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Abstract:

Excess pressure generated within a shallow crustal magma chamber causes deformation and rupture of the
chamber wall rocks and produces magma driven fractures such as dikes and inclined sheets. The regional stress
field around the chamber largely controls the evolution of such dikes. The presence of mechanical heterogeneity
with varying stiffness of the alternate layers can modify the patterns and magnitudes of stress localization. Thus,

understanding the underlain mechanisms of stress localization around a shallow crustal magma plumbing system
is essential for interpreting volcanic deformation and assessing the eruption potential. By employing a series of
finite element (FE) models based on linear elasticity, the present study aims to evaluate the role of mechanical
stratification and chamber geometry in governing the stress localization patterns and evolution of dikes or
inclined sheets, for different excess pressure conditions. Results suggest that the configuration due to the presence
of a stiff alternate layer limits the vertical propagation of tensile stress by forming a relatively uniform stress
fields around the magma chambers. However, presence of an alternate compliant layer promotes vertical stress
connectivity, which increases with the increasing magma excess pressure. For a circular chamber, tensile stress
localizes preferentially around its boundary which is modulated by the stiffness contrast between the crustal
layers. Conversely, for oblate-shaped chambers, the zones of maximum stress localization lie along its two flanks,

favoring deformation and formation of inclined sheets at the chamber flanks. FE model results show that the
magnitude and pattern of stress localization around a shallow magma chamber is a consequence of mutual effect
of different parameters such as chamber shape, excess pressure and the presence of mechanical stratification.

Thus, it is necessary to consider these diverse parameters for evaluating the deformation in a magma plumbing
system at a shallow crustal depth, and to assess their eruption potential.
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Volcanic eruption potential.

Date of Submission: 20-12-2025 Date of Acceptance: 30-12-2025

I.  Introduction

The mechanical response of the Earth’s crust to pressurization of the magma chambers plays a
fundamental role in controlling a large number of inter-related processes like deformation, chamber stability, and
dike initiation (Gudmundsson, 2012). Magma stored within a specific chamber exerts mechanical and thermal
stress on the host rocks, which can either result in magmatic eruption or lead to magma arrest/deflection at certain
depths (Gudmundsson, 2006). Thus, it is necessary to evaluate the patterns of stress localization around the
chambers to understand the volcanic unrest and predict eruptive behaviour. Mechanical stratification and
structural discontinuities localized in the crustal rocks can control the pathways for magma propagation styles
(Clunes et al., 2021; Luppino et al., 2025; Gaffney et al., 2007). Field analyses from Santorini, Iceland, and the
Central Andes, supported by numerical simulations reveal that the contrasts in layer stiffness and inclination can
significantly modify local stress orientations, assisting in the deflection or arrest of dikes at the layer interfaces
(Drymoni et al., 2020; Barnett & Gudmundsson, 2014; Browning & Gudmundsson, 2015; Clunes et al., 2021).
Moreover, orientation of the mechanically heterogeneous layers within volcanic edifices can govern the surface
stress magnitude and their locations on the surface, which can also constraint the magnitude of surface
displacements (Clunes et al., 2024). Thus, existing studies emphasize the need to incorporate realistic mechanical
stratification into crustal-scale models of magmatic systems.

In nature, generally the shallow crustal magma chambers have irregular shapes (Cruden and Weinberg,
2018; Gudmundsson, 2012). However, the most common shapes considered in the numerical simulations are
circular and elliptical or sill-like configurations (Mogi, 1958; Gudmundsson, 2006; Browning et al., 2021;
Hazarika et al., 2024). The present study considers both these geometries to examine the effect of different shapes
of the magma chambers on stress localization in the surrounding host rock. The combination of chamber geometry
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with varying excess pressure, and crustal stiffness conditions can clearly delineate the pathways available for
magma ascent.

Existing studies on magma chamber dynamics consider a linear elastic rheology of the crustal rocks
(Karaoglu et al., 2016; Browning and Gudmundsson, 2015). Although viscoelastic or elasto-plastic behaviour are
important over longer timescales or higher thermal conditions (Del Negro et al., 2009; Head et al., 2022), the
short-term crustal response during inflation and unrest is dominantly elastic (Watts et al., 2013). Thus, it is
necessary to consider the elastic rheology for short term deformational behaviour of the crustal rocks.
Furthermore, studies combining elastic and thermal response for the crustal rocks demonstrate that thermal
expansion around a magma body increases shear stress while it decreases the tensile stresses (Browning et al.,
2021). These findings thus highlight the importance of thermal as well as the elastic rheological behaviour.

