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Abstract

The peculiar behaviour of ground deformations at calderas induced by collapse discontinuities is analysed in this
paper. Firstly, we show, using a 3D finite element scheme, that the influence of collapse discontinuities on the sur-
face deformation is dominant with respect to likely perturbations due to the heterogeneity of elastic parameters at

. ‘calderas. Then, a 2D boundary element method is-used to simulate the non-lincar cffects induced bysstresssstrain. o y oo
discontinuities on ground deformation in homogeneous elastic media. For inward-dipping discontinuities, which ;
are common at the borders of collapsed calderas, vertical ground deformations caused by a positive increase in
pressure in a shallow source are more spatially concentrated and intense than those caused by negative pressure
changes. The different behaviour for different signs of pressure changes depends on the different sign of normal
stress on the discontinuities, and from the non-overlapping condition for the sides of the discontinuity. The non-
overlapping condition results in different siress fields at depth, for different pressure signs, which in turn cause dif-
ferent ground deformation. These non-linear effects only work at equal initial conditions for the stress field, for in-
stance they do not work for fast recovery of ground level after an uplift episode produced by positive overpres-
sure, in which the medium simply recovers the starting position before uplift. These effects have, on the contrary,
important implications for long-term surface deformations at calderas. They imply for instance that, for long term
subsidence, the extension of the deformed area at calderas should be much larger than for uplift episodes. This re-
sult seems in agreement with recent findings on Campi Flegrei secular subsidence, as inferred from archaeologi-
cal studies. >

Key words ground deformation modeling — caldera Ground elevation changes at Campi Flegrei
collapse — structural discontinuities have been known since the ancient Roman age.
The history of ground movements at Campi
Flegrei caldera has been delineated by the inte-

1. Introduction -+« rsciende Tane e gration- of different data:, geologieal, archaco- v
logical and direct measurements (Parascandola,
Campi Flegrei is a caldera formed by subse- 1947; [RS1] Dvorak and Mastrolorenzo, 1991)

quent collapses dating from 37 000 to 12000 (fig. la-c). It includes episodes occurring on
ﬁ years ago. It is located in the Southern part of different time and space scales: secular subsi-
Italy, and encloses part of the metropolitan area of dence at a rate of about 1 m per century and fast
Naples, where more than 1.5 million people live. ground uplift at a rate up to 1 m per year. In re-

cent times, two different episodes of fast uplift

occurred, from 1969 to 1972 and from mid-
KRR 1982 to December 1984. The ground uplift dur-
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sc@ov.ingv.it e December 1984 amounted to 180 cm, partially
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Fig. la-c. a) Map of various geophysical observations at Campi Flegrei. The contours of vertical elevation
1982-1984 is shown together with carthquake hypocentres; the projection of the collapsed zone as modelled
from gravity anomalies is superimposed on the depth section of hypocentres. Also shown is the location of the
magma chamber as inferred by Ferrucci er al. (1992). b) History of vertical movement at Serapis (after Dvorak
and Mastrolorenzo, 1991). ¢) Vertical ground displacement at Pozzuoli harbour in the 1970-1996 period, as
recorded by tide gauge (continuous line) and levelling data (closed circles).

recovered by a subsequent slower subsidence
with an average rate of 0.1 m/yr, still ongoing.
The roughly circular area raised had a radius of
about 3 km centred on the town of Pozzuoli
(fig. la-c). Periods of intense ground uplift are
sometimes associated with an eruption, as oc-
curred in 1538 (Mt. Nuovo eruption), the most
recent eruptive event in the area. The two recent
unrests produced a huge quantity of data and

ompted new research. An overview of recent

(see also Beauducel et al., 2004). One of the
most important results of the recent research
(De Natale and Pingue, 1993) has been the
recognition of the effect of collapse caldera
borders in determining the shape of ground dis-
placements during fast deformation episodes
[RS3]. More recent studies by De Natale er al.
(1997, 2001) and Troise er al. (1997) definitely
demonstrated the prominent role of caldera col-
lapse borders both on static deformations and
on seismicity. In particular, these studies point-
ed out that the surface deformation produced by

&L

*"“%research can'be found in‘De Natale er al {2001y
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a buried pressure source is much more intense
and spatially concentrated in the presence of
collapse discontinuities with respect (o a con-
tinuous homogeneous half-space. On the other
hand, also the heterogeneity of elastic parame-
ters at a caldera might in principle affect in a
similar way the surface deformation (see e.g.,
Bianchi er al., 1987).

