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A B S T R A C T   

Calderas are subcircular volcanic depressions that can occur due to drainage of a subsurface magma reservoir. 
Numerous models simulating the initiation and growth of caldera collapse consider homogeneous overburden of 
the magma reservoir. This study describes plastic models implementing limit analysis to investigate the effects of 
weak layers (low cohesion and low friction) on caldera formation and structure. Our models show that the 
presence of weak layers within the crust favours the onset of caldera collapse, as it reduces the critical magma 
underpressure within the magma chamber to initiate roof failure. This effect is more pronounced with greater 
cumulated thickness of weak layers. In homogeneous models, the onset of caldera collapse is accommodated by a 
simple, localized outward dipping reverse damage band (caldera fault), whereas in layered models caldera 
collapse is accommodated by more complex damage structures. Weak layers confine damage underneath the 
layers, limiting the growth of the caldera fault toward the surface. Calculated stress trajectories are rotated across 
weak layers, showing that weak layers act as stress barriers. The effect of weak layers is stronger when the layer 
is closer to the magma reservoir, where layer-parallel damage form underneath the layer, interpreted as a po
tential detachment level. Multiple layers trigger more distribution of the damage and several layer-parallel 
damage bands. The subsurface distribution of damage due to weak layers may lead to more distributed sur
face subsidence, enhancing sagging before a caldera fault reaches the surface. Finally, internal detachments due 
to weak layers are likely important for observed episodic transient subsurface collapse episodes before collapse 
occurs at surface. All in all, our models that implement plastic deformation predict significant stress perturba
tions as a result of varying Mohr–Coulomb properties only. Our study thus shows that widely used static elastic 
models are not sufficient for physically relevant stress analyses of geological systems. In addition, our study 
shows that plastic (or elasto-plastic) models are necessary to predict the location and extent of inelastic damage 
accommodating volcano deformation and failure.   

1. Introduction 

Calderas are subcircular volcanic depressions that occur in different 
tectonic (extensional, compressional, strike-slip or neutral) and 
magmatic (felsic to mafic) settings, both on Earth and other planets in 
the solar system (Cole et al., 2005; Acocella, 2007; Martí et al., 2008). 
Calderas result from the drainage of a subsurface magma reservoir. The 
magma withdrawal can either result from a large volcanic eruption 
(Druitt and Sparks, 1984; Cole et al., 2005) or subsurface lateral 
migration of magma (Geshi et al., 2002; Gudmundsson et al., 2016; 
Anderson et al., 2019; Fontaine et al., 2019). As magma withdraws from 
the chamber, the roof eventually experiences down-sag due to the loss of 

support, which may evolve to fault-controlled subsidence (Lipman, 
1997; Roche et al., 2000; Acocella, 2007; Liu et al., 2019). 

Numerous models simulating the initiation and growth of caldera 
collapse consider homogeneous overburden of the draining magma 
reservoir (Roche et al., 2000; Roche and Druitt, 2001; Cole et al., 2005; 
Geyer et al., 2006; Martí et al., 2008; Burchardt et al., 2012; Holohan 
et al., 2015; Liu et al., 2019). However, the Earth’s brittle crust is 
strongly heterogeneous, as it contains faults, fractures, and layers of 
different lithologies and mechanical properties. Mechanical layering is 
shown to have significant impact on geological processes such as tec
tonic deformation (Rossi and Storti, 2003; Holland et al., 2006; van Gent 
et al., 2010) and magma emplacement (Thomson and Schofield, 2008; 

* Corresponding author. 
E-mail address: olivier.galland@geo.uio.no (O. Galland).  

Contents lists available at ScienceDirect 

Journal of Volcanology and Geothermal Research 

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research 

https://doi.org/10.1016/j.jvolgeores.2022.107727 
Received 4 July 2022; Received in revised form 19 November 2022; Accepted 25 November 2022   

mailto:olivier.galland@geo.uio.no
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2022.107727
https://doi.org/10.1016/j.jvolgeores.2022.107727
https://doi.org/10.1016/j.jvolgeores.2022.107727
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2022.107727&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Volcanology and Geothermal Research 433 (2023) 107727

2

Abdelmalak et al., 2016; Reynolds et al., 2018; Yao et al., 2018; Souche 
et al., 2019). To which extent mechanical layering of the Earth’s crust 
affects caldera formation and structure remains poorly understood. 

Most numerical modelling investigating the conditions of caldera 
collapse are overall based on static stress analyses (e.g.,Long and Gros
fils, 2009; Browning and Gudmundsson, 2015a; Gudmundsson, 2020). 
Some heterogeneities such as faults (Browning and Gudmundsson, 
2015a) or layers (Long and Grosfils, 2009) of contrasting elastic stiffness 
can be implemented. Even though these models predict complex stress 
perturbations due to heterogeneity, failure is only inferred by comparing 
calculated stresses with rock strength, such that the damage associated 
to the caldera faults is not simulated and cannot be investigated. In 
addition, Souche et al. (2019) show that static stress calculations are not 
conclusive for inferring the mode and geometry of failure structures, and 
plastic or elastoplastic models are required (Holohan et al., 2015). 

This study describes plastic deformation models implementing limit 
analysis to investigate the effects of weak layers (low cohesion and low 
friction) on caldera formation and structure. We show how weak layers 
affect (1) the critical pressure (Pc) required to initiate failure in the 
overburden, and (2) the shape of caldera faults and the associated dis
tribution of inelastic damage. 

2. Model concept and Setup 

We investigate the conditions for plastic deformation leading to 
failure and the stability of the brittle roof of a magma chamber using the 
limit analysis software OptumG2, created for geotechnical stability 
analysis (Krabbenhøft et al., 2016a). This approach has been applied for 
several geological systems, including fold-and-thrust and thrust belts 
(Souloumiac et al., 2010; Cubas et al., 2013) and overpressurised sills 
(Haug et al., 2017; Haug et al., 2018; Schmiedel et al., 2019). The same 
approach and methods as those of Haug et al. (2018) and Schmiedel 
et al. (2019), who implemented limit analysis with OptumG2 to look at 
inelastic deformation connected to overpressured sills, will be used in 
this study, however, underpressure within the magma chamber will be 
applied. This scenario is favoured as caldera collapse associated with 
magma drainage and underpressure is the most common (Geyer and 
Marti, 2008). 

