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Abstract: Subsurface volume and pressure increases triggering surface inflation at active 
calderas are generally deduced by inverting ground-deformation time-series using isotropic 
and homogeneous half-space models (IHM). These models represent simplified mathematical 
analogues of the mechanical behaviour of the Earth's crust. Using three-dimensional numeri- 
cal modelling, we show that lateral discontinuities such as intracaldera- or caldera-ring-faults 
can significantly amplify and distort the ground deformation pattern during unrest. As a 
consequence, data inversions using IHMs, which do not consider lateral discontinuities, can 
provide erroneous results on causative source parameters. We also find that the degree of 
amplification and distortion in the form of abrupt changes in displacement/distance gradients 
in proximity to faults is dependent on source geometry. Prolate bodies represent a particularly 
critical geometry for which pressure increases may be overestimated by a factor of up to three. 
Our 3D analysis suggests that amplification effects can be much larger than predicted by 
earlier 2D models. We validate theoretical results by applying our model to investigate the 
effect of boundary faults and source geometries on the displacement field during ground uplift 
at the restless calderas of Campi Flegrei (Italy) and Sierra Negra (Galapagos Islands, Ecua- 
dor). Based on the discrepancy in results from IHMs and our numerical model, we argue that 
employing IHMs for inversion of ground displacement and gravity time-series may in some 
cases lead to a biased assessment of hazards associated with ground uplift. 

Volcanic calderas are (sub)circular surface 
depressions of up to tens of kilometres in diam- 
eter and of up to several hundred metres in topo- 
graphic change from rim to floor. Calderas are 
thought to be formed by slip along boundary 
faults as a result of gravitational collapse of over- 
lying rocks into an emptying reservoir during 
large-scale volcanic eruptions (Lipman 2000). 
Many calderas undergo episodes of unrest asso- 
ciated with seismicity and/or ground deforma- 
tion (Newhall & Dzurisin 1988). Periods of 
ground inflation are of particular interest for 
volcanic hazard assessment. Inflation is generally 
interpreted to result from a subsurface volume 
and pressure increase, which may be caused by 
a number of processes. Among those, replenish- 
ment of magma into an existing reservoir is a key 
candidate (Battaglia et al. 1999), and also a 
potential trigger for volcanic eruptions (Murphy 
et al. 1998). Alternatively, volume/pressure 
increases within a subsurface hydrothermal 
system may equally well account for significant 
ground deformation (Bonafede & Mazzanti 

1998). Unrest culminating in the renewal of vol- 
canic activity at a caldera in a densely populated 
area, such as, for example, Campi Flegrei (Italy), 
will cause significant socio-economic disruption 
for local communities and beyond, and it is 
therefore important to assess the nature of the 
source that causes the unrest, in order to assess 
hazards and mitigate risks. 

A widely applied technique to quantify sub- 
surface volume/pressure changes is the inversion 
of ground deformation data time-series. Point 
(Mogi 1958; McTigue 1987) or extended (Davis 
1986; McTigue 1987; Yang et al. 1988; Fialko 
et al. 2001) pressure sources embedded within 
an elastic or anelastic medium (Dragoni & 
Magnanensi 1989; Bonafede 1990; Hofton et al. 
1995; Fernandez et al. 1997) under certain 
assumptions will permit analytical solutions. 
Simplified physical models that have analytical 
solutions (e.g. the Mogi model) are extremely 
popular and enormously facilitate the solution of 
the inverse problem. However, there is evidence 
that surface deformation at active calderas is 
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likely to be strongly influenced by the presence 
of faults and discontinuities (De Natale & 
Pingue 1993; De Natale et al. 1997; Beauducel 
et  al. 2004), which are not considered by isotropic 
and homogeneous half-space models (IHM). 
One may conclude that the spatial distribution of 
the deformation field at caldera-type volcanoes 
is limited by the presence of caldera boundary 
faults. The motivation for this study lies in our 
recognition of the often unrealistic parameters 
obtained from inversion for 'simple' analytical 
models, even though their synthetic deformation 
data show an excellent fit to the observed data. In 
this framework, the omission of lateral medium 
discontinuities in the inverse problem may cause 
significant misfits leading to unrealistic values 
for source parameters such as the associated 
pressure change. 