In this paper, we demonstrate that the role
of collapse structures, described as stress strain

discontinuities free to’slip in response-to.vol-- <-4

canic stress changes, is much greater than of
static deformation with respect to effects of the
heterogeneity of elastic parameters likely to
hold at calderas.

Furthermore, we show, using a plane-strain
approximation and a boundary element method,
that the presence of inward dipping discontinu-
ities at calderas produces peculiar non-linear ef-
fects on the static deformation field, which
should be notable during long-term deforma-
tion. As a consequence of these effects, ground

..displacements associated, with, secular subsi-
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dence phenomena should involve a larger arca
with respect to fast uplift episodes. Theoretical
results on such non-linear effects are then dis-
cussed, also-in-the Jight of recent findings of
geo-archaeology at Campi Flegrei about secu-
lar subsidence inferred from marine incrusta-
tion levels in ancient manufacts.

2. Effects of discontinuities versus elastic
heterogeneity

The first aim [RS5] of the paper is to show
the relative influence on surface deformations of
heterogeneity of elastic moduli versus the pres-
ence of bordering fractures/lithological disconti-
nuities, for a typical collapsed caldera. 3D finite
element computation was used in this section to
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compute theoretical surface displacements in
heterogencous elastic media with and without
bordering discontinuities. Theoretical models

- have been calibrated to schematically represent a,.

system like Campi Flegrei caldera, Southern
Italy. It is a chaotic collapse caldera (Scandone,
1990), with inward-dipping collapse borders. In
order to exploit the roughly symmetric shape of
typical calderas, an axial-symmetric approxima-
tion was used in the framework of the finite ele-
ment approach. The basic model consists of a
spherical pressure source, with radius r = | km,
with centre located at 4.5 km of depth, embed-
ded in a purely elastic half-space. Surface verti-
cal and horizontal displacements computed for
this simple model are shown in fig. 2. Further
complexities are progressively added to such a
basic model. The choices of the finile element
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Fig. 2. Normalized vertical (continuous line) and horizontal (dashed lines) displacements computed for a spherical
pressure source (AP = 5 MPa), with radius r = | km and center located at 4.5 km of depth, in an elastic half-space.

i are shown for 4 models computed for different rigidity value and with an axial-symmetric finite el-
ement scheme (bottom). The green curves are for a homogeneous elastic model, without lateral discontinuities. Mod-
el 1 (black) is a homogeneous elastic model (rigidity 5 GPa), with ring discontinuities as shown in the half-section.
Model 2 (violet) is a medium with lower rigidity in the inner caldera (2 GPa) with respect to the external rocks (5
GPa). Model 3 (blue) has rigidity values as model 2, and furthermore the ring discontinuities like model 1. Model 4
is like model 3, with the addition of a shallow top layer (1 km thick, covering the inner caldera) with lower rigidity
(1 GPa). Note that the shapes of blue and red curves are very similar to the black ones, with also similar maximum
values (within about 30%), whereas violet curves (heterogeneous model without discontinuities) are very different

... from the black ones and much more similar to the green ones (homogeneous, without discontinuities).
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mesh and of the extension of the finite element
model (see fig. 2) were tested against 3D bound-
ary element results for the homogencous model

with discontinuities (black lines in fig. 2) using

the approach described in Beauducel er al.
(2004). Computed values for displacements and
stress distributions are practically the same using
the two different methods, within about 2%. As
a first test, we consider the presence of bordering
stress-strain discontinuities, then we consider
heterogeneous elasticity, described in terms of
rigidity modulus. The rigidity modulus used for
the basic (homogeneous) model is u=5 GPa
used by several authors for the Campi Flegrei
area (De Natale et al, 1991; De Natale and
Pingue, 1992; Petrazzuoli et al., 1999). The in-
clusion of bordering discontinuities in the mod-
¢l. simulating the caldera collapse, is obtained
" adding an inward dipping, axial-symmetric trun=~
cated cone surface (shown in a half-section as a
line segment, see fig. 2). The appropriate bound-
ary conditions imposed on this surface are:

1) shear stress o= 0, which means that lat-
eral discontinuities are free to slip in response
to the applied pressure at the buried source;

2) normal strain £ > 0, which means that the
borders of the discontinuities can only open,
not overlap.

The inclusion in the model of bordering dis-
continuities has a‘strong effect on surface dis-
placements, producing a much sharper decay of
displacement as a function of the distance from
the epicentre of the source (fig. 2).