Limit analysis predicts an approximate value of the collapse load, 
and is based on the lower bound and upper bound theorems, known as 
the collapse load theorems (e.g.,Davis and Selvadurai, 2005). The lower 
bound theorem is used to find the highest load where failure will not 
occur, while the upper bound theorem is used to find the lowest load 
where failure is guaranteed to occur. The true collapse load will there
fore be between the two bounds. This implies that the smaller the 

difference between the lower and upper bounds, the better constrained 
is the actual critical load that leads to failure (Davis and Selvadurai, 
2005; Krabbenhøft et al., 2005; Haug et al., 2018). 

Limit analysis is used in this study to constrain the critical pressure 
within the magma chamber needed to trigger failure of the overburden 
of a magma reservoir, i.e., the onset of caldera collapse. OptumG2 cre
ates plots with the shear energy dissipation, which is derived from the 
deviatoric part of the strain tensor and displays the energy dissipated by 
shear, allowing us to determine the shape of the fault surface. For 
commodity the energy shear dissipation will be referred to as damage in 
this paper. 

The model considers a sill-like under-pressurised cavity, representing 
a magma chamber. We chose a flat-roof sill-like geometry for the magma 
chamber because it seems to be a good representation of plutons and 
magma chambers (e.g.,Gudmundsson, 2007; Bartley et al., 2012; 
Burchardt et al., 2012; Gudmundsson, 2012); other chamber geometries 
could have been implemented but this is beyond the scope of this study. 
In addition, a flat roof geometry allows simpler definition of the depth of 
magma reservoirs of variable radius compared to an elliptic geometry, i. 
e., the depth of the chamber’s roof is not variable with varying diameter 
(Fig. 1). It is located at a depth H, with a radius r and a constant thickness 
T, within a homogeneous and isotropic Mohr–Coulomb host rock, with a 
cohesion Chr, an angle of internal friction ϕhr and a density ρ (Fig. 1). 

In the software OptumG2, the numerical domain is 15 km deep, and 
35 km wide. The effect of the size of the numerical domain was tested 
and had a negligible effect as long as the numerical domain is signifi
cantly larger than the modelled magma reservoir, showing that 
boundary conditions have negligible effects on the modelling results. 
The upper boundary has a free surface, the right boundary prevents 
normal displacement, and the bottom boundary prevents all slip (Fig. 1). 
The system is solved in axisymmetric geometry by using adaptive mesh, 
starting with 5000 elements and ending with 55 000 elements in the 
final mesh (Krabbenhøft et al., 2016a; Krabbenhøft et al., 2016b). The 
size of an element in the model (x10 meters) does not allow simulating 
microscopic rock deformation processes such as pore-scale and grain- 
scale deformation. The damage simulated by OptumG2 is thus macro
scopic at the scale of fault zones. 

Our models implement weak layers of varying depth, thickness and 
number. The density of the weak layers and background rock (subse
quently referred to as the host rock) is set to 2500 kg m− 3. The cohesion 
and angle of internal friction of the host rock are 10 MPa and 30◦, 
respectively, while the cohesion and angle of internal friction of the 
weak layers are set to 0.1 MPa and 15◦, respectively (Table 1). Since this 
is a preliminary study on the potential effects of weak layers, we have 
chosen very low strength-values (for the cohesion and angle of internal 
friction) in order to create a large contrast between the host rock and the 
weak layers. We are aware that these values are extremely too, in 
particular too low to account for intact rocks, regardless its lithology. 
However, other processes at active volcanoes can considerably reduce 

Fig. 1. Sketch of model setup used in OptumG2. The model considers a magma 
chamber positioned at a constant depth H, with constant thickness T, and 
varying radius r. The magma chamber exerts a constant pressure P on its walls 
and is placed within a homogeneous and isotropic Mohr–Coulomb material. 
Layers of thickness t and depth h, of different cohesion C and friction angle ϕ 
can be inserted in the overburden of the reservoir. The system is axisymmetric. 
The boundary conditions are free surface at the top, normal support to the right, 
and full support at the bottom. 

Table 1 
List of parameters and the range of their values used in this study.  

Notation Parameters Range of value 

H Overburden thickness [km] 5 
T Thickness of chamber [km] 2 
r Magma chamber radius [km] 2.25–13.5 
Chr Cohesion host rock [kPa] 10000 
ϕhr Friction angle host rock 30◦

ρ Density [kg/m3] 2500 
hLi Depth of bottom of weak layer [km] 0.5–4 
tLi Weak layer thickness [km] 0.5–2 
CL Cohesion layer [kPa] 100 
ϕL Friction angle layer 15◦

g Acceleration due to gravity [m/s2] 9.81  

ΔP Underpressure [kPa] –  
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Fig. 2. Sketch displaying the Overview of the layer configurations used for the simulations. The weak layers are coloured grey. Test 1 (top) uses a homogeneous rock. 
Test 2 (second row) implements one layer at different depth. Test 3 (third row) implements a thick layer than in Test 2 at different depth. Test 4 (fourth layer) 
implements two separated thin layers; the summed thickness of the layers is equivalent to the thickness of one layer in Test 2. Test 5 (fifth row) implements two 
separated layers at different configurations. Test 6 (bottom row) implements four separated thin layers; the summed thickness of the layers is equivalent to the 
thickness of one layer in Test 3. Each test is run for three different R = 0.19, 0.71 and 1.1. The figure is only for illustrative purposes and is not to scale. 
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rock cohesion and friction, such as rock alteration to clay (e.g. talc; 
Giorgetti et al., 2015) and high fluid pressures (Mourgues and Cobbold, 
2003), which are common in hydrothermal systems in volcanoes. 

The weak layers are implemented with uniform thickness and depth, 
and placed with different configurations in the roof of the magma 
chamber, as seen in Fig. 2. The deepest layer is kept at 15 H distance from 
the magma chamber, so that it does not interfere with the chamber. The 
model does not treat the contacts between the layers and the sur
rounding rock as weak interfaces (see discussion in Kavanagh and 
Pavier, 2014), such that only the contrasts between the layers affect the 
results. 