This paper is organized into two parts: the 
first part provides a parametric study of the influ- 
ence of faults on the surface deformation pattern. 
Results can be viewed as an extension of previous 
studies (De Natale & Pingue 1993) to 3D geom- 
etries. In the second part, we investigate the 
interaction of caldera boundary faults with 
the displacement field at two recently uplifting 
caldera volcanoes, the Campi Flegrei Caldera, 
Italy, and the Sierra Negra Caldera, Ecuador. 
Our results have important consequences for 
geodetic data inversion and its contribution to 
hazard assessment and risk mitigation in areas 
undergoing ground deformation during caldera 
unrest. 

Caldera faults and modelling framework 

We will limit our investigation to ground uplift 
resulting from a subsurface volume/pressure 
increase. From the perspective of hazard assess- 
ment, this scenario has the greatest potential 
to provide unrealistic results for subsurface 
kinetics from analytical data inversion if over- 
simplifications in the modelling framework are 
not accounted for. In this study we are concerned 
with a volume/pressure increase beneath the 
caldera floor, which is bounded by either ring- 
faults that represent the structural margins of 
a caldera (Gudmundsson et al. 1997; Acocella 
et al. 2000) or by intracaldera structural 
discontinuities that dissect the floor into indi- 
vidual blocks (Orsi et al. 1996). In either case, 
field and geophysical investigations suggest 
that fault inclination is generally subvertical 
to vertical (Mori & McKee 1987; Orsi et al. 
1996; Prejean et al. 2002). For this study the 
physical phenomenon responsible for the pres- 
sure increase in the source is irrelevant, and can 
be of either magmatic and/or hydrothermal 
origin. 

Consider the scenario depicted in Figure 1. A 
source of dilatation undergoing pressure changes 
is embedded in a fractured medium. The model 
geometry can be characterized in terms of two 
dimensionless scaling quantities, ~ and ~f. The 
former is the ratio of source depth d (measured 
from the surface to the top of the source) to its 
horizontal extension a ( e = d / a ) .  Depending on 
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Fig. 1. Sketch of the model. A pressure source of characteristic horizontal extension a and depth d is 
embedded within a fractured linear elastic medium. Ring-faults (or intracaldera structural discontinuities) of 
averaged length L~ and dip angle ~ are located at a distance rf from the source centre. Faults may start at 
variable depths and extend downwards to the top of the pressure source. 
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the geometry being considered, a represents the 
source radius (spherical source), the semi-major 
axis (oblate spheroid), or the semi-minor axes 
(prolate spheroid). The latter dimensionless 
number is expressed as the ratio of the distance 
between the centre of the source and the tip of 
the fault rf to a (~f= rr/a). We will assume axial 
symmetry - a reasonable hypothesis in the con- 
text of collapse calderas - and a flat free surface 
located at z-- d =  0. Equations of linear elasticity 
have been solved numerically via a finite-element 
method with nodal implementation (Codina & 
Folch 2004) for different source geometries and 
combinations of the scaling parameters, fault dip 
angle ~, and fault lengths Lf. The fault lengths are 
chosen such that they extend from various depths 
downwards to a penetration depth equal to d; i.e. 
they extend to depths equal to that of the top of 
the source. As a consequence, we can explore the 
effect of the presence of caldera-fill successions 
overlying the fractured medium on the deforma- 
tion field. Boundary conditions imposed at faults 
are zero shear strength (corresponding to null 
friction) and the non-overlapping condition (De 
Natale & Pingue 1993). 

The effect of the presence of faults on the 
intracaldera deformation field is compared to the 
predictions of the maximum displacements ( ~  
for vertical and Ur* for horizontal) obtained from 
applying an IHM. The purpose of this normal- 
ization is twofold. First, it allows an immediate 
estimation of the error incurred by applying an 
IHM to model mechanical behaviour in faulted 
environments. Second, results become indepen- 
dent of source overpressure and the elastic prop- 
erties of the medium. Standard values for rigidity 

= 10 GPa and Poisson's ratio v = 0.25 have been 
assumed in the simulations. 