Despite extensive research on magma-chamber dynamics, systematic numerical analyses of stress
localization due to magmatic excess pressure, for a combined variations of chamber geometry with layered crustal
heterogeneity remain sparse. Existing studies consider either geometric variability (Gudmundsson, 2012;
Browning et al., 2021) or stratified host rocks (Drymoni et al., 2020; Clunes et al., 2021) in isolation, rarely
exploring their combined influence on stress localization around a pressurized reservoir. However, Clunes et al.
(2024) have considered a combined configuration of the different magma chamber shapes along with the
orientation of the mechanical layering, though the effect of the magmatic excess pressure remains mostly
unexplored. This motivates our present study to examine how chamber pressurization for a different geometric
configuration interacts with mechanical stratification for interpreting the deformation maps and assessing the
stability of shallow magma plumbing systems. The present study addresses this gap by performing a series of
finite-element simulations under a linear elastic framework. By comparing models with low and high inter-layer
stiffness, we evaluate how stiffness contrast alters the magnitude and spatial extent of stress concentration zones
in a layered crustal segment. We have also examined the influence of chamber geometry to evaluate the possible
effect of the chamber geometry that can control the patterns and locales of the stress localization around the
chamber.

II. Methodology
(i) Finite element model set-up
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Figure 1. Schematic representation of the finite element model setup used i this study. The rectangular crustal doman
(70 = 40 lan) consists of ahomogencous lower crustal region and alayered upper crustal region with altemating stiffness.
The magma chamber 15 represented as (a) a carcular and (b} an elliptical cavity located at a depth of 5 km.

We designed a series of numerical models by considering a rectangular crustal segment having its
horizontal extent of 70 km and depth of 40 km (Fig. 1). The homogeneous lower crust is assigned with a Young’s
modulus (£/) of 40 GPa, while the upper crustal region is considered as a layered system with relatively compliant
(E>) horizontal layers of 200 m thickness. Magma chambers are represented as circular or elliptical cavities
embedded within the shallow layered crust at a depth of 5 km. The circular chamber has a radius of 2 km, while
the elliptical chamber is characterized by semi-major and semi-minor axes of 3 km and 800 m, respectively. The
top boundary, which represents the Earth’s surface, is treated as a free boundary, while both lateral boundaries
are constrained with roller boundary conditions. The two bottom corners of the model domain are kept fixed to
prevent any post-processing computational error.

The model domain is built with free triangular mesh elements having maximum and minimum element
sizes of 2.59 km and 8.75 m, respectively. The maximum element growth rate is maintained at 1.25. A finer mesh
distribution of approximately 600 elements is applied along the chamber boundary and near the top surface to
reduce boundary-effects. All simulations are executed in COMSOL Multiphysics® 5.2 using the stationary
MUMPS solver (Hazarika et al., 2024).
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To assess the influence of mechanical layering, the stiffness of alternating shallow crustal layers is varied
as E> =5 GPa and E, = 20 GPa. For each stiffness configuration, the magma overpressure (P) is varied as 5, 6,
and 7 MPa. To investigate the role of chamber geometry, these parameter variations are carried out for both
circular and elliptical magma chamber configurations.

(ii) Governing equations
The finite-element formulation adopted for this study follows the linear elasticity framework used by
Hazarika et al. (2024) for magma-chamber-host rock interaction. In the undeformed configuration, conservation
of linear momentum for an elastic solid can be expressed as,
[jzui aP; j
(1

p 92 = fv,i +
ap;; ) )
where p, u;, f,; and # are the density, displacement components, volume forces, and the Cauchy’s
]

6x1-

stress tensor, respectively.