Each layer configuration is implemented for three different values of 
the depth-to-diameter ratio (R = H/D) of the magma chamber (R =

0.19,0.71 and 1.1) achieved by changing the radius of the chamber. For 
clarity and concision of the paper, we will not display all simulations 
results for all values of R, but we will select the model geometry that 
displays the most characteristic results. Table 2 lists all the numerical 
tests performed in this study: we ran a total of 15 tests of different layer 
configurations. In each layer configuration, we ran models with depth- 
to-diameter aspect ratios of the reservoir R = 0.19, R = 0.71 and R =
1.1, and calculated both the upper and lower bound (total: 90 models). 
For each test, the model outcomes are (1) both the upper bound and 
lower bound of the critical pressure within the magma reservoir needed 
to initiate failure in the overburden, (2) cross section maps of the shear 
energy dissipation pattern, subsequently referred to as damage, (3) and 
for selected tests, cross section maps of stresses used to compute stress 
trajectories of σ1 and σ3. 

Limit analysis is designed to address the conditions for initial failure, 
not to model the evolution of geological structures. Therefore, the 
models only calculate the damage distribution at the onset of caldera 
collapse, but does not provide information on the final structure as 

observed in the field (e.g.,Cole et al., 2005; Kennedy et al., 2018) or in 
laboratory models (e.g.,Acocella, 2007; Burchardt and Walter, 2010; Liu 
et al., 2019). It is possible to implement limit analysis to model the 
evolution of geological structures (Souloumiac et al., 2010; Cubas et al., 
2013), but the implementation requires in-house advanced algorithms 
that expand beyond the use of OptumG2. 

3. Results 

The maps displaying damage correspond to the upper bound calcu
lations (see e.g.,Fig. 3). The distributed damage indicates areas of plastic 
deformation and can reveal the location of a fault. In each figure dis
playing the damage, the colour scale is constant between the plots to 
emphasise how both the distribution and the intensity of plastic damage 
is affected by the weak layer configurations. In the areas where the 
plastic damage is concentrated, it will be referred to as a “damage zone”, 
and when it is not concentrated, the damage will be referred to as 
“distributed damage”. The presented pressure plots display the absolute 
values of chamber underpressure necessary for fault nucleation, scaled 
by the confining pressure ΔP/ρgH = (ρgH − Pc)/ρgH, and the resulting 
values are positive. 

3.1. Test L1: homogeneous models 

The homogeneous models will be used as reference to highlight the 
effects of weak layers in the other models. In the three simulations of 
Test L1 (Fig. 3), the damage is concentrated along a single band, and the 
intensity of the damage zone is highest at the magma chamber edge and 
fades towards the surface. We note some differences of the damage zone 
as a function of the value of R. For R = 0.19 the damage zone is curved 
outward (Fig. 3, left), while for R = 0.71 and R = 1.1 the damage zone is 
straight, with a dip range of ≈ 55 − 70◦ (Fig. 3, centre and right). In 
addition, in the simulations with R = 0.19 and R = 0.71, the damage 
zone reaches the surface (Fig. 3, left and centre), whereas it does not in 
the simulation with R = 1.1 (Fig. 3, right). We notice as well that the 
damage zone in the simulation with R = 0.71 exhibits two branches that 
are next to each other. Overall, the results of the simulations with R =

0.71 and R = 1.1 are consistent with former modelling studies of caldera 
collapse (e.g.,Roche et al., 2000; Acocella, 2007; Holohan et al., 2015; 
Holohan et al., 2017). Conversely, we notice that the curving of the 
experiment with R = 0.19 is reverse to those observed in laboratory 
models of caldera collapse (e.g.,Roche et al., 2000; Acocella, 2007), 
where the curving is convex, i.e. having a bell-shape. Such difference 
might result from a sensibly lower value of friction angle used in our 
models (see how damage zone vary with varying angle of friction in the 
models of Haug et al., 2018). 

3.2. Test L2: effect of layer depth 

Fig. 4 displays damage maps with a weak layer of thickness 1
5 H 

located at variable depth. The left map of Fig. 4 displays Test L1 as the 

Table 2 
List of model parameters implemented in this study. Each model was run for 
both upper and lower bound, and for depth-to-diameter aspect ratios R = 0.19,
R = 0.71 and R = 1.1.  

Exp. Nr. of layers Layer thickness [km] Layer depths [km] 

L1 – – – 
L2.1 1 1 1 
L2.2 1 1 2 
L2.3 1 1 3 
L2.4 1 1 4 
L3.1 2 1 1 and 2 
L3.2 2 1 2 and 3 
L3.3 2 1 3 and 4 
L4.1 2 0.5 1 and 2 
L4.2 2 0.5 2 and 3 
L4.3 2 0.5 3 and 4 
L5.1 2 1 1 and 3 
L5.2 2 1 2 and 4 
L5.3 2 1 1 and 4 
L6 4 0.5 1, 2, 3 and 4  

Fig. 3. Cross-section maps of distribution of shear energy dissipation (in kJ) in the overburden of the magma chamber (represented by the horizontal white sill). 
Figure displays three models with varying R (0.19, 0.71 and 1.1). These simulations are preformed with a homogeneous crust. The energy dissipation localises along a 
narrow damage zone nucleating at the edge of the magma chamber towards the surface. 
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homogeneous reference. 
In Test L2.2 (shallowest layer, layer depth 2

5 H; Fig. 4), the damage 
zone is localized, almost at the same location as in the homogeneous 
model. Nevertheless, the damage zone is restricted under the weak 
layer, and so shorter. In Test L2.3 (layer depth 35 H; Fig. 4), most of the 
damage is also constrained under the layer. However, the damage zone 
appears wider than in Test L2.2, and some low intensity, distributed 
damage is visible above the weak layer, and some within the layer. The 
damage distribution becomes significantly different in Test L2.4 (deep
est layer, layer depth 45 H; Fig. 4). Intense damage occurs under the layer, 
along a damage band that nucleates from the tip of the reservoir, and 
inward along a band just under the weak layer. Damage is also visible 
through the weak layer. Finally, a weak and somehow distributed 
damage band also affects the overburden above the weak layer. The 
band has similar dip angle as in the homogeneous Test L1, but its 
location is moved further out. Interestingly, the dip angle of the damage 
within the weak layer is inward-dipping, whereas it is outward-dipping 
in the host rock below and above. 

