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Introduction: Elliptical calderas are a common 
element of many volcanic systems, and these kilome-
ter scale depressions, normally formed by subsidence 
along ring faults, are observed in planetary settings 
that range from the summit areas of steep volcanoes 
to broad regions with minimal topography. In recent 
years, elastic numerical models have become increas-
ingly important for interpreting field data and gaining 
insight into caldera evolution, with particular empha-
sis placed upon understanding surface deformation 
and the process of ring fault formation in response to 
volcanic activity, regional tectonic stresses, doming, 
etc.; for useful summaries see [1,2]. In spite of the 
widespread application of such models and their po-
tential ability to yield insight into the process of ring 
fault formation, however, there are several puzzling 
issues that have yet to be resolved. For instance, nu-
merical modelers commonly show/argue on field/me-
chanical grounds that ring fault formation occurs only 
when conditions permit downward-propagating, 
steeply inclined normal faults to connect maximum 
tensile stresses at the surface to high shear stress at 
the outer margins of the reservoir [3,4]; however, 
arguably the best documented modern example of 
caldera formation involved slip along steep, upward-
propagating reverse faults, with steep normal faults 
forming only thereafter at a later stage of deformation 
[5]. Mimicking this event, analogue ‘sand box’ 
models simulating progressive reservoir evacuation 
generally demonstrate that initial caldera subsidence 
is accommodated along steep, outward-dipping 
reverse faults that propagate upward from the reser-
voir, with later-stage collapse occurring along normal 
faults that initially serve to expand the caldera diame-
ter [e.g., 6-9]. Since numerical models can be used to 
explore planetary conditions well beyond what ana-
logue counterparts examine, assessing why such dif-
ferences occur and resolving them if possible is of 
primary importance for efforts to interpret caldera-
forming volcanic systems on the terrestrial planets. 

Using an approach that entered the literature 
nearly a century ago [10], most researchers striving to 
understand ring fault formation in response to the 
evolution of a subsurface magma reservoir model the 
chamber as a cavity reduced to over/underpressure in 
an otherwise unloaded elastic host [e.g., 2-4, 11-12]. 
Balancing opposing stresses acting orthogonal to the 
reservoir wall—i.e. subtracting the reference gravita-
tional host rock (lithostatic) stress trying to collapse 
the chamber from the magma pressure pushing out-
ward to keep it open—zeroes out the wall-normal 
gravitational effects. This leaves just a magma 

over/underpressure (relative to lithostatic) acting on 
the reservoir wall, leading to the otherwise unloaded 
elastic host model that has been so widely adopted. 
By reducing the model to an unloaded elastic host on 
the basis of a stress balance process performed in 
only one direction, however, such an approach inap-
propriately zeroes out the wall-parallel components 
of the lithostatic stress in the host. Detailed elucida-
tion of this argument for a homogeneous halfspace 
shows that inappropriate elimination of the two wall-
parallel lithostatic stress tensor components has key 
implications for several volcanological processes, 
including interpretation of the conditions that lead to 
tensile rupture of the reservoir wall [13]; subsequent 
efforts have demonstrated the importance of retaining 
the full three-dimensional stress tensor when the host 
rock includes mechanical layering [14] and when 
edifice loading is considered [15,16]. These results 
indicate that existing ‘unloaded’ numerical formula-
tions used to explore ring fault formation under elas-
tic conditions will also introduce internal, potentially 
significant inconsistencies. Here, retaining the full 
elastic stress tensor in the host, I re-examine the 
process of ring fault formation and compare the re-
sults to existing numerical and analogue solutions. 

Methods: Following [13], static, axisymmetric 
FEM analysis of a pressurized ellipsoidal cavity, iso-
lated from edge effects in a uniform elastic host sub-
jected to lithostatic loading, is performed in COM-
SOL (www.comsol.com). Fluid stresses applied nor-
mal to the interior reservoir wall, with compression 
negative, reflect a uniform magma pressure P, result-
ing perhaps from infusion of new magma, plus a 
magma weight term Pm = ρmgh with h the depth be-
low the crest of the reservoir for magma of density 
ρm. For all models, Poisson’s ratio is 0.25, Young’s 
Modulus is 60 GPa, and the tensile strength of the 
rock is a few MPa. Calibration of model elements 
against analytical benchmarks yields stress and dis-
placement values with errors everywhere <0.03%. 

