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INTRODUCTION

SUMMARY

We provide the analytical formulation for calculating the displacement and stress field forced
by internal sources in a stratified, self-gravitating, viscoelastic earth. This model is specialized
to study the rate of vertical motion and shear stress accumulation produced by lithospheric
density anomalies. These sources are allowed to vary in the lateral direction. We show that
sphericity plays a crucial role for elongated lithospheric anomalies while self-gravitation
produces minor deviations from a gravitating Earth.

When the model is applied to the Apennines we get, for lithospheric viscosity ranging
between 10?2 and 107 Pas, the subsidence of the plate underlying the active front of the
overthrusting load to be around 0.5-1.0mmyr~'. This is consistent with the amount of
sedimentation in the Adriatic foredeep. The deformation pattern is very peculiar, with the
largest subsidence localized beneath the active front of the topography. Our model enlightens
the impact of discontinuities of tectonic phases on vertical motions in collision zones. If
lithospheric viscosity is around 10?* Pa s, vertical motions decay drastically on time scales of
10° yr if lateral migration of density anomalies comes to an end. For higher viscosities,
deformation rates are maintained longer. This correlation between horizontal and vertical
motions suggests that altimetric geodetic surveying along levelling lines of a few hundred
kilometers can be an important tool to constrain the tectonics of the studied region. Results
are also shown for vertical motions along a transect perpendicular to the Apennines, when
the crustal structure inverted from Bouguer gravity data is considered.

Analysis of the stress field induced by an overthrusting load shows that principal stress
differences of a few bar (or a few tenths of MPa) can be accumulated on time scales of
10°-10° yr. These low values agree with the average stress drop of earthquakes in the
Appalachians and northern Apennines where our modelling can be applied. We find that
lateral density variations certainly contribute to intraplate stresses, but they are less efficient
in triggering earthquakes than other mechanisms, such as transcurrent motions along active
plate margins. Seismicity induced by lateral variations of crustal and lithospheric density must
be moderate, characterized by long return times. These results are in agreement with the
recorded seismicity in the northern Apennines where the largest earthquakes have return
times of 10° yr.

If shear stress is forced by an overthrusting load, we find that the largest rate of stress
accumulation in the crust is concentrated beneath the active front, close to the boundary with
the ductile lithosphere. Discontinuities of tectonic phases play an important role in controlling
the amount of shear stress due to density anomalies.
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1984; Mareschal & Kuang 1986). It has been found that high
stress levels of the order of several hundred bars can be

Density anomalies are widely recognized to be important
sources of stress field in the earth for a large range of
wavelengths (Fleitout & Froidevaux 1982; Hager 1983;
Richards & Hager 1984; Ricard, Fleitout & Froidevaux
1984). Mathematical models consisting of elastic plates
overlying an inviscid fluid made it possible to estimate the
shear stress induced in the upper mantle by crustal and
lithospheric density anomalies (Caputo, Milana & Rayhorn

reached in the elastic portion of the lithosphere as a
consequence of lateral density variations. This forcing
mechanism has thus been proposed as a valuable contributor
to intraplate seismicity.

There are, on the other hand, some problems that remain
unsolved if a rheology for the lithosphere is not taken into
account in the modelling. The laterally varying density
structure, usually inverted by gravimetric and seismic
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methods, is a consequence of tectonic activity that took
several million years to deform the crust and lithosphere to
its actual shape. On this time-scale, the stress induced by
density anomalies is probably released by recurring
earthquakes or plastic processes in the deep lithosphere
(Bonafede, Dragoni & Morelli 1986). This leads to the
conclusion that stress values inferred within the framework
of models that do not properly account for lithospheric
rheology have to be interpreted as upper bounds, with the
implicit assumption that no releasing mechanism has been
active during the deformation of the density structures.

To avoid the ambiguities suffered by the interpretation of
the stress field, we built a stratified viscoelastic lithosphere
to concentrate our attention on the rate of accumulation of
shear stress and vertical ground motions driven by density
anomalies. A realistic time history for the source mechanism
is considered. A layered lithosphere with a temperature-
dependent Maxwell rheology was first modelled by
Quinlan & Beaumont (1984) to intepret the Appalachian
Basin as a foreland basin formed under the loads of
successive overthrusts. These authors studied the deflection
of the lithosphere under the loads on timescales of 10> Myr.
The behaviour of a perfectly elastic plate for the evolution
of a foreland basin was addressed in the paper by Jordan
(1981).