The change of dip direction of the damage zone through a deep weak 
layer is even more pronounced in model with R = 0.19 (Test L2.4, 
Fig. 5). Even though the damage zone reaches the surface with very low 
energy, it can be seen that in this model, the damage zone exhibits a 

strongly curved shape above the weak layer, leading to a larger diameter 
of the caldera compared to Test L1. The change in dip direction of the 
damage zone is likely associated with a change in kinematics, outward- 
dipping and inward-dipping damage zones being usually associated with 
reverse and normal faulting, respectively. 

Fig. 6 displays the calculated relative critical underpressure within 
the magma chamber (ΔP/ρgH) as a function of the depth of the weak 
layer. The results are given for both the upper (crosses) and lower (open 
circle) bound solutions. Fig. 6 includes the results for all the values of R. 
Note that the differences between the lower bound and the upper bound 
are small. This implies that the estimates of the critical underpressure 
are robust and well constrained. The difference between the relative 
underpressure required to trigger failure ΔP/ρgH is quite clear for the 
different values of R. Simulations with R = 0.19 require less under
pressure within the magma chamber to trigger failure of the overburden, 
compared to R = 0.71 and 1.1 which require larger underpressure 
within the chamber. This result is in good agreement with former studies 
of the critical pressure for the onset of caldera collapse (Roche and 
Druitt, 2001). 

The results show that ΔP/ρgH are always lower with a weak layer 
with respect to the homogeneous model. However, the value of ΔP/ρgH 
is similar between the homogeneous model of Test L1 and the Test L2.1 
with the shallowest layer. The effect of the layer depth on the critical 
underpressure is more significant than the presence of a weak layer: the 
deeper the weak layer, the lower the critical underpressure (Fig. 6). Note 
that the same trend is observed for the three values of R, however the 
trend is weaker for R = 0.19 (Fig. 6, red). In the following sections, we 
will only consider the underpressure results for the simulations with R =

0.71 and R = 1.1. 
The results discussed above focus on the simulation series with a 

weak layer of thickness 1
5 H. The correlations between the varying 

damage patterns and critical underpressure with the depth of a weak 
layer are very similar when the layer is thicker (2

5 H)(compare top row 
and bottom row of Fig. 7). The qualitative effects of the depth of a weak 
layer is therefore the same for variable thickness of the layer. 

3.3. Effect of layer thickness 

Fig. 7 displays damage distribution maps for simulations with vari
able thickness of the weak layer. In particular, one can compare the 
results between models with a thick weak layer (t=2

5 H; top row in Fig. 7) 
and models with a thinner layer (t=1

5 H; bottom row in Fig. 7). Between 
the top and bottom row of Fig. 7, the depth of the bottom of the weak 
layers is the same. Overall, the effect of the layer depth on the damage 
distribution is very similar between the thin layer (Section 3.2 and 
bottom row of Fig. 7) and the thick layer (top row of Fig. 7), i.e. the layer 
tends to confine a damage band underneath. 

The first main difference is that the maximum values of the damage is 
systematically higher (up to 50%, see colour scales in Fig. 7) in the 

Fig. 4. Cross-section maps of distribution of shear energy dissipation (in kJ) in the overburden of the magma chamber in four simulations (for R = 0.71). The left 
simulation is homogeneous, whereas the three others contain a weak layer of thickness t = 1

5 H, located between white horizontal lines, of variable depth. Depth of 
bottom of weak layer is 2

5 H in test L2.2, 3
5 H in test L2.3 and 4

5 H in test L2.4. 

Fig. 5. Cross-section maps of damage distribution in the overburden of the 
magma chamber (for R = 0.19). From one test with a 1

5 H thick weak layer is 
positioned 1

5 H from the magma chamber. The R-value is 0.19. The colourbar 
represents the plastic shear dissipation (in kJ), and is chosen relative to the 
maximum value for each simulation. 
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models with thick layer than those with a thin layer. This suggests that 
the damage concentration is more efficient below the thick layer, i.e. the 
thick layer confines even more the damage underneath. 

The most noticeable effect of the layer thickness is visible when it is 
deepest (compare between Tests L2.4 and L3.3 in Fig. 7). The damage 
map in Test L3.3 shows that the thick layer enhances distributed damage 
across it, which as a result also leads to more distributed damage above 
it in comparison to Test L2.4. Notice that for both Tests L2.4 and L3.3, 
the outer edge of the damage area is inward dipping within the weak 
layer, whereas it is outward dipping underneath and above the layer. It 
can also be seen that the thin weak layer in Test L2.4 enhances a 

concentration of damage under the layer along the interface, which is 
less the case for Test L3.3. 

Fig. 8 shows that (ΔP/ρgH) is systematically lower in the thick layer 
simulations than in the thin layer simulations. This is expected as the 
overall strength of the reservoir’s overburden is lower. However, one 
can notice that the difference of (ΔP/ρgH) between the thick layer and 
the thin layer models increases with increasing depth of the weak layer. 
Even though the gap between the lower bound and upper bound in
creases for increasing depth of the weak layer (Fig. 8), the effect of a 
thick layer increases with increasing depth. 

L1
L2.

1
L2.

2
L2.

3
L2.

4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R=0.19, Lower Bound

R=0.19, Upper Bound

R=0.71, Lower Bound

R=0.71, Upper Bound

R=1.1, Lower Bound

R=1.1, Upper Bound

Fig. 6. Plot of the scaled critical underpressure ΔP
ρgH in the magma chamber as a function of depth of weak layer of thickness 1

5 H. Circles gives the lower bound 
solution, while crosses give the upper bound solution. Results are for models with R = 0.19 (red), R = 0.71 (blue) and R = 1.1 (green). Simulations with R = 0.71 are 
those of Fig. 4. 