To understand evolution of the system and ring 
fault failure in response to over/underpressure, 
stresses parallel to the reservoir wall are monitored 
for tensile failure (TF; assumed to occur if a wall-
parallel principal stress exceeds the tensile strength of 
the host rock). Simultaneously, Mohr Coulomb fail-
ure criteria (CF; cohesion of 10 MPa, angle of inter-
nal friction set to 25°) and Andersonian models de-
scribing fault type (parameterized here according to 
[17]) are used to assess the potential for, and align-
ment of, any dip-slip faulting expected to occur. 
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Results & Discussion: When overpressurized to 
the point of initial tensile failure (Figure 1), CF oc-
curs in a broad zone at the surface and along the outer 
edge of discoidal (shown) and ellipsoidal reservoirs. 
Above the roof of the reservoir, the stress tensor con-
ditions will drive the formation of normal faults ac-
cording to Andersonian criteria. Examination of op-
timal concentric CF plane orientations, however, re-
veals that CF to form ring faults in this area requires 
reverse slip. Thus, alignment of the slip planes and 
the faulting style required by the stress state are in 
conflict, and ring fault initiation here should be quite 
difficult. Well beyond the extent of the reservoir, a 
similar mismatch between the stress conditions and 
CF plane alignments will help prevent initiation of 
ring fault failure and collapse. In contrast, however, 
there is a narrow, near-vertical zone above the margin 
of the reservoir where the sense of fault slip and 
alignment of the CF planes match, indicating this is a 
plausible site for ring fault formation. Therefore, con-
trary to results reported by researchers using standard 
‘unloaded’ model approaches [e.g., 11], special ex-
ternal conditions such as regional extension or domal 
uplift are not needed for ring fault initiation to occur 
in response to reservoir overpressure. In addition, the 
predicted ring fault locations are plausible as they 
connect zones of active CF and closely match the 
majority of ring fault geometries reported in the field. 

When underpressurized in order to match ana-
logue model simulations (Figure 2), agreement be-
tween optimal CF planes and stress conditions favors 
ring faulting over most of the reservoir-proximal re-
gion, and the numerical CF plane geometries closely 
match faults formed in analogue experiments. The 
numerical models do not incorporate dynamic rupture 
and so can’t assess how faulting will progress, but it 
is interesting to note that (a) the CF planes that match 
faults in the analogue models connect zones of CF 
failure in the numerical simulation, and (b) the only 
region where CF/stress indicator comparisons fail to 
favor ring fault slip in the numerical models lies be-
tween the initial, outward-dipping reverse faults and 
the secondary zone of steep normal faulting which 
forms thereafter in the analogue model, suggesting a 
mechanical reason for this specific fault translation. 
The degree of underpressurization in Figure 2 is vol-
canologically unreasonable, but use of the full host 
rock stress tensor clearly brings the comparable nu-
merical and analogue model results into agreement. 
Critically, this resolves persistent concerns regarding 
the ‘mismatch’ between results obtained from the two 
styles of models, demonstrating that numerical mod-
els like those used here are suitable tools for explor-
ing ring faults and calderas on the terrestrial planets. 
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Figure 1. Discoidal chamber overpressurized to the point 
of initial tensile failure. Optimal CF planes (thin purple 
lines) and zones where CF has occurred (yellow shaded) 
are shown, plus AΨ parameterization (green, blue) of [17] 
and expected intrusion path if tensile failure occurs (thick 
red line). Ring fault formation is plausible only in a narrow 
zone above reservoir margin (thin red lines). 

Figure 2. Oblate reservoir deflated to match surface de-
flection of identically scaled analogue model of [8]. The CF 
planes (purple lines) and analogue fault patterns match. 
Colored areas show regions where CF occurs, with blue/red 
AΨ colors for reverse faulting and yellow for normal fault-
ing. Green outline surrounds area where AΨ and CF plane 
mismatch makes ring fault formation implausible. 
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