
sill-shaped magma chamber causes the most pronounced ring-fault opening along
a narrow band around the magma chamber (Figure 6C). However, the amount of
opening is smaller than for the spherical magma chamber model (note the different
color scale in Figures 5 and 6). The most likely upward propagation path of a
dike cannot be determined in this scenario, because the pressure source is perfectly
radially symmetric; therefore, any location around the ring-fault may be used.
This pattern significantly changes if the magma chamber is elliptical, as shown
below.

3.2.3. Deflating an elliptical magma chamber
Most actual calderas and their associated ring-faults are not circular, but elliptical
(Holohan et al., 2005). As a consequence, the pattern of ring-fault opening and
intrusion differs significantly from the radially symmetric scenario. In this model,
a sill-shaped deflating magma chamber elongated in the east-west direction is used
(ellipsoid shaped). The magma chamber is 20 km long, 10 km wide, and 5 km high
(elongated in the x-direction), and is encircled by a ring-fault (Figure 7A). The
magma chamber center is 10 km below the surface and is subject to a pressure drop
of 10MPa (Figure 7B). The model predicts a maximum in ring-fault opening at
magma chamber depths. The x–z and y–z side views onto the ring-fault show the
regions subject to opening. The largest amount of opening occurs at the short-axis
side of the elliptical ring-fault (Figure 7C left) and drops to zero along the long-axis
side of the elliptical ring-fault (Figure 7C right). The model results can thus be
interpreted in such a way that dike intrusions are more likely to occur and to
propagate upward along the short-axis side of the elliptical ring-fault. It may also be
possible that ring-dike intrusions change their intrusion direction and migrate
laterally into the short-axis side, as indicated in Figure 7C. The caldera that formed
the Bishop Tuff eruption at Long Valley, for instance, is thought to have initiated at
the short-axis side, as suggested also by recent analog experiments (Holohan et al.,
in press).

Thomas R. Walter362



3.3. How processes external to the caldera system may affect the
location of ring-dike intrusions

3.3.1. Tectonic earthquake at a distance
Many calderas systems are located in highly active tectonic regions where large
earthquakes can occur and affect the activity of the volcano magma system. In this

Deflating sill-shaped magma reservoir, opening at ring-fault

B) Map view, displacement vectorsA) Map view, model setup

C) Side views on opening ring-fault
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Figure 6 De£ation of a sill-shaped magma chamber causes opening at a circumferential ring-
fault.The magma chamber is vertically £attened (5 km radius in x and y directions, 2.5 km in
z direction, aspect ratio 2:1), emplaced at (x, y) coordinates (0, 0) at 10 km depth, and is subject
to a pressure drop of 10 MPa. All other parameters and sub¢gure explanations (A--C) are the
same as in Figure 5.This model suggests that the zone of maximum opening is restricted to very
close to the sill-shaped magma chamber.The pattern is radially symmetric, so dike intrusion
(shown by black arrow) may occur as a complete ring.
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model, the effect of a tectonic earthquake distant from the ring-fault is considered.
The earthquake is simulated by 5m uniform slip on a 20# 20 km fault, 100 km
from the ring-fault (Figure 8A). A low-angle thrust earthquake is simulated, as if in
a subduction zone. As in the models described above, the amount of opening is
calculated at the ring-fault in order to predict the location of a ring-dike. Map view
shows displacement vectors directed to the west towards the earthquake zone and
slight subsidence due to the reactivated (opened) ring-fault (Figure 8B). The model
predicts maximum opening at two opposite sides of the ring-fracture, with slightly
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more on the side closer to the earthquake (Figure 8C). The model thus suggests
that a dike intrusion is encouraged in these two zones, while complete ring-fault
reactivation and ring-dike formation appears unlikely. A similar effect can be
expected for zones subject to tectonic rifting. The models imply that tectonic
deformation may have a large effect on the ring-dike intrusion pattern and thus also
affect the location of an eruption.