As the present study deals with time-independent deformation, inertial terms are neglected and the above
equation reduces to the quasi-static balance of forces,
fo+Vx-PT =0 2)
where, PT and f, are the Piola Kirchoff’s stress tensor and the body force vector, respectively.
The constitutive relation relates the Piola Kirchhoff’s stress to the elastic strain through,
PT=P0+Pext_+C:E,:j (3)

where, Py and P,,, are the reference and external stress tensors, respectively. C = C(E,v) is the fourth-
order elastic stiffness tensor, and € is the strain tensor.
The infinitesimal strain tensor is expressed in terms of the displacement gradients such as,

1(ou; , Ouj
Eij = E(i-i-_]) (4)
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III.  Results

i) Effect of varying stiffness of the alternate layers

The influence of alternating crustal stiffness on stress localization is examined by varying the interlayer
Young’s modulus (£, =5 and 20 GPa) under different magma excess pressure conditions (P =5, 6 and 7 MPa)
(Fig. 2, 3). For the low-stiffness configuration (£, = 5 GPa), the map of tensile stress localization shows
pronounced intensification and propagation of tensile stresses from the chamber roof to the surface measured
along the vertical direction. At P =5 MPa, stress localization occurs primarily at the chamber boundary, which
extends upward along the alternate stiff crustal layers. The tensile stress magnitude near the chamber roof reaches
~9 MPa, then it decreases upward through the inter-layered zone (Fig. 2a). Increasing the excess-pressure to 6
MPa expands the zones of high tensile stress vertically as well as laterally, forming a relatively well-connected
zone of stress intensification above the chamber. At P =6 MPa, the maximum tensile stress increases to ~11 MPa,
and the zones where the stress magnitude exceeds 5 MPa become more continuous along with the inter-layered
sequence within the upper layers (Fig. 2b). At P =7 MPa, the zone of stress accumulation widens further along
both vertically and laterally, producing a large, interconnected region of high stress. In this case, stress magnitudes
further increase to >12 MPa near the chamber roof and 6-8 MPa extending upward towards the surface (Fig. 2c).

On the other hand, models simulated with the stiffer layered crust (i.e., £> =20 GPa), stress concentration
remains localized around the chamber irrespective of the choices of P. At P =5 MPa, a narrow circular zone of
stress develops adjacent to the chamber. The stress magnitude is found to be ~6 MPa near the chamber boundary
that gradually decreases to ~3 MPa in the shallow crustal layers (Fig. 2d). Models solved by increasing P to 6-7
MPa, the magnitude of stress increases gradually and becomes laterally expanded, with minimum vertical stress
propagation through the shallow crustal layers. At P = 6 MPa, the maximum tensile stress magnitude approaches
~8 MPa, while at 7 MPa the stress value is obtained as ~9 MPa. The reduced stiffness contrast between the
alternate layers limits the vertical connectivity of stress towards the surface for a particular choice of chamber
excess pressure, P (Figs. 2e-f). In summary, higher £, values produce a confined and stable deformation regime,
whereas lower E values intensifies both stress magnitude and its spatial distribution with increasing P.
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ii) Effect of chamber geometry on stress localization patterns
E,=5GPa
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Figure 2. Tensile stress localization in a circular magma chamber embedded in a layered
crustal host comprising of compliant (E2 = 5 GPa; left panel) and stiff (E2 = 20 GPa; night
panel) inter-layer sequences for different magmatic excess pressure (P) conditions. (a, d) P
=5 MPa; (b, ¢) P =6 MPa; (c, f) P=7 MPa.

E,=5GPa E,=20 GPa

0 2 4 6 8 10MPa

Figure 3. Tensile stress localization in an elliptical magma chamber embedded in a layered
crustal host comprising of compliant (E2 = 5 GPa; left panel) and stiff (2= 20 GPa; night
panel) inter-layer sequences for different magmatic excess pressure (P) conditions. (a, d) P=
5 MPa: (b, ¢) P =6 MPa; (c. f) P=7 MPa.

DOI: 10.9790/0990-1306021825 www.iosrjournals.org 21 | Page



Role Of Chamber Geometry And Crustal Heterogeneity In Stress Localization Around........

To investigate the potential role of chamber geometry in stress localization, a circular and an elliptical
chamber configuration, embedded within a layered crustal host have been modelled by varying the excess pressure
as P =5, 6 and 7 MPa. In the models having a circular chamber geometry, the stress field is observed to be
vertically symmetric and centered about the vertical axis of the chamber. For the models having compliant
interlayers (E> =5 GPa), at P = 5 MPa, tensile stresses are concentrated along the top and bottom of the chamber,
which extend gradually towards the surface (Fig. 2a). With increasing the excess pressure (P) to 6 MPa, these
zones of high tensile stress are spatially extended into the overlying layers (Fig. 2b). At P =7 MPa, they merge
into a continuous, mechanically connected vertical tensile zone extending toward the surface, indicating potential
locations of roof fracturing and a favorable path for vertical dike initiation (Fig. 2c). However, the models with
stiff interlayer configurations (£, = 20 GPa), show relatively much weaker vertical connectivity of stress between
the layers for different choices of P (Figs. 2d-f).