Fig. 7. Cross-section maps of distribution of shear energy dissipation (in kJ) in the overburden of the magma chamber in different simulations (for R = 0.71). In 
both upper and lower row, overburden in left simulation is homogeneous. Three other simulations in top row have a weak layer of thickness t = 2

5 H (bounded by 
horizontal white lines) at variable depth. The three other simulations in bottom row have a weak layer of thickness t = 1

5 H (bounded by horizontal white lines) at 
variable depth. Depth of bottom of weak layers are the same in both sets of simulations. 
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3.4. Effect of multiple layers 

All simulations presented above implement a single weak layer, 
whereas the Earth’s crust is often made of multiple layers, such as lava 
flow piles and sedimentary strata. We thus implemented multiple layers 
in the simulations to test their effects on the onset of caldera collapse. In 
Fig. 9, the upper row displays the results from simulations with multiple 
thin weak layers (two in Tests L4.2 and L4.3; four in Test L6), of 
thickness t = 1

10 H. The simulations in the bottom row display simula
tions with a single weak layer, (1) the thickness of which is the cumu
lative thickness of the thin weak layers of the corresponding simulations 
in the top row, and (2) the depth of which is the same as the depth of the 
deepest weak layer of the corresponding simulations in the top row. 
Note that the left simulation in both top and bottom rows of Fig. 9 is the 

homogeneous model of Test L1 for reference. 
In both Tests L4.2 and L2.3 (second column of Fig. 9), the depth of 

the deepest weak layer is h = 3
5 H, i.e. at intermediate depth in the 

models. In both simulations, the damage is concentrated and restricted 
below the bottom of the deepest weak layer, and very little difference is 
noticeable between models with single and multiple layers. 

When the deepest weak layer is deeper (Tests L4.3, L2.4, L6 and 
L3.3), the effect of multiple layering is more prominent (Fig. 9). First, 
the amplitude of the damage at the surface of the models is lower above 
the multiple layers than above a single layer (compare Tests L4.3-L2.4 
and Tests L6-L3.3; Fig. 9), suggesting that multiple layers constrain 
more the damage at depth. In addition, the distribution of the damage 
with multiple layers is more complex than with a single layer. In both 
one-layer-Tests L2.4 and L3.3, only a single horizontal damage band is 
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Fig. 8. Plot of the scaled critical underpressure ΔP
ρgH in the magma chamber as a function of depth and thickness (t = 2

5 H, black; t = 2
5 H, blue) of weak layer. Circles 

gives the lower bound solution, while crosses give the upper bound solution. Results are for models with R = 0.71 and R = 1.1. Simulations with R = 0.71 are those 
of Fig. 7. 

Fig. 9. Cross-section maps of distribution of shear energy dissipation (in kJ) in the overburden of the magma chamber in different simulations (for R = 0.71). In 
both upper and lower row, overburden in left simulation is homogeneous. Three other simulations in top row have multiple weak layers of thickness t = 1

10 H 
(bounded by horizontal white lines) at variable depth. Tests L4.2 and L4.3 implement two weak layers, whereas Test L6 implements four weak layers. The three other 
simulations in bottom row have a single weak layer, (1) the thickness of which is the cumulative thickness of the thin weak layers of the corresponding simulation in 
the top row, and (2) the depth of which is the same as the depth of the deepest weak layer of the corresponding simulation in the top row. 
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visible below the weak layer, whereas several horizontal damage bands 
are visible below the weak layers (and to a lower extent at the top of the 
weak layers) in two-layer-Tests L4.3 and L6. Finally, the damage pattern 
in Test L3.3 suggests that the main structures are sub-vertical or steeply- 
dipping when the weak layer is thick, whereas the expected structures 
are dominantly parallel to the weak layers when the layers are thin 
(Fig. 9, right column). 

The overall kinematics of the damage are similar with multiple layers 
(Tests L4.3 and L6) and a single layer (L2.4 and L3.3) (Fig. 9). The 
damage zone nucleating at the edge of the magma reservoir below the 
deepest weak layer is outward dipping, with reverse kinematics, 
whereas within the weak layers the damage exhibits inward-dipping 
structures, with likely normal kinematics. Even though the damage 
near the surface of the models is very weak, the simulations suggest that 
the radius of the subsiding overburden is larger in models with multiple 
layers than with a single layer (Fig. 9). 

Fig. 10 shows that the change in relative underpressure (ΔP/ρgH) 
needed to trigger failure is quite similar for models with multiple weak 
layers (blue) and models with a single weak layer (black). However, the 
gap between the lower bound and upper bound solution is increased for 
Test L6 and Test L3.3, indicating that the critical pressure at failure is 
less constrained for a larger amount of weak layers within the crust. This 
likely results from resolution limitations, as resolving many thin layers 
necessitates more elements than what we allow in our simulations. 

3.5. Stress analysis 

In addition to computing the distribution of damage and reservoir 
pressure at failure of the overburden, the OptumG2 software also com
putes stresses within the model. From the stress tensors, it is possible to 
calculate the trajectories of the principal stresses σ1 and σ3, which are 
represented by the red and blue curves, respectively, in Fig. 11. Fig. 11 
displays three characteristic simulations, one homogeneous (Test L1, 
left), one with thick layers (Test L5.2, centre), and one with thin layers 
(Test L6, right). 

In the homogeneous model Test L1 (Fig. 11, left), the trajectories of 
σ1 and σ3 exhibit gradual variations across the model, with no sudden 
change in slope and curvature. The σ1 trajectories exhibit an angle of ≈
30◦ degrees with respect to the general orientation of the outward dip
ping damage zone; conversely, the σ3 trajectories exhibit an angle of ≈
60◦ with the damage zone. Such configuration is compatible with (1) 
reverse kinematics of the damage zone and (2) the angle of internal 
friction (ϕ = 30◦) of the host rock. 

The stress trajectories in models with weak layers exhibit more 
complex patterns (Fig. 11, centre and right). The average slopes of the σ1 
trajectories in the damage zone are lower in the layered models than in 
the homogeneous Test L1. The average slopes of the σ1 trajectories are 
lowest in the model with multiple thin weak layers. Thus, the presence 
of weak layers induce rotations of the principal stresses in the damage 
area. In addition, the slopes of the σ1 trajectories exhibit sharp bends 
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Fig. 10. Plot of the critical chamber underpressure relative to lithostatic pressure as a function of layer depth of multiple 1
10 H thick weak layers (in blue) and a single 

layer, two tests with a 15 H and one test with a 25 H thick weak layer (in black). Circles gives the lower bound solution, while crosses give the upper bound solution. 