3.3.2. Radial dike intrusion outside the ring-fault
Some systems are known for a pattern of radial dikes and fractures outside the
caldera basin (e.g., Galapagos Islands, Chadwick and Howard, 1991; Gran Canaria,
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Figure 8 Remote tectonic deformation acting on a ring-fault. (A) Model setup (x--z plane).
An earthquake was simulated 100 km from the ring-fault, its characteristics resembling a
subduction earthquake. A ring-fault is de¢ned with a radius of 5 km at 0--20 km depth.
Boundary conditions are set so that the ring-fault is allowed to open due to the earthquake.
(B) A map view of horizontal displacement vectors at the surface (x--y plane) shows displace-
ment of the hanging wall toward the earthquake source. Note small subsidence caused by
reactivation of the ring-fault. (C) Side views on opening ring-fault (left showing x--z plane,
right showing y--z plane). Maximum opening occurs at two regions of the ring-fault.
Dike intrusions into the ring-fault are encouraged perpendicular to the slip direction of the
earthquake (potential dike paths shown by black arrow). A similar displacement pattern is
expected for ring-faults subject to rifting episodes.
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Troll et al., 2002). In this model, an intrusion of a radial dike outside a caldera ring-
fault is considered (Figure 9A). The radial dike is 15 km long and deep, and subject
to 1m of uniform opening. This induces a displacement at the adjacent ring-fault.
Similar to the models described before, the ring-fault is allowed to open. The map-
view displacement vectors show extension perpendicular to the dike and two lobes
of uplift (Figure 9B), typical for shallow dike intrusions (Dzurisin, 2007). The side
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views show that maximum opening occurs at the part of the ring-fault that is closest
to the dike (Figure 9C). This suggests that ring-dike intrusion might occur at the
segment of the ring-fault that is closest to the radial dike intrusion in the periphery
of the caldera. Accordingly, a dipping dike would lead to ring-dike formation that
obliquely propagates upwards.

4. Discussion

This paper uses numerical models to (i) describe deformation around a
depressurized magma chamber and test how local structures can affect this
displacement, (ii) describe the potential of opening a ring-fault in order to examine
the location at which potential dike intrusions occur, and (iii) describe how
processes external to the caldera, such as an earthquake or radial intrusion, affect the
location of a ring-dike intrusion.

The models are simplified and assume a homogeneous elastic material. Volcanoes,
especially caldera volcanoes that experience a high degree of fracturing and
hydrothermal weakening, may have a time-dependent viscoelastic rheology (New-
man et al., 2001) and rock-strength values that vary by as much as several orders of
magnitude (Watters et al., 2000). The variations in material may be lateral (due to
fracturing, dikes, alteration) or vertical (due to lithologic layering, increasing
confining pressure). Thus, the development of a stress field and the deformation
pattern may be influenced by such heterogeneities (e.g., Manconi et al., 2007;
Gudmundsson, 2006). One may speculate, for instance, that the amount of ground
displacement in a deflating or inflating caldera basin can be amplified by rock types
that have a lower modulus of elasticity. Likewise, the effect of external processes, such
as earthquakes or dike intrusion in the periphery of the volcano, may have an effect on
caldera systems. The models used in this study assume that the intrusion of ring-dikes
as subvertical extensional fractures (mode I) is governed by opening perpendicular
to a ring-fault. This generally agrees with historical caldera activity, where
displacement often occurs along near-vertical ring-faults (Newhall and Dzurisin,
1988). However, it must be noted that this is a simplification of more complex
geometries, as some historical caldera ring-faults have shear fractures that dip slightly
inward (Darwin caldera) or outward (Rabaul caldera), the latter also approximating
the findings of previous seminal work (Anderson, 1936, 1937). Some (probably most)
dike intrusions intrude in a mixed-mode mechanism, including opening (mode I)
but also strike-slip shear (mode II) and dip-slip shear (mode III) dislocation, which is
not considered in the models presented here. Nevertheless, important conclusions can
be drawn from these models, as shown by comparisons to natural caldera systems.