For the elliptical chamber, the patterns and distribution of the stress field differ from those obtained with
the circular magma chamber. However, it remains symmetrical about the vertical axis. For all the variations of P,
the tensile stress magnitudes generate a maximum value that are obtained along the two lateral chamber tips,
irrespective of the interlayer stiffness choices. For E>= 5 GPa, at P = 5 MPa, the average peak stress along the
chamber flanks is ~15 MPa, rising to ~20 MPa at P = 6 MPa, and finally increases to ~25 MPa at P = 7 MPa
(Figs. 3a-c). Similarly, for £>= 20 GPa, the average peak stress at P = 5 MPa is found to be ~20 MPa, which
increases to ~27 MPa at P = 6 MPa, and further increases to ~32 MPa at P = 7 MPa (Figs. 3d-f). For both the
considerations of interlayer stiffness (£2 = 5 and 20 GPa), the vertical extension of the high tensile stress zones
becomes prominent for a higher choice of P, which favour a strong mechanical linkage between the chamber and
the near surface rock layers, forming arch-shaped stress fields above the chamber roof.

The observed differences in the stress maps obtained from our FE model results suggest that chamber
shape governs the patterns of tensile stress distribution. Circular chambers promotes deformation vertically, while
elliptical chambers distribute it more prominently adjacent to its lateral tips. Increasing excess pressure leads to
increase in stress intensity for the two configurations of chamber geometry considered for the present analysis.
However, the spatial pattern of stress localization is largely governed by the chamber shape and crustal stiffness.
The most extensive and mechanically connected stress regimes occur in case of low-stiffness (£, = 5 GPa) and
high excess pressure (P =7 MPa) conditions, indicating the maximum potential for failure initiation in the layered
crust.

IV.  Discussion

(i) Stress localization in homogeneous vs. layered crust

The geometry of the volcanic edifice and the shallow magma chamber, as well as the pressure variations
within the chamber has a significant control on the variation of stress field in a volcanic setting (Acocella & Neri,
2009). The tensile-stress profiles at the surface and immediately above the circular magma chamber clearly
demonstrate the effect of crustal layering in modifying the patterns of stresses (Fig. 4). Such stresses induced by
the magma excess-pressure can eventually contribute to the eruption dynamics. Our present study focuses on
constraining the influence of stiffness of the rock layers surrounding a pressurized magma chamber. It has been
demonstrated that the stiffness of host rock significantly controls the magma chamber evolution and propagation
behaviour of hydro-fractures, as reported by existing studies (Gudmundsson., 2012; Barnet and Gudmundsson.,
2014). For all the homogeneous and layered crustal configuration, the plots of tensile stress show a higher stress
magnitude just above the chamber comparing to that of the surface stress profiles. In the homogeneous circular
model (Fig. 4a), surface stress increases smoothly with magma excess pressure, with peak stress magnitudes
obtained between ~3 to ~5 MPa, respectively, forming a bell-shaped profile (solid lines, Fig. 4a). Similar patterns
with slightly higher magnitudes of the tensile stress (~4.5 to ~6 MPa) are also observed when the stress profiles
are plotted just above the magma chamber (dotted lines, Fig. 4a). Stiff inter-layer configurations (£, =20 GPa),
introduce heterogeneity in the system that has substantial influence on the stress localization and results in the
elevation of the above-chamber stress magnitudes to the range of ~6 to ~9 MPa (dotted lines, Fig. 4b). Similar
model configuration shows that the surface stress increases relative to that of the homogeneous model to a range
of ~4-6 MPa with increasing P from 5 to 7 MPa (solid lines, Fig. 4b). For the relatively compliant inter-layer case
(E>= 5 GPa), due to the larger difference in stiffness between the alternating layers, a prominent sharpening and
amplification of the stress profiles are observed (Fig. 4c). The surface stress amplifies in the range of ~8.5 MPa
to ~12 MPa (solid lines, Fig. 4c), and the above-chamber stress enhances further from ~9 MPa to ~13 MPa (dotted
lines, Fig. 4c) when P is increased from 5 to 7 MPa, respectively. These results suggest that the presence of an
alternate sequence of stiff and compliant layers (E£> = 5 GPa) act as effective zones for vertical stress transfer,
whereas the presence of alternately lying relatively stiff layer (£, = 20 GPa), with a stiffer crustal rock hinders
the vertical stress propagation. In other words, presence of compliant inter-layer will contribute to more extensive
surface deformation in comparison to relatively stiff inter-layer configuration. These results are in agreement with
previous studies (e.g., Bazargan & Gudmundsson, 2020, Clunes, 2024), that demonstrates that the presence of
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mechanical contrasts can significantly modify tensile stress concentrations at the surface as well as above the
circular magma chamber roof. These factors can thus influence dike propagation paths and the potential locations
of eruptive vents.