Parametric study 

Results for  a spherical source (Mogi-type) 

We consider first a pressurized spherical source 
with a equal to 1 km at a depth of 4 km (the 
depth to the centre of the sphere equals d+a; 
Fig. 2). The values of e have been fixed to equal 
4 in order to ensure the validity of the point- 
source hypothesis (Folch et al. 2000). By doing 
this, differences between numerical solutions 
for extended sources and analytical solutions 
for point source approximations, in this case 
the Mogi solution (Mogi 1958), become negli- 
gible in the absence of faults. As a consequence, 
any difference between the surface displacements 
obtained from solutions for the faulted medium 
and those obtained by the homogeneous 

Fig. 2. Details of a finite element mesh. Only a part of 
the computational domain is shown. The source is 
represented by a sphere at 4 km depth and has a radius 
of 1 km (~ = 4). In this example the fault starts at a 
depth equal to 10% of the source depth (i.e. 400 m) 
and extends downwards to a depth corresponding to 
the top of the source. The inset shows a close-up of the 
mesh close to the fault. For all simulations, meshes 
have been refined until the precision level of numerical 
solutions for displacements lies in the range of 
millimetres. 

approaches (numerical solutions considering 
extended sources or the analytical solution for 
Mogi point source) must be attributed to the 
presence of faults. As a consequence, results from 
this section can be viewed as an estimation of the 
error in the popular Mogi model when applied in 
a faulted medium. 

Figure 3 illustrates the effect of fault distance 
on the displacement field. The amplification 
of deformation becomes less significant with 
increasing distance between the source and the 
fault. For instance, for ~f = 2, the maximum verti- 
cal displacement at the surface is almost 2.5 times 
greater than predicted by the IHM, whereas for 
~ =  5 the maximum amplification becomes less 
than 10%. Finally, for values of ~f>6 the influ- 
ence of faults becomes negligible. Positive devia- 
tions from the displacements predicted by the 
IHM are particularly significant in the near field 
up to a dimensionless distance ~ equal to ~f+ 1, 
regardless of the distance to the fault and its 
length. 

The dependence of the amplification of the 
deformation field on the fault length and vertical 
location is shown in Figure 4. As expected, the 
longer the fault the higher the amplification. 
Faults not penetrating to the surface, but extend- 
ing from near surface levels (10% or less of 
the fault length) downwards to the source depth 
induce over 50% greater maximum vertical dis- 
placements than faults nucleating about halfway 
in-between (Fig. 4a). A similar yet slightly more 
pronounced amplification of surface deforma- 
tion is induced by faults extending from the 
surface downwards to depths between 50 and 
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Fig. 3. Effect of fault distance ~f = rota on vertical (top) 
and radial (bottom) displacements. Radial distance 
from the centre of the source is displayed as the 
non-dimensional parameter ~, = r/a. Results for faults 
located at distances ~,f of 2, 3, 4 and 5. Bold lines 
indicate the predictions of the isotropic, homogeneous 
half-space model (IHM). Plots are normalized to 

and ~ ,  the maximum vertical and radial 
displacements, respectively, as obtained from the 
IHM. Model parameters for these solutions are 
a = 1 km, d=4 km, ~ =4, ~= 15 ~ and Lf= 3725 m. 
The distance between the top of the fault and the free 
surface is 10% of the fault length. 

100% of the source depth, as shown in Figure 4b. 
It follows that, for a fixed fault length, the closer 
the depth of the tip of the fault matches the 
source depth, the higher the amplification. Maxi- 
mum radial displacements are between 1.2 and 
2.0 times the maximum radial displacement pre- 
dicted by the IHM. The lateral distance of the 
predicted maximum for the investigated fault 
lengths, however, is in reasonable agreement 
with that given by the IHM. 