Fig. 11. Cross-section maps of stress trajectories (grey-level background) and plastic energy dissipation in Tests L1 (homogeneous overburden), L5.2 (two weak 
layers of thickness 1

5 H), and L6 (four weak layers of thickness 1
10 H) (for R = 0.71). σ1 is in red and σ2 in blue. 
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across the layered models: the σ1 trajectories become gently-dipping 
downward when crossing the top boundaries of the weak layers, and 
become steeper downward through the weak layer. The increasing 
complexity in the patterns of stress trajectories correlates with the 
increasing complexity of the distribution of the damage. 

One can notice in Test L6 that the σ1 trajectories at the outer edge of 
the damage area becomes steep (70◦), at an angle of ≈ 30◦ with the 
inward-dipping damage band segments between the weak layers 
(Fig. 11, right). This configuration is compatible with normal faulting, 
whereas the stress/damage zone configuration below the deepest weak 
layer is compatible with reverse faulting kinematics. 

4. Interpretation 

In all simulations, the intensity of the damage zone is highest near 
the chamber edge and fades towards the surface. This is especially 
prominent in the models with no layer (Fig. 3), but this pattern is also 
visible in the simulations with weak layers (Figs. 4, 5, 7, 9). This sys
tematic result is in good agreement with our current understanding of 
caldera fault nucleation at the chamber edge when magma reservoir is 
under-pressured. (e.g.,Roche et al., 2000; Geyer et al., 2006; Holohan 
et al., 2015; Fontaine et al., 2019). In addition, the damage zones exhibit 
different characteristics for the different R-values (Fig. 3). For R = 0.19 
the damage zone is curved outward (Fig. 3, left), while R = 0.71 and R =

1.1 have a straight damage zone (Fig. 3, centre and right). The damage 
zone also reaches the surface for R = 0.19 and R = 0.71 (Fig. 3, left and 
centre), while it does not in the simulation with R = 1.1 (Fig. 3, right). 
These results are in good agreement with existing models with varying 
values of R (e.g.,Roche et al., 2000; Geyer et al., 2006; Holohan et al., 
2015). 

The roof aspect ratio R also affects the relative underpressure at 
failure, both for simulations with and without layers. Fig. 6 shows that 
the underpressure at failure in Test L1 (R = 0.19) is around 25% of the 
confining pressure, while the underpressure at failure for R = 0.71 and 
R = 1.1 is ≈ 80% and ≈ 95%, respectively, of the confining pressure. We 
infer that chambers with larger values of R require a significantly higher 
underpressure to trigger failure and collapse, and are hence more stable 
than chambers with smaller R, in agreement with the theoretical model 
of Roche and Druitt (2001). The consistency between our limit analysis 
models and former models validate the physical relevance of our 
approach. The following paragraphs build on this conclusion and pro
vide our interpretations of the effects of weak layers on caldera collapse. 

4.1. Effect of implementing weak layers 

In the reference homogeneous Test L1, the damage zone is contin
uous and reaches the surface (Fig. 4, left), whereas the damage zone in 
the models with one weak layer is restricted under the layer and does not 
reach the surface (Figs. 4, 7, 9). The stress trajectory maps display local 
rotations of the principal stresses at the weak layers (Fig. 11, centre and 
right). These results suggest that weak layers inhibits the upward growth 
of caldera faults, and that weak layers might work as stress barriers. 

The models implementing weak layers display more distributed 
damage than the localised damage zone in the homogeneous models 
(Figs. 4, 7, and 9). In addition, the local stress rotation within the weak 
layers is associated with the rotation of the damage zone from outward- 
dipping to inward-dipping (Fig. 5). Both geometries accommodate the 
downward displacement of the reservoir’s overburden, therefore the 
outward-dipping segments exhibit reverse kinematics, whereas the 
inward-dipping segments exhibit normal kinematics. Our models thus 
suggest that weak layers distribute the damage during caldera collapse 
and lead to complex normal and reverse kinematics of the caldera fault. 
We infer that the weak layers act as local detachments that mechanically 
decouple the rock mass under and above them. These results also 
highlight that the assumption of straight ring faults is idealised. 

In all the models with weak layers, regardless their depth and 

thickness, the required relative underpressure in the magma chamber to 
initiate failure is lower than in the homogeneous models (Figs. 6, 8, 10). 
This result is intuitive, as the overall strength of the reservoir’s over
burden is reduced. These results illustrate that failure is more likely to 
occur for a crust containing weak layers. 

4.2. Effect of layer depth 

Fig. 4 shows that the deeper a layer of thickness 1
5 H, the more 

distributed is the damage. In addition, layer-parallel damage below the 
weak layer becomes prominent when the layer is deeper. Similar effects 
are produced in models with different layer thickness (Fig. 7). We infer 
that the closer the layer is from the magma reservoir, the more effects it 
has on the damage distribution in the overburden. The deepening of the 
layers also reduces the critical relative pressure required for failure 
(Fig. 6). This trend is observed for all the R-values, however a bit weaker 
for R = 0.19. We interpret these results as a consequence of the caldera 
fault nucleation at the edge of the reservoir: the shorter the distance 
between the reservoir roof and the weak layer, the more interactions 
occur and the more the weak layer affects the distribution of damage. 

4.3. Effect of layer thickness 

Our models show that thick layers enhance the distribution of 
damage above the weak layer, compared to thinner layers (Fig. 7). This 
is more prominent for the models with deeper layers (Test L2.4 
compared with L3.3, Fig. 7). We infer that the mechanical decoupling 
effect of a weak layer, as inferred in Section 4.1, is more prominent for 
thick weak layers than for thin weak layers. 

The thickness of weak layers also affects the relative pressure 
required for failure (ΔP/ρgH) (Fig. 8). Thicker layers require lower 
values of ΔP/ρgH, which is intuitive as the overall strength of the 
overburden is lowered. This effect is more prominent when the thick 
layer is deeper. We infer that initial failure is more likely to occur if there 
are thick weak layers within the crust, preferentially located near the 
chamber. 