For the elliptical magma chamber, stress profiles for homogeneous and layered crustal configurations
are compared along the surface (solid lines, Fig. 5) and along a horizontal section across the center of the chamber
(dotted lines, Fig. 5). The rationale for choosing a section across the chamber in this case is to focus on the peak
stress localization along the two lateral tips of the elliptical magma chamber. The stress profiles across the
chamber for both homogeneous and layered crustal configurations show higher values of stress prominently
forming two peaks of equal magnitudes along the two lateral chamber tips which are directly proportional to the
applied magma excess pressure (P) (dotted lines, Fig. 5). Such peak tensile stress concentration at lateral tips of
the chamber indicates the zones of maximum fracturing from where dike initiates (Gudmundsson, 2006). For the
homogeneous crustal case, the peak stress along the lateral tips reaches ~32 MPa and ~45 MPa for P =5 and 7
MPa, respectively (dotted lines, Fig. 5a). However, our FE model demonstrates strong influence of crustal
layering and stiffness on overall tensile stress localization for varying values of magma excess pressure. When a
layered configuration is introduced in the system, the peak stress along the lateral chamber tips decreases
noticeably with a prominent drop observed for the compliant inter-layer configuration. For example, a stiff inter-
layer structure (£2 = 20 GPa) produces stress magnitudes in the range of ~28 MPa to ~37 MPa, which decreases
to ~20 MPa to ~30 MPa when a relatively compliant inter-layer configuration (£, =5 GPa) is considered for P =
5 and 7 MPa, respectively. Existing studies have also demonstrated such patterns of peak stress localization along
the two lateral chamber tips of an elliptical magma chamber (Gudmundsson, 2012; Browning & Gudmundsson,
2015; Browning et al., 2021). On the other hand, the plots of surface stress for the homogeneous as well as layered
models form a Gaussian pattern with the peak stress localizing above the central region of the magma chamber.
The homogeneous models show lower magnitudes of stress localization while the models with compliant inter-
layer configurations show the maximum stress amplification for each of the choices of chamber excess pressure
(P). For example, in case of the homogeneous models, stress magnitudes ranging from ~6 MPa to ~9 MPa (Fig.
5a) for P =5 and 7 MPa, respectively increases to ~14 MPa to ~19 MPa for the similar choices of P (Fig. 5c).
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Figure 4. Comparison of the calculated tensile stress
between homogeneous vs. layered crustal segment for
a circular magma chamber. The solid and the dotted
lines represent the evaluated stress at the surface and
Just above the magma chambers, respectively. (a)
Homogeneous crust; (b) Layered aust with E2= 20
GPa: (¢) Layered crust with Ez=35 GPa.

Figure 5. Comparison of stress between homogeneous
vs. layered crustal segment for an elliptical magma
chamber. The solid and the dotted lines represent the
evaluated stress at the surface and across the center of
the elliptical magma chambers, respectively. (a)
Homogeneous crust; (b) Layered crust with £z = 20
GPa: (¢) Layered crust with £2= 5 GPa.
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(ii) Model implications