The effect of fault inclination on the displace- 
ment field is illustrated in Figure 5. Slightly 
inward-dipping faults (0~ > 0) appear to amplify 

both vertical and horizontal displacements more 
than slightly outward-dipping faults (~ < 0), but 
they also extend the maximum radial deforma- 
tion field to significantly larger wavelengths. In 
contrast, the presence of outward-dipping faults 
markedly reduces the lateral extent of surface dis- 
placements compared to predictions from the 
IHM. 

E f f e c t  o f  source g e o m e t r y  

In addition to the characteristics of the faults, the 
geometry of the causative source bounded by 
faults plays a major role in amplifying the dis- 
placement field at caldera volcanoes. This effect 
is likely to be much more pronounced for prolate 
source geometries than for oblate geometries. 
Ring-faults are (sub-)vertical discontinuities and, 
in consequence, their interaction with the stress 
field produced by pressurizing a prolate source 
is stronger than by pressurizing an oblate source. 
This phenomenon is illustrated in Figure 6 for 
four spheroidal sources with different aspect 
ratios e (vertical to horizontal extension), includ- 
ing spherical, oblate and prolate geometries. 
For vertically elongated sources, the amplifica- 
tion can be as high as a factor of four for the 
vertical component and two for the radial com- 
ponent, when compared to the IHM solutions. In 
contrast, for horizontally extended sources, the 
amplification effect decreases progressively with 
the source aspect ratio. For geometries such as 
laccoliths or sills (with e<<0.25) the effect of 
ring-faults on the deformation field becomes a 
second-order effect, and concentrates just in the 
vicinity of the fault projection to the surface. 

Discussion 

The present study gives insights into the depen- 
dence of the surface deformation field at active 
volcanic calderas on (sub)vertical structural dis- 
continuities. As shown by previous 2D studies 
(De Natale & Pingue 1993), the presence of faults 
may alter notably the shape of both vertical and 
radial deformation patterns, as well as their 
absolute value. However, our 3D analysis 
suggests that amplification effects can be much 
larger than predicted by the two-dimensional 
models. Relevant parameters are, by order of 
importance, source geometry, fault-to-source 
distance, fault length and position, and dip angle. 

Our results show significant deviations from 
the predictions of IHMs. Differences can, 
in some cases, be more important than, for 
example, the effect from applying different 
source models, i.e. differences between solving 
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Fig. 4. (a) Effect of depth of fault on vertical (top) and radial (bottom) displacements. Results for faults starting 
at 10, 20, 30, 40 and 50% of the fault penetration depth. The corresponding fault lengths Lf are 3.7, 3.3, 2.9, 2.4 
and 2 km approximately. Bold lines indicate the predictions of the IHM. Plots are normalized as explained in 
Figure 3. Results are obtained for a = 1 km, d = 4 km, e = 4, ~,r = 2, and 0~ = 15 ~ (b) The same but with varying 
penetration depths. Results for faults penetrating to 100, 75 and 50% of the source depth. The corresponding 
fault lengths are 3.7, 2.7 and 1.7 km, respectively. 

for point or finite sources (Dietrich & Decker 
1975; McTigue 1987) or the effect from account- 
ing for or omitting the influence of topography 
on ground deformation. Neglecting faults when 
fitting data at active calderas using either finite or 
point-like sources may lead to substantial errors 
for: (1) source location, due to the change in the 
spatial distribution of the degree of deformation, 
and/or (2) source size and pressure changes, due 
to the amplification of the absolute value of 
both vertical and horizontal deformation com- 
ponents. Relative errors are more pronounced 
for prolate and - to a lesser extent - spherical 
geometries. Linear elastic and visco-elastic 
models entail a linear positive relationship 
between pressure changes in the source and the 
resultant surface displacements. As a conse- 
quence, pressure changes may be overestimated 
by a factor of two to three in situations involving 

prolate and spherical source geometries. In con- 
trast, relative errors for sill-like sources are likely 
to be of a second order, except in the vicinity of 
the fault projection to the surface, as we explore 
below. 