To this model with bordering discontinu-
ities, we added heterogeneous rigidity, based on
the typical structure of a collapsed caldera, in
which internal rocks, mostly consisting of inco-
herent pyroclastic deposits, have a lower rigid-:
ity (u = 2 GPa) than external rocks (u = 5 GPa,
model 2 in fig. 2). Furthermore, we added a top
layer with lower rigidity (u=1 GPa) to this
model (model 3 in fig. 2). The heterogeneous
rigidity model was also investigated without
the addition of bordering discontinuities, to
have a complete picture of the relative influ-
ence of discontinuities versus heterogeneous
rigidity on surface displacements.

Figure 2 shows theoretical displacements,
vertical and horizontal, obtained with the dif-

ferent models. It is clear from the figure.that ..

both collapse discontinuitics and heterogeneity
of elastic parameters result in amplification of
maximum vertical displacements and higher
spatiaconcentration of vertical and horizontal
displacements. However, it is also clear that the
largest modifications to displacement patterns
are due to the inclusion in the model of border-
ing discontinuities, whereas only relatively
small modifications are produced by the addi-
tion of heterogeneous rigidity. The displace-
ment curves obtained with heterogeneous rigid-
ity only are very slightly different from the ones
computed in a homogencous half-space. Fur-
thermore, the addition of rigidity hetero-
geneities to the model with collapse discontinu-
ities results in negligible changes in the dis-
placement curves. These results, which confirm
the strong influence of bordering discontinu-

“+ities on surface displacement patterns, as previ-

ously evidenced by De Natale and Pingue
(1993) and De Natale et al. (1997), also demon-
strate that the effects of realistic heterogeneity
of elastic parameters at typical calderas are neg-
ligible with respect to the effects of collapse
discontinuities. Collapse discontinuities arc
then the most effective perturbation to displace-
ments at calderas, with respect to predictions
computed in homogencous elastic half-spaces.
They produce higher maximum vertical dis-
placements and higher spatial concentration of
both vertical and horizontal deformations.

Once the dominant role of bordering dis-
continuities at calderas with respect to other
sources of medium complexity is assessed, we
highlight the peculiar effects of such disconti-
nuities on the long-term deformation.

The method used for this aim consisted of a

* botindary element technique called discontinu-

ity method (Crouch, 1976) in the framework of
a 2D (plane strain) approximation. In this
scheme, the spherical pressure source becomes
an infinite cylinder and the bordering disconti-
nuities two infinite inwar-dipping planes. the
2D section is the same as the 3D case. Although
the 2D model is only a crude approximation, it
is perfectly adequate to qualitatively show the
non linear effects obtained with source over-
pressure of different sign.

A pressure change of 5 MPa of amplitude

~(alternatively positive and negative) was applied
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at the source, starting from zero initial stress.
Different dips of the ring discontinuities were
considered, with positive and negalive pressure

changes. Positive and.negative pressure changes

were applied starting from the same initial con-
ditions for stress (zero in this case).

Figure 3 shows the effect of varying the sign
of pressure change at the source and the dip of
discontinuities. The comparison between defor-
mations obtained with positive and negative
pressure changes for each dip of discontinuities
can be made by looking at continuous and bro-
ken lines with the same model (fig. 3).

As the dip angle increases from the vertical,
the shapes of ground deformations become more
and more different as a function of the sign.

In the fig. 3, displacements are shown nor-
malised and with absolute value, so that they are

~all'positive-and henge easily comparable. In gen--

eral, the displacement is markedly different from

positive to negative pressure values. For a dip

Vertical displacernent moculus {rormalizec t maxmur)

0 [ L] I T ‘ T [ T |
0 1000 2000 3000 4000 5000
Distancs from sowrce centre (m)

angle of 30°, the maximum displacement ob-
tained for negative pressure is less than half with
respect to that obtained for positive overpressure.
The Tadial extension of the deformed-area,, for
negative pressure changes, can be much larger
than for positive ones (also by a factor 2 or more).