Shallow magmatic systems are commonly emplaced within mechanically layered upper-crustal region
characterized by rocks with strong elastic contrasts (Gudmundsson, 2006). Such contrasts in elastic properties
across layered crust causes reorientation of principal stress axes at the layer interfaces, facilitating deflection or
arrest of the dike (Gudmundsson, 2011). The mechanical properties and stratification of the host rocks, as well as
their geometry, depth of occurrence, and the pressure conditions of the magma chamber largely govern the state
of stress within a volcanic system (Gudmundsson, 2006). A dike or sheet should propagate continuously to the
surface to cause an eruption even during a volcanic unrest episode. Whether such propagation is mechanically
feasible or instead results in their arrest at certain depth is governed by the local stress conditions within the
volcanic edifice. Thus, it is important to note that not all the volcanic unrest episodes can cause an eruption, even
when magmatic intrusions such as dikes or inclined sheets are rooted from a shallow magma reservoir (Newhall
& Dzurisin, 1988; Pollard et al., 1983; Rubin, 1995; Acocella and Neri, 2003; Rivalta et al., 2005). Existing
studies have reported a number of arrested dike segments exposed in volcanic fields (Geshi et al., 2010, 2012;
Drymoni et al., 2020). Thus, the findings of our numerical simulations demonstrate the evolution of magmatic
fractures such as dikes and inclined sheets, by using the stress maps obtained from our FE models. The in situ
tensile strengths of crustal rocks average about 2-3 MPa with maximum values upto ~9 MPa (Amadei &
Stephansson, 1997). The model results therefore suggest that the tensile stress magnitudes localized around the
shallow magma chambers (Figs. 2, 3) are sufficient to cause deformation and initiation of inclined sheets or dikes.
As stiff rocks accommodate little deformation, they tend to accumulate high tensile stresses, in contrast to
compliant layers that absorb strain and limit the buildup of stress in the crustal segment (Brenner & Gudmundsson,
2004; Gudmundsson, 2011). The stress distributions obtained from the FE models performed during this study is
in agreement with the aforementioned condition, where the maximum values of stress localize consistently along
the stiffer layers of the layered crustal segment.

In addition, magma chamber geometry can control the pattern and orientation of principal stresses around
the reservoir. Circular chambers promote vertically connected zones of tensile stress above the chamber roof,
which favour the initiation of vertically propagating dikes. As discussed in a preceding section, the elliptical
chambers allow tensile stresses to be concentrated near the lateral tips favouring roof failure and ring-dike
development, which also agrees with existing analytical and numerical studies (Gudmundsson, 2006, 2012;
Browning & Gudmundsson, 2015; Browning et al., 2021). Thus, the co-existence of mechanical stratification and
a non-circular chamber geometry produces highly anisotropic stress fields, that can increase the possibility of
dike deflection or arrest, and initiation of inclined sheets from the lateral tips of the chamber. Thus, our model
results highlight the influence of chamber geometry and crustal mechanical layering for a range of magmatic
excess pressure conditions at shallow depth range.

In summary, the numerical results obtained from this study suggest that the initiation and growth of
magma driven fractures such as dikes can be controlled due to multiple physical factors such as chamber
geometry, excess pressure, and the mechanical stratification of the crustal host. Therefore, it is necessary to
incorporate a realistic dataset for these parameters to assess volcanic unrest signals and for evaluating the
likelihood of eruption from a shallow magma plumbing system.

V.  Conclusions
The present study investigates the effects of the magma chamber shape and presence of mechanical
stratification on stress localization within a shallow magma plumbing system by employing a finite element
modelling approach. The salient conclusions of this study are as follows:

(a) Numerical simulations presented in this study suggest that the presence of mechanical stratification in shallow
crustal depths exerts a first-order control on the stress localization around pressurized magma chambers.
Compliant interlayers (E2 = 5 GPa) strongly enhance tensile stress magnitudes in the alternate stiff layers and
promote a mechanical connectivity of stress between the chamber roof and the surface. Conversely, a relatively
stiff inter-layered crustal host (£>= 20 GPa) tends to restrict stress concentration near the chamber boundary
and reduce upward transfer of tensile stress towards the ground surface.

(b) Although, increasing the magma excess pressure amplifies stress magnitudes intuitively, their spatial extent
around the chambers is largely controlled by the stiffness ratio between the compliant-stiff alternate layers.

(c) A circular chamber generates vertically aligned tensile stress zones above the chamber roof, favouring vertical
or sub-vertical dike initiation, while an elliptical chamber accumulates stresses along its two lateral tips,
favouring the development of ring-dikes or inclined sheets. However, such patterns and magnitudes of stress
can be modulated by the interplay between chamber geometry, excess pressure condition as well as the
presence of mechanical heterogeneity of the crust.
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