Modelling results for periods of ground 
subsidence from analytical solutions that are not 
accounting for lateral discontinuities would 
suffer from equally distinct differences in the 
deduced subsurface volume/pressure changes, or 
poorer qualities of fit if compared to our solu- 
tions. Results obtained from elastic IHMs are 
often regarded with reservations, because they 
can provide unrealistic values for pressure 
change (Bonafede & Mazzanti 1998), and more 
complex models accounting, for example, for 
visco-elasticity, appear to provide more realistic 
values (Newman et  al. 2001). However, deducing 
'realistic' visco-elastic property values such as 
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Fig. 5. Effect of fault inclination on vertical (top) and 
radial (bottom) displacements. Results are shown for 
faults with dip angles ~ of-15 ~ (outward-dipping), 
0 ~ and 15 ~ (inward-dipping). Bold lines are the 
predictions of the IHM. Normalizations according to 
Figure 3. Results are obtained for a = 1 km, d = 4 km, 

= 4, ~f = 2, and Lf: 3725 m. 

structural relaxation times or the dimension of 
a visco-elastic halo around a magma reservoir 
is difficult and prone to large errors. Information 
about the presence of faults and an assessment 
of their geometry may, however, be obtained in 
a more straightforward way during detailed 
fieldwork or seismic studies (Mori & McKee 
1987; Prejean et al. 2002). As a consequence, we 
would argue that modelling pressurized sources 
within the framework of elastic IHM may also 
provide physically realistic parameter values 
if structural discontinuities are accounted for. 

Application of the model 

In the previous sections, we performed a para- 
metric study on the influence of faults on 
the deformation pattern at uplifting calderas. 

The two key findings were: (1) faults may signifi- 
cantly amplify ground deformation induced by 
pressurizing a subsurface source, resulting in a 
overestimation of associated pressure changes 
when solving the inverse problem by means of 
IHM and, (2) faults may distort the spatial defor- 
mation pattern, leading to an abrupt decline 
in uplift (large uplift/distance gradients) in prox- 
imity to faults. In this section, we present two 
natural examples, which highlight both of the key 
findings. It is important to note that our purpose 
is not provide a full quantitative solution and 
best-fit inversion for these two particular cases, 
but to illustrate qualitatively the theoretical 
findings for the natural examples. 

C a m p i  FlegreL I t a l y  

The Campi Flegrei caldera (CFc) resulted from 
two main collapse events (37 and 12 ka) and 
hosted a number of 'post-caldera' eruptions 
(Rosi et al. 1983; Orsi et al. 1996). Furthermore, 
it is renowned for its continuous ground defor- 
mation over the past 2000 years (Parascondola 
1947). The 1.8-m non-eruptive uplift between 
1982 and 1984 has led to a controversial debate 
as to the subsurface processes that cause the 
observed ground deformation: magma move- 
ment (Berrino et al. 1984) or hydrothermal fluid 
migration (Bonafede & Mazzanti 1998). 

Gottsmann et al. (2006b) performed a coupled 
inversion of deformation and gravity data 
(Berrino et al. 1984) for the 1982-1984 uplift 
period, and proposed a prolate spheroid source 
undergoing a volume change of 71 x 106 m 3 as the 
best-fitting IHM solution. Density constraints 
from gravimetric data inversion allowed the 
authors to suggest a hybrid nature for the 
causative source, with both magrnatic and 
hydrothermal components. In a follow-up paper 
(Gottsmann et al. 2006a) delineated the hybrid 
body via two vertically stacked spherical sources 
representing a deep magmatic and a shallow 
hydrothermal reservoir. The source parameters 
thus obtained are given in Table 1. A limitation 
of the analytical inversion result was that the 
shallow source (at 2 km depth) does not verify 
the point-source hypothesis. In order to over- 
come this drawback, the results were validated 
via a 3D finite-element model and, assuming a 
rigidity of 10 OPa, the authors deduced pressure 
increases of 33 and 42 MPa for the deep and the 
shallow source, respectively, which represent the 
maximum allowable pressure changes based on a 
realistic assessment of the tensile strengths of the 
encasing rocks. The presence of faults within the 
caldera (Orsi et al. 1996) suggests that their effect 
on the ground-deformation pattern should be 
taken into account, particularly in light of the 
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Fig. 6. Effect of source geometry and fault on surface deformation. Amplification of vertical and radial displace- 
ments for different spheroids of aspect ratios e (vertical to horizontal extension) equal to 2, 1, 0.5 and 0.25. All 
sources are fixed to equal volume. Details of the meshes around the sources are shown as insets. Results are 
normalized to the predictions of the IHM (bold lines). Note how the amplification is highly dependent on the 
source geometry. Model parameters for these solutions are d = 4 km, ~ = 4, ~ = 15 ~ ~f = 2 and Lf = 3725 m. 

mutua l  dependence  of  the inferred source geom- 
etries and faults on the stress field, as explained 
above.  