These results imply that, for pressure
changes applied to a given equal starting stress
field, subsidence phenomena caused by de-
crease of pressure should involve a much larg-
er area with respect to uplift phenomena due to
pressure increase

This phenomenon, which corresponds to a
non-linear behaviour between positive and neg-
ative pressure changes, occurs because the
boundary conditions imposed on the disconti-
nuities result in different absolute values of the
stress fields. In particular, the physical con-

- straint of non-overlapping:for. the discontinyity.. -

borders, makes the stress in the medium differ-
ent when the borders undergo compression (as

3 NP
45°
-1000 — 5
2000
~3000 Location o latera discorfinuities
—om R R T R

0 1000 2000 3000 4000 5000

Distance from source cerire {m)
——— max=0.098 m
Lt mmmeamax=0.078 m w SREANL:

~——— max=0.078 m

mox=0.057 m

————— max=0.044 m
— max=0.018 m

Fig. 3. Normalized vertical displacements computed in the plane strain approximation for a circular pressure

source and different signs of overpressure (AP = SMPa continuous line and AP = SMPa dashed lines), with ra-
. dius r=1 km and centre located at 4.5 km of depth, in an elastic half-space. Displacements are computed for
three different dips of the ring discontinuities and for zero initial stress. Displacements for negative pressure
changes are inverted in sign, so that all displacements are shown positive. Note that for dip angle of 30° (blue
curves), the maximum displacement obtained for negative pressure is less than a half with respect to that ob-
.. tained for positive. overpressure, S !
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in the subsidence phase, negative pressurc
change) with respect to the phase of extension,
corresponding to an uplift phase (positive pres-
“-sure change). In other words, during the"subsi-
dence phase the stress field cannot be just sym-
metric with respect to the uplift phase, because
the non-overlapping constraint only acts under
compression, so breaking the symmetry be-
tween the two cases.

In order to better clarify this effect, we com-
puted the stress field in the medium, both for

Depth (m)

0 MPa 2

Fig. 4. Stress tensor computed, in the plane strain
approximation, for the pressure source as in fig. 3.
The black line indicate lateral discontinuities. The
sign of stresses for negative AP is reversed.. .

positive and negative pressure changes. We
hence computed the components of the stress
tensor at several points on a grid with spacing of

~250 nr on.both axes, over a distance of 5 km

e = L T

from the axis of the system and a depth of 4 km.
Since the only difference for the two models is
the sign of the applied pressure, in fig. 4 we
show results by inverting the sign of the three
stress components computed for negative pres-
sure change. So doing, the differences in the
stress state resulting from different signs of pres-
sure changes are easily disclosed. Such marked
differences, which are also the cause of the pres-
sure sign dependence of surface deformation, are
obviously due to the imposed asymmetric
boundary condition &> 0, which results in dif-
ferent stress changes in the whole volume for
different signs of the applied pressure changes.

3. Discussion and conclusions

The first key result of this paper is the rela-
tive importance of bordering discontinuities
versus heterogeneity of elastic parameters in
ground deformation phenomena at typical col-
lapsed calderas. Although the strong influence
of bordering collapse discontinuities had been
clearly assessed before (De Natale and Pingue,
1993: De Natale ef al., 1997, 2001) and recent-
ly evidenced experimentally by SAR observa-
tions (Amelung er al., 2000), the relative con-
tribution of discontinuities and elastic hetero-
geneities has not yet been clearly stated. Some
papers, dealing in particular with Campi Flegrei
caldera, had previously hypothesised that the
effect of strong concentration of ground defor-

.- mation in.the caldera arca were duesto the rigid-+
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ity contrast between internal and external
caldera rocks (Bianchi er al., 1987; Quareni,
1990). In this paper, we demonstrate that the ef-
fect of realistic heterogeneity of elastic param-
eters (more than double rigidity for external
versus internal rocks) is much less important,
generally negligible, with respect to the pres-
ence of lithological discontinuities at the
caldera borders. This result has important gen-
eral implications for the interpretation of phys-
ical models of volcanic activity as inferred from
static deformation data, at calderas worldwide,
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In particular, both the effect of ring discontinu-
ities and lower rigidity in the inner caldera vol-
ume lead to an higher concentration of surface

ground deformation-in_a;smaller area, i.e. to a

sharper decay of surface displacement as a
function of distance from the point of maxi-
mum displacement. Also, both the effects tend
to amplify the maximum vertical displacement.
As a consequence of these effects, as already
pointed out by De Natale and Pingue (1993)
and De Natale ef al. (1997), estimates of pres-
sure source depths, not taking into account the
peculiar caldera structure, tend to be consider-
ably biased towards lower values. However, the
influence of discontinuities appears much more
important than any realistic heterogeneity of
elastic parameters.