4.4. Effect of multiple layers 

The previous sections addressed the effects of a single weak layer on 
caldera fault morphology and on magma underpressure required for 
collapse. Nevertheless, the models implementing multiple layers show a 
more complex effect with respect to models with a single layer. The 
difference is visible by comparing Test L4.3 with L2.4, and Test L6 with 
L3.3 (Fig. 9); note that the summed thickness of the weak layers in these 
pairs of simulations are the same. These results show that the damage 
amplitude above the shallowest weak layer is reduced in models with 
multiple layers. Multiple weak layers also affect the distribution of 
damage, creating several layer-parallel damage bands in the overburden 
and distributing the damage over a broader zone. This damage 
spreading is in line with the more complex stress trajectories displayed 
in Fig. 11 (right column). 

Fig. 10 shows that the values of ΔP/ρgH are very similar in models 
with a single or with multiple layers, with the same total thickness of 
weak rocks. We infer that the distribution of the weak rocks in a single or 
multiple layers has limited effect on the onset of caldera collapse. 

5. Discussion 

5.1. Model validity and limitations 

The results of the reference homogeneous tests in this study (Fig. 3) 
are in agreement with homogeneous models of caldera collapse in the 
literature. The caldera faults with R = 0.71 and R = 1.1 are similar to 
the initial caldera faults observed in laboratory studies (e.g.,Roche et al., 
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2000; Acocella, 2007; Burchardt and Walter, 2010). The reservoir crit
ical pressure at failure exhibits similar trends than in former studies, i.e., 
lower R-values require lower critical pressure for initiating caldera 
collapse (Roche and Druitt, 2001). This consistency supports the phys
ical relevance of limit analysis modelling for studying caldera collapse 
processes. 

There are limitations with all modelling approaches, and the use of 
limit analysis is not an exception. The main limitation of using limit 
analysis is that it only provides information at the initial stage of failure, 
and cannot model the evolution of the collapse, and so the final caldera 
structure. The pressure within the magma chamber is also treated as a 
homogeneous pressure source, hence magma flow processes, volatile 
content and variation of properties throughout the chamber is not taken 
into account. The thermal effect of the magma chamber is also not taken 
into account, even though it might alter the rheology of the surrounding 
crust (Gregg et al., 2012). Our models neither do account for topography 
nor tectonic stress, whereas local topography affects the local stress field 
(e.g.,Walter and Troll, 2001; Lavallée et al., 2004; Kervyn et al., 2009) 
and tectonic stress can modify the geometry of caldera faults (e.g.,Hol
ohan et al., 2005). 

We are aware that the cohesion and friction angle values used in our 
models are very low and cannot account for intact rocks. Implementing 
such low values is indicative whether investigating the effects of weak 
layers are relevant or not: if negligible effect were observed in our 
models, it would indicate that weak layers are not relevant in under
standing caldera collapse. Conversely, our results show that weak layers 
are relevant. The next step is to implement a parameter study to 
investigate which cohesion and friction angle values are more prone to 
affect caldera collapse. 

Note that even though the cohesion and friction values are extremely 
low to account for intact rocks, processes at work at active volcanoes can 
considerably reduce rock strength: (1) rock alteration to clay (e.g.,Moore 
and Rymer, 2007; Carpenter et al., 2009; Giorgetti et al., 2015); (2) high 
fluid overpressures can considerably reduce effective stresses, which is 
equivalent to reducing rock cohesion and friction (e.g.,Mourgues and 
Cobbold, 2003) and can affect the deformation of volcanic edifices (e.g., 
Reid et al., 2001; Merle and Lénat, 2003; Merle et al., 2010). These 
phenomena are common in geothermal systems at active volcanoes. All 
in all, the combination of weak rock lithology, alteration and high fluid 
pressures can lead to extremely low strength values likely similar to 
those implemented in our models. 

5.2. The relevance of weak layers 

The differences between the homogeneous tests and the layered tests 
in our study show that weak layers lead to stress rotations and distri
bution of damage over a broader area. Damage distribution causes local 
changes in the caldera fault geometry and kinematics, as the damage 
exhibits alternating inward and outward dipping segments (Figs. 4, 5 
and 9). This damage pattern significantly deviates from the simple 
outward dipping bell-shaped faults obtained in homogeneous models (e. 
g.,Roche et al., 2000; Geyer et al., 2006; Burchardt and Walter, 2010; Liu 
et al., 2019), where the damage is localised along the initial fault, with a 
limited amount of damage affecting the surrounding crust. Given that 
the Earth’s crust is layered in volcanic and sedimentary settings, our 
results show that layering likely plays a key role during caldera collapse 
in nature. This conclusion corroborates the models of tectonic defor
mation and magma emplacement (Rossi and Storti, 2003; van Gent 
et al., 2010; Abdelmalak et al., 2016), which also highlight the key role 
of layering in geological processes. 

The difference in subsurface damage distribution with or without 
layers likely leads to different surface deformation prior to collapse at 
the surface. Homogeneous models predict that caldera subsidence is 
accommodated by a localized caldera fault (Figs. 10 and 9), the surface 
expression of which is an individual scarp (Fig. 12) (Roche et al., 2000; 
Acocella, 2007; Liu et al., 2019). Conversely, the subsurface damage 

distribution in models with weak layers likely results in distribution of 
the surface subsidence (see tectonic models of Holland et al., 2006; van 
Gent et al., 2010). We infer that subsurface layering might cause a wider 
subsidence area characterised by a downsag morphology prior to surface 
collapse (Fig. 12). This conclusion is supported by the numerical models 
of Holohan et al. (2017), which show how surface subsidence is affected 
by subsurface damage distribution prior to surface collapse. 

5.3. Plastic versus elastic modelling 

Fig. 11 evidences abrupt rotations of the principal stress trajectories 
when weak layers are implemented. In general, the principal stress 
trajectories are rotated within the weak layers and have an abrupt 
change at the contact between the weak layer and the host rock 
(Fig. 11). The complexity of the stress trajectories increases with 
increasing number of weak layers. Similar stress trajectories rotations 
have been documented in layered static elastic models of reservoir 
inflation (e.g.,Gudmundsson and Brenner, 2005; Gudmundsson and 
Philipp, 2006). In the elastic models, the stress rotations result from 
contrasts of Young’s modulus between the layers, whereas in our models 
the stress rotations are due to contrasting cohesion and angle of friction. 
We infer that both elastic properties and the Coulomb properties of 
layered rocks can lead to prominent stress rotations. This result strongly 
suggests that stress analyses of geological systems also need to take into 
account variable Mohr–Coulomb properties of rock formations, not only 
their elastic properties. 