We consider  the effect of  caldera faults for 
two different cases. Case 1 accounts  for the 
caldera boundaries ,  and assumes a ring-fault  
with rf=-5.5 k m  (~f=4),  d = 4  km, and 0~=15 ~ 
(Lf=4150  m). Case 2 represents an approxi-  
mat ion  to the inner-caldera bounda ry  fault 
(Beauducel  et  al. 2004) and considers r f=  2.5 km 
(~f= 1.8), d = 3 . 1  km, and ~ =  15 ~ (Lf =2070  m). 
Fo r  simplification, axial symmetry  and  flat 
topography  are assumed. Note,  that  we are here 

not  a iming at providing a full-scale inversion 
of  the data.  Our  intent ion here is to show that  
account ing  for bound ing  faults at the CFc  may  
provide acceptable values for overpressures 
assuming simple source geometries.  Results are 
shown in Figure 7. In both  cases we obtain best 
fits with values of  30 M P a  for each source, i.e. 
with a decrease in the inferred pressure change 
of  about  25% in the shallow source and 10% 
in the deeper  source. Case 2 gives a better fit to 
the measured  data.  

A further  impor tan t  point  when 
account ing  for lateral discontinuit ies concerns 
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Table 1. Source parameters of  coupled gravity and 
deformation IHM inversion for two spherical sources 
during inflation (1982-1984) at the Campi Flegrei 
Caldera 

Variable Source 1 Source 2 

x (UTM) 426 300 426 500 
y (UTM) 4 521 300 4 519 200 
z (m) 5300 2000 
A V (106 m 3) 26.7 32.6 

(m) 1286 1374 
9 (kg m -3) 3600 1400 

Results from Gottsmann et al. (2006b). x and y are 
Easting (m) and Northing (m) positions of the centre 
of each source, z is depth of source centre, A V is 
volume change, a is source radius, and 9 is bulk 
density. 

micro-gravimetric data obtained simultaneously 
with deformation data during caldera unrest. 
Contrary to their application in IHM inversions 
(Walsh & Rice 1979), measurements need to 
be corrected for Bouguer effects: i.e. coupling 
effects between gravity and elastic deformation 
(Bonafede & Mazzanti 1998). Accounting 
for these effects using a Bouguer density of 
2000 kg m -3, and correcting results from the gra- 
vimetric data inversion presented in Gottsmann 
et al. (2006a) requires an input of material with 
a density p of 2400 kg m -3 into the deep source, 
whereas the shallow pressure-dominated source 
undergoes a negligible mass input of material 
with 9=400 kgm-3). A geologically plausible 
scenario is a recharge of magma at depth, cou- 
pling into a shallower hydrothermal system 
and inducing volume expansion of supercritical 
fluids. As such, the observed inflation may be 
interpreted to result from a combination of deep- 
seated magmatic and shallow hydrothermal pro- 
cesses. The total subsurface volume change of 
60 _+ 2 x 106 m 3 is almost equally split between the 
two sources, and the associated gravity change is 
dominated by mass input into the deep source 
(Gottsmann et al. 2006a). Future uplift at the 
Campi Flegrei may be associated with subsurface 
magma recharge; however, we find that the 
hydrothermal system plays an important role 
during unrest at the CFc and the hazards associ- 
ated with either source need to be assessed for 
risk mitigation. 

Sierra Negra,  Galapagos,  Ecuador  

Ground deformation of up to 2.7 m was detected 
at the Sierra Negra Caldera (Isabela Island) by 
interferometric synthetic aperture radar (InSAR) 
observations (Amelung et al. 2000; Jonsson et al. 