The models imply that a ring-dike forms in a uniform circular way only when
the magma chamber is uniform, perfectly spherical, and not influenced by regional
or external structures or deformation fields. Most other numerical models suggest
that a potential ring-dike is more likely to intrude only partially into a ring-fault.
Likewise, typical ring-dikes found in nature show such complexities, where in
combination with the models summarized here, external influences can be assessed.
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Surface eruptions circumscribing a caldera center have occurred at several
locations, for instance, on Deception Island (1967–1969) and Niuafoou (1853,
1867) (Newhall and Dzurisin, 1988). While some historical caldera activity may
have been related entirely to ring-dikes, others have been due to a dike that was
partially reactivated and intruded a pre-existing fault. At Rabaul, a caldera system
with a strongly elliptical outline, eruptive activity simultaneously occurred on
opposite sides in 1878 and 1937 (Mori and McKee, 1987; Nairn et al., 1995;
Saunders, 2004). At some caldera systems, ring-dike intrusions and eruptive activity
occurred at two or more ring vents, as for example at the 20# 30 km wide
Tondano caldera in 1952 and 1971 (Lecuyer et al., 1997).

Several examples of calderas and their ring-dike structures are shown in
Figure 10. The first image shows a downsag caldera, lacking prominent ring-
fractures and ring-dikes. The Gross Brukkaros system in Namibia (Figure 10a) has
not formed zones of major concentric structural weakness. The 10 km wide
structure was first subject to shallow magma inflation at about 4 km depth (Komuro
et al., 1984) and intense surface doming, bending the surface stratigraphy
(Stachel et al., 1994). The doming phase was followed by depletion of up to
5 km3, but no major ring-dike or ring-fault structure was formed. This example
illustrates that large magma evacuation and downsag caldera subsidence is possible
without major structural fracturing and dike injection visible at the surface.

Intrusion around a caldera basin is the most comprehensible representation of a
ring-dike. Some of the ring-dike intrusions occur along a single ring-fault, while
others occur along several subparallel faults that form a near-concentric pattern at
the surface. Ring-dikes are described in the Peninsular Range Batholiths of Baja
California, Mexico, and southern California (Johnson et al., 2002). The formation
of the Ramona ring-dike (Figure 10b) is thought to have been associated with a
phase of subsidence of the caldera floor (Mirriam, 1941). Another elliptical ring
structure is shown, from the El Pinal complex (Figure 10c), which is interpreted as
a ring-dike that causes a well-developed contact zone (Duffield, 1968).

Ring-dike structures that develop in a region tectonically predisposed or subject
to a tectonic stress field may develop very complex shapes. An intruding ring-dike
may follow pre-existing faults or discontinuities and thus abruptly stop or change its
direction, conditioned by various parameters such as material property, fault friction
coefficient, pore pressure, and state of stress. A simple scenario was simulated here
to illustrate the significance of pre-existing discontinuities. The numerical model
showed that caldera subsidence close to a linear fault is highly asymmetrical, being
focused at one side of the fault structure. The Erongo complex is one of the largest
of the Damaraland complexes in Namibia, and shows a central 30 km wide massif
with silicic intrusions, partly encircled by a tholeiitic ring-dike with a 50 km
diameter (Figure 10d). The ring-dike half formed only on the north-western side of
a SW–NE oriented regional fault that was thought to have been reactivated during
intrusion (Wigand et al., 2004). It was suggested that the ring-dike formed after a
caldera collapse (Wigand et al., 2004). The absence of a ring-dike on the segment
opposing the fault implies that circular dike intrusion was hindered. The models
shown in this study suggest that a reactivated tectonic fault may act as a barrier
to deformation; so a change in magma chamber pressure leads to significant
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Figure 10 Examples of ring structures and ring-dikes. (a) After Stachel et al. (1994). (b) After
Johnson et al. (2002). (c) After Johnson et al. (2002). (d) AfterWigand et al. (2004). (e) After
Sturkell and Sigmundsson (2000). (f) AfterAguirre Diaz and Labarthe Hernandez (2003).
(g) After Jonsson et al. (1999) and GVP (2005). (h) After Beauducel et al. (2004). (i) After (a).
See discussion text for details.
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deformation only on one side of the fault. Thus, dike intrusion occurs only on one
part of the circle: the numerical models support the evolutionary hypothesis
and structural development proposed for the Erongo complex (compare Figures 3
and 4).