Even though elastic models are able to predict stress rotation in 
layered or heterogeneous models (Gudmundsson and Brenner, 2005; 
Gudmundsson and Philipp, 2006; Long and Grosfils, 2009; Browning 
and Gudmundsson, 2015a), they are unable to calculate the variable 
location and kinematics of the damage as evidenced in our models. Limit 
analysis modelling thus offers great advantages with respect to static 
elastic models. We infer that the use of elastic modelling to simulate 
geological processes controlled by non-elastic brittle failure likely mis
ses important aspects about the presence of a stress barrier and 
distributed inelastic damage. This highlights the importance of using a 
plastic (or elasto-plastic) modelling approach, instead of only elastic, as 
it provides a more realistic picture on the overall effect the weak layer 
has on the crust (Souche et al., 2019). 

5.4. Easier to initiate, harder to propagate? 

Our simulations show that the implementation of weak layers re
duces the required underpressure needed to initiate failure (Fig. 6, 8 and 
10). This indicates that failure is more likely to occur when weak layers 
are present within the crust, especially when they are located closer to 
the chamber and constitutes a larger part of the crust. This is expected, 
as the presence of weak layers lowers the overall strength of the crust 
(Byerlee, 1978; Jackson, 2002; Long and Grosfils, 2009). Due to this 
effect, the presence of weak layers within the crust might be of great 
importance, as it may have implications on hazard assessments if failure 
is initiated earlier than originally assumed. Conversely, even though the 
presence of weak layers might favour fault initiation, the layers also 
prevent the caldera fault from reaching the surface due to stress barriers, 
causing distributed damage and in some cases sub-horizontal damage 
bands (e.g.,Fig. 9). This style of faulting makes full caldera collapse less 
favourable. 

5.5. Geological and geophysical implications 

Our models suggest that the presence of weak layers enhances the 
formation of horizontal damage bands (Fig. 9), which can detach the 
rock masses above and below. Such internal decoupling mechanism and 
stress barriers due to weak layers are in agreement with the scenario 
observed at the 2007 caldera collapse of Piton de la Fournaise, Réunion 
Island (Fontaine et al., 2019). There, four subsurface precursory collapse 
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events were detected before the main collapse event at the surface. 
These precursory collapse events, without any surface rupture, have 
been inferred to result from downward motion of blocks of the rock 
column through a ring fault system. Our study suggests that weak layers 
(e.g., tuff layers, scoria layers) promote the splitting of the rock column 
and episodic collapse events before collapse reaches the surface. 

Our layered models evidence that weak layers enhance damage 
distribution, stress rotations and change in dip directions of damage 
zones, leading to alternating normal and reverse fault kinematics, and 
favours downsag subsidence morphology. This result is in agreement 
with the scenario of the 2014–2015 caldera development at 
Bárðarbunga volcano, Iceland (Riel et al., 2015; Gudmundsson et al., 
2016; Rodríguez-Cardozo et al., 2021). Based on the profiles of the 
surface deformation, it was argued by Browning and Gudmundsson 
(2015b) that the event was related to distributed damage and subsi
dence rather than full caldera collapse. In addition, the seismicity was 
distributed, and the calculated focal mechanisms indicated both normal 
and reverse faulting (Rodríguez-Cardozo et al., 2021). The similarity 
between these observations and our results suggest that the layering of 
the crust might have affected, at least partly, the caldera mechanism at 
Bárðarbunga volcano. 

6. Conclusion 

This paper describes results of limit analysis numerical modelling to 
explore the effect of weak rock layers, i.e. low cohesion and low friction, 
on the onset of caldera collapse. We tested the effects of the position, 
thickness and number of the weak layers. The following points sum
marize the conclusions of our study.  

• The presence of weak layers within the crust favours the onset of 
caldera collapse, as it reduces the critical magma underpressure 
within the magma chamber to initiate roof failure. This effect is more 
pronounced with greater cumulated thickness of weak layers. 

• In homogeneous models, the onset of caldera collapse is accommo
dated by a simple, localized outward dipping reverse damage band 
(caldera fault), whereas in layered models caldera collapse is 
accommodated by more complex damage structures.  

• Weak layers confine damage underneath the layers, limiting the 
growth of the caldera fault toward the surface. Calculated stress 
trajectories are rotated across weak layers, showing that weak layers 
act as stress barriers. The effect of weak layers is stronger when the 

layer is closer to the magma reservoir, where layer-parallel damage 
form underneath the layer, interpreted as a potential detachment 
level.  

• Weak layers distribute the damage in the overburden, in comparison 
with the localized damage in homogeneous models. In addition, 
weak layers lead to local rotation of damage zone from outward- 
dipping to inward-dipping structures, triggering alternating reverse 
and normal kinematics, respectively, in the damage zone.  

• Multiple layers enhance more distribution of the damage and several 
layer-parallel damage bands, i.e. several local detachment layers.  

• The presence of weak layers makes the initiation of roof failure 
easier, but their stress barrier effect inhibits the faults from reaching 
the surface.  

• The subsurface distribution of damage due to weak layers may lead 
to more distributed surface subsidence, enhancing sagging phase 
before a caldera fault reaches the surface.  

• Finally, internal detachments due to weak layers are likely important 
for observed episodic transient subsurface collapse episodes before 
collapse occurs at surface. 

All in all, our plastic models predict significant stress perturbations 
as a result of varying Mohr–Coulomb properties only. Our study thus 
shows that widely used static elastic models are not sufficient for 
physically relevant stress analyses of geological systems. In addition, our 
study shows that plastic (or elasto-plastic) models are necessary to 
predict location and extent of inelastic damage accommodating volcano 
deformation and failure. 
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Sigmarsson, O., Jarosch, A.H., Jónasson, K., Magnússon, E., Hreinsdóttir, S., 
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