2005). Although both spatially and temporally 
variable during this period, the deformation pat- 
terns in 1992-1997 and 1998-1999 were similar, 
with the maximum uplift located at the centre of 
the 7 • 10-km-wide caldera (Jonsson et al. 2005). 
Trapdoor faulting occurring along the southern 
part of the caldera between 1997 and 1998 was 
found to best explain the asymmetrical fringe 
pattern obtained during that time (Jonsson et al. 
2005). In this section, we investigate the 1998- 
1999 caldera uplift during which a maximum 
line-of-sight (LOS) range change of 0.3 m was 
observed in the caldera centre (Figure 8a), 
subsequent to the faulting event. No significant 
ground displacement was detected beyond the 
caldera rim, which could suggest that the area 
affected by ground deformation may have been 
controlled by caldera ring-faults. With data 
available from only one ascending satellite orbit 
(LOS unit vector: (0.3790, 0.0806, -0.9219)) it is 
impossible to calculate the full 3D displacement 
field. We hence present all modelling results as 
LOS range change data. 

Amelung et al. (2000) and Jonsson et al. 
(2005) inferred the presence of a growing sill 
from data inversion using an IHM, as the ovoid 
InSAR fringe pattern appeared inconsistent 
with, for example, a spherical source geometry. 
Using an entirely different approach (Yun et al. 
2005) concluded that a pressurized diapir could 
fit the 1998-1999 data equally well. In fact, 
within reasonable limits of the required pressure 
increase, we find the displacement data to be 
relatively insensitive to the source geometry, as 
long as the source has a more or less flat surface 
and a lateral extent of 2-3 km. As an example, 
Figure 8 shows the fit obtained by a sill-like body 
with d=2  km, a--2.5 km and a thickness that 
decreases linearly from 200 m at the centre (r = 0) 
to 15 m at the end (r---a). The body overpressure 
is 1.5 MPa and the rigidity of the host rock is 
10 GPa. 

We find, however, that the particular defor- 
mation pattern observed along the southern edge 
of the caldera cannot be modelled adequately by 
either source geometry in an IHM. A stark dis- 
tortion of the LOS data appears at a distance 
of c. 3 km from the maximum LOS amplitude 
(Fig. 8), with a large displacement/distance gra- 
dient similar to those obtained in our previous 
parametric study close to lateral discontinuities. 
Note that the southern part of the caldera has 
been the locus of trapdoor faulting in the year 
preceding the uplift considered here. A possible 
geological interpretation could be that this fault- 
ing episode has had a buttressing effect along 
the southern caldera margin, preventing surface 
displacement beyond the faulted area during 
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Fig. 7. Results obtained for uplift at CFc (1982-1984) for the two spherical sources reported in Table 1. Vertical 
displacements at surface v. radial distance from the centre of the shallow source. Circles indicate data from 
Berrino et  al. (1984). The bold line is a result from 3D simulation using pressure increases of 42 and 33 MPa for 
the shallow and deep source, respectively (Gottsmann et  al. 2006a) and ignoring the influence of faults. Cases 1 
and 2 show results for two different fault geometries. Deduced source overpressures are 30 MPa in either source. 
Details of the finite-element meshes are shown for both cases. 

subsequent continuing uplift. We can success- 
fully model this distortion by accounting for a 
vertical discontinuity with rf = 3 km (~f= 1.2) and 
Lf= 1.5 km (see Figs 8c & 8d). The inclusion of 
a discontinuity represents a significant improve- 
ment of the quality of fit to the data as compared 
to the fit from a sill-like body using an IHM, yet, 
due to the sill-like geometry of the source, it does 
not imply any substantial reduction in the pres- 
sure change (1.5 MPa for the IHM solution when 
compared to 1.3 MPa deduced from this study). 
We note again that the main objective here is 
not to solve for the best 3D fit but to present a 

natural example that illustrates the significant 
distortion of the ground deformation pattern 
induced by the presence of faults. 