The presence of discontinuities at the

s caldera-borders; besides having a large effect on

s

the shape and intensity of ground deformations,
also involves considerable non-linear effects in
the long-term. In fact, as demonstrated in this
paper, the nature of boundary conditions at the
caldera borders, and in particular the non-over-
lapping condition for the borders of the discon-
tinuities, produces different stress and strain in
the volume respectively for uplift and subsi-
dence, which can be in particular shown as dif-
ferent shapes and amount of surface displace-
ments. It must be noted, however, that theoreti-
cal results showing marked differences using
positive or negative pressure changes have been
obtained starting with an equivalent pre-exist-
ing stress condition, i.e. without any stress in
the volume except that induced by the source
overpressure. This means that the difference in
the stress and strain produced by positive and

from the same initial conditions, i.e. the same
pre-existing stress state. It is obvious that the
decrease of pressure shortly following a previ-
ous pressure increase simply resets stress and
strain towards the values attained before the in-
crease in pressure. A different consideration ap-
plies the case of long-term deformation, where
long-term is meant as compared with typical
stress relaxation times due to visco-elastic ef-
fects. At volcanic caldera areas where high tem-
peratures of shallow rocks are present, the cf-

. a viscosity value n= 10" Pas implies-a-relax-, . -

. fective rheology of the shallow crust may jn-
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volve considerably low viscosity values. For
average rock rigidity u=5 GPa, typical of
Campi Flegrei caldera in the shallowest 2-3 km,

ation time lower than 10 years (see De Natale ef
al., 1991), whereas a value 1 = 10" Pas implies
a time of about 100 years. Secular deformation
at Campi Flegrei mainly consists of continuous
subsidence, at a rate of about 1-1.5 em/yr (Dvo-
rak and Mastrolorenzo, 1991). Except for short
periods, in the order of tens of years following
fast uplift episodes, such subsidence then oc-
curs over times which are larger than relaxation
times of stress generated during fast uplift
episodes. As a consequence, the non-linear ef-
fect of caldera border discontinuities should
cause amplitude and spreading of secular subsi-
dence very different from episodes of uplift of

fast subsidence shortly following.an uplift. At . .. ..

Campi Flegrei, in particular, hypothesising a
dip of about 60° for the inward-dipping struc-
tures, secular subsidence should involve an area
which is about double the area deformed during
fast unrest episodes. In the recent uplifts a cir-
cle with radius of about 3 km roughly contains
the contour lines up to 20% of maximum ob-
served deformation.

In an equivalent subsidence model with
negalive pressure changes and dip of about 60°,
the contour line at 20% would approximately
correspond to a radius of about 6 km, i.e. about
the double.

An important question then arises regarding
Campi Flegrei caldera, where secular subsi-
dence can be reconstructed since Roman times,
about 2000 years ago. The question is if it is
possible to note a behaviour for the secular sub-

- negativespressure changes only holds if starting.. ... sidence.similar to that inferred from-ourstheas e ¢

retical calculations: Recent results inferred
from the study of marine incrustation levels in
ancient manufacts, both of Roman and Middle
ages, point out that secular subsidence really in-
volved a larger area with respect to that
spanned by recent fast uplift and subsidence
episodes (Cinque et al.,1991). Such researches
found marine levels at Baia in some periods of
the Middle age, for instance, very close to the
corresponding levels at Pozzuoli (centre
caldera), and submersion at Miseno of about

70% with respect to Baia, In the recent episodes
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of fast ground deformation, the percentage of
vertical displacement at Baia (2.5 km from the
centre caldera) was less than 30% of the maxi-

mum, and less than 10% at Miseno. Observed s by the displacement discontinuity method, [nt:J. Num. -

data seem then in agreement with our theoreti-
cal findings, indicating the peculiar non linear
effects of inward dipping caldera border dis-
continuities.

Results obtained here complement and re-
fine the recent model on Campi Flegrei short-
term unrests recently presented by De Natale er
al. (2001). In this model, both mechanical ef-
fects of magma pressure changes and thermal-
fluid-dynamical effects linked to hot fluid cir-
culation in the shallow geothermal system are
considered in the framework of a unitary coher-
ent picture in agreement with geophysical and

_geochemical data. In addition, this paper in-
cludes in the same coherent framework IS0 the " ENDENAMLE, G., C. Troise and E. PINGUE, (2001): A me-. ..

aspects of long-term ground movements well
known since Roman times.

Future research on geo-archaeological data
can shed further light on this important gquestion
related to the mechanics of caldera unrests.
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