Many caldera systems and ring-dikes form in areas that are subject to tectonic
deformation. The Askja volcanic complex is located at the divergent plate boundary
in northern Iceland and hosts the 8 km wide Askja caldera (Sturkell and
Sigmundsson, 2000). In 1875, dike intrusion occurred in the south-eastern margin
of the Askja caldera, associated with a Plinian eruption and a parasitic 4.5 km wide
caldera that is now filled by Lake Öskjuvatn. The dike was part of a larger rifting
event, and reactivated the south-eastern flank of the Askja caldera ring-fault. The
models presented in this paper show that these parts of the ring-fault are subject to
opening if a remote extensional deformation source is applied, for example, a
tectonic earthquake or rifting. Dike opening due to tectonic extension is also
proposed for large-scale eruptions in Mexico (Aguirre Diaz and Labarthe
Hernandez, 2003). The so-called fissure ignimbrites are probably not directly
related to caldera collapse, but may be related to tectonic unclamping of a main dike
(Figure 10g).

A well-exposed ring-dike is known from Loch Ba at the igneous center of Mull,
in northwestern Scotland (Figure 10f ). Ring-dike emplacement occurred
during the last major intrusive event of the volcanic center, intruded directly into
a ring-fault. The dike is rhyolitic and contains up to 20% mafic inclusions, implying
significant magma mixing (Walker and Skelhorn, 1966; Sparks, 1988). The ring-
dike is thought to have intruded the ring-fault during a rapid caldera collapse
associated with the violent eruption of a welded tuff from a strongly zoned magma
chamber (Sparks, 1988). The dike is mostly vertical and dips 70–801 outward in the
north-western segment (Bailey et al., 1924). However, the ring-dike does not form
a complete ring; instead, it intrudes with a variable thickness from 0 to 400m along
a ring 8 km in diameter. In areas where the dike did not intrude, a ring-fault is
exposed. This suggests that the ring-dike intruded an existing ring-fault where
variable opening of the ring-fault may be related to small variations in its
orientation (strike and/or dip) or magma chamber geometry.

Volcanic activity outside of a caldera system may affect the location and timing
of ring-dike intrusions. The Galapagos volcanoes are case examples for ring-dike
intrusions that are surrounded by radial dikes in the periphery (Chadwick and
Howard, 1991). Due to alternating radial and circumferential dikes, the Galapagos
volcanoes developed a typical morphology, reminiscent of an ‘‘inverted soup bowl’’
(Chadwick and Dieterich, 1995). In 1995, a radial dike intrusion occurred on the
south-west flank of Fernandina volcano (Figure 10h, just outside of the 5 km-wide
caldera (Jonsson et al., 1999). The volcano did not erupt until an eruptive dike
intruded the ring-fault in the south-western part of the caldera in 2005. The 2005
dike is a ring-dike, and its location matches the location of maximum opening as
suggested by the numerical models in this study (compare Figure 9).

The locations of ring-dike intrusions are probably consistent with areas of
hydrothermal activity, alteration, and ore deposition (Stix et al., 2003). For the
caldera of Campi Flegrei, uplift was suggested to be largely influenced by
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reactivated ring-faults (Troise et al., 1997, 2003, 2004; Petrazzuoli et al., 1999;
Beauducel et al., 2004; De Natale et al., 2006). In summary, the mechanical
processes that reactivate ring-fractures by dikes may also be of major importance for
hydrothermal activity that follows the same trend (Beauducel et al., 2004). Thus,
understanding the formation and reactivation of ring-faults and their susceptibility
to intruding ring-dikes is of major interest to earth scientists of various disciplines.

5. Conclusion

Periods of caldera unrest mainly reflect tectonic and magmatic processes. This
paper focuses on potential intrusion patterns along caldera ring-faults. A systematic
set of numerical models suggests that caldera deformation may be affected by pre-
existing and reactivated tectonic faults and ring-fractures, and that sites of ring-dike
intrusions are controlled by various tectonic and magmatic loading processes.
A tectonic event like an earthquake may lead to localized displacements at caldera
systems and affect the locations of ring-dike intrusions. The shape of a deflating
magma chamber of ring-fault may also affect the locations of ring-dikes. In view of
this the formation of complete ring-dikes appears to be difficult. Many natural
calderas have ring-dikes that can be better understood by examining the local
volcano-tectonic environment and considering the models summarized in this
paper. The locations and patterns of ring-dike intrusions at caldera volcanoes can
also be applied to the distribution of hydrothermal activity and ore deposition
elsewhere.
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