Summary and conclusions 

We have shown that structural discontinuities 
(ring faults or boundary faults) may significantly 
influence the deformation field at active calderas 
undergoing subsurface volume/pressure changes. 
Ignoring the effect of faults during the inversion 
of ground deformation data using IHMs may 
lead to a significant error in the deduced volume/ 
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Fig. 8. (a) Observed InSAR LOS range change (in m) at Sierra Negra caldera for 1998-1999, draped over a 
digital elevation model. Data after Jonsson et  al. (2005). B-D: profiles of LOS data from (a) and model fits. 
Observed data are indicated by circles. (b) east-west profile showing observed data and model fit (line) for the 
sill-like source geometry reported in Jonsson et  al. (2005). The deduced pressure increase is 1.5 MPa (see text for 
details) without accounting for the fault (IHM). (e) north-south profile showing observed data, IHM fit and fit 
from accounting for a vertical fault with Lf= 1 km and ~ =  1.2. Resultant pressure change is 1.3 MPa. (d) close-up 
of lower left-hand corner of (e). Note how inclusion of a trapdoor fault in the model significantly improves the fit 
in the vicinity of the inferred fault by capturing the sharp change in the gradient of the displacement field. Details 
of the model geometries for the IHM and the fault model are also shown. 

pressure changes. However, we find that the 
influence of faults on the deformation field is 
highly dependent on source geometry. Bodies 
such as sills or oblate spheroids are very effective 
in concentrating deformation directly above their 
upper surface, because the induced displacement 
vectors tend to be vertical. In contrast, spherical 
or prolate bodies distribute their displacement 
vectors predominantly non-vertically (i.e. in 
the direction normal to (sub)vertical ring faults) 
and thus require a significantly higher pressure 

increase than oblate geometries in order to trig- 
ger the same amount of surface displacement. 
As a consequence, the effect of faults on the dis- 
placement field becomes more pronounced for 
the latter geometries compared to the former. 
Boundary faults can significantly amplify ground 
displacement and distort the pattern, leading 
to abrupt changes in displacement/distance gra- 
dients in proximity to faults. We have presented 
two natural examples that illustrate each of these 
phenomena. 
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For the case of ground inflation at the Campi 
Flegrei Caldera (1982-1984) our approach has 
shown that despite using a simple two-spherical 
source model, accounting for lateral discontinui- 
ties provides physically realistic results for source 
parameter values. Considering two sources and 
accounting for faults, this uplift episode can be 
explained with overpressures in the range or 
lower than the expected strength of the rocks, 
even if a rather high value of 10 GPa is assumed 
for crust rigidity. In the case of post-faulting 
uplift at the Sierra Negra Caldera between 1998 
and 1999, we find that particular surface dis- 
placement data observed with radar interferom- 
etry along the recently faulted southern caldera 
rim are very similar to deformation patterns 
proposed by our forward modelling results and 
can be best explained by an interaction of the 
displacement field caused by a flat-topped 
pressurized body with a lateral discontinuity. 
Satellite-based remote sensing of surface dis- 
placements at active caldera volcanoes can pro- 
vide important data, particularly across caldera 
boundaries, where ground-based observation 
techniques often provide a limited resolution. 
Future analysis of such datasets will be an impor- 
tant test for the modelling concepts brought 
forward here. 

Boundary faults play an important role in 
the evolution of caldera systems, as they provide 
pathways from deep magma reservoirs for 
magmatic gases (Farrar et al. 1995), as well as 
for magmatic intrusions (Saunders 2004). We 
conclude that coupling data inversion using 
IHM with numerical modelling and taking into 
account lateral structural discontinuities may 
provide important insights into the subsurface 
pressure/volume changes beneath restless caldera 
volcanoes. However, geodetic data alone cannot 
unambiguously resolve the subsurface kinetics of 
active volcanic systems, and data obtained from 
other monitoring techniques need to be taken 
into account (Cayol & Cornet 1998; Beauducel 
et al. 2000; Battaglia et al. 2003; Gottsmann 
et al. 2006b) to infer on source parameters and 
dynamics. Only then can the inversion of defor- 
mation data be confidently incorporated for the 
assessment of hazards at active volcanic areas. 
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