Horizontal tectonic forces are not considered in the
model. Cloetingh, McQueen & Lambeck (1985) have shown
that discontinuities in horizontal tension or compression in a
purely elastic lithosphere can be responsible for a rate of
vertical motions of 1072-10"' mm yr™" in the periphery of
vertical applied loads. This amount of deformation is at least
an order of magnitude lower than our estimate of vertical
motion forced by density anomalies. Cloetingh (1986)
suggested, on the other hand, that the introduction of a
depth dependent (Goetze & Evans 1979) or viscoelastic
rheology in his modelling, would significantly enhance the
values of vertical motions. In general, the effects of density
anomalies studied in this paper have to be superimposed on
those induced by variations in the horizontal stress.

If the interaction between recurring earthquakes is
neglected, as seems quite reasonable to a first order
approximation, rate of stress accumulation can be used to
estimate the recurrence time of earthquakes in a seismic
area to test the efficiency of the proposed mechanism in
triggering the recorded seismicity. Plastic processes in the
crust can now be neglected since we consider the stress that
is accumulated in a few thousands of years and, on this time
scale, it is an excellent approximation to assume an elastic
top layer as a model for the crust. At the same time our
model can be used to make predictions on the rates of
vertical deformation forced by density anomalies whose
lateral extension is a function of time. We show how our
results could be compared with geodetic measurements to
test different tectonic models.

There is another crucial reason that suggests the need of a
rheology for the lithosphere. Geological information
indicates that crustal deformation is not a steady-state
process. Crustal shortening or thinning occurs in a sequence
of tectonic phases that push the crust-lithosphere system
out of isostatic equilibrium. This is certainly true for the
Mediterranean region in which we are mainly interested.
From the results obtained during the Oceanic Drilling

Program (ODP Leg 107) and previous geological and
geophysical data, it is now recognized that crustal thinning
associated with the opening of the Tyrrhenian Sea is a
process that occurred in several steps (Sartori 1988).
Tectonic activity in the Apennines is, on the other hand,
responsible for the development of strong laterally varying
structures (Baldi et al. 1982). The discontinuity in time that
we find in the formation of the Tyrrhenian basin and
surrounding chains seems to be a common feature of
collision zones (Wortel & Cloetingh 1986). If the
lithospheric viscosity is sufficiently high such that the
memory of the system is comparable with the time scales of
the tectonic phases, it becomes necessary to take into
account in a proper way the rheology of the lithosphere.

We built a stratified, spherical, viscoelastic earth to
estimate the effects of sphericity, gravitation and self-
gravitation on the flexural properties of the lithosphere
when the planet is forced by lithospheric density anomalies.
We find indeed that sphericity plays a crucial role in the
flexure of the lithosphere for elongated crustal density
structures. The model is incompressible and the explicit
expressions for the inverse of the fundamental matrix
entering the solutions for both the gravitating and
self-gravitating cases are provided in the paper. The
formalism developed can be easily adapted to any kind of
source mechanism that perturbs a spherical earth model.
Density contrasts or dislocations embedded at varying depth
both in the elastic and viscoelastic layers and tidal forcing
can be accounted for as driving mechanisms in the theory.

We show several cases of general interest that can be
thought to be appropriate also for the tectonic configuration
of central Italy (Sections 3 and 4). In Section 6 we make use
of the crustal density structures inverted from Bouguer
gravity data, the observed topography and estimated
sedimentation in the Adriatic foredeep to evaluate the
expected rate of vertical deformation along a transect
perpendicular to the Apennines. Geological information on
the velocity of overthrusting or timing of the various
tectonic phases is taken into account.

2 MATHEMATICAL MODEL: THE EFFECTS
OF SPHERICITY, GRAVITATION AND
SELF-GRAVITATION

We develop the mathematical formalism that is needed to
study the deformation and stress field forced in a gravitating
and self-gravitating viscoelastic earth by excitation sources
buried at varying depths. Our spherical model is
differentiated into an elastic outer crust and inner
viscoelastic Maxwell solid that reproduces the ductile
properties of the lithosphere on geological time scales. The
term ‘lithospheric viscosity’ is used throughout for the
parameter that characterizes the Maxwell rheology of the
inner layer. In our two-layer model we do not account for
the viscosity contrast between the deep lithosphere and
underlying mantle. Our mathematical description of the
mechanical properties of the lithosphere provides a
simplified version of a somewhat more complicated
depth-dependent rheology. Sophisticated non-linear consti-
tutive relations, based on the mechanism of flow in olivine,
could be considered in these studies (Goetze 1978; Goetze



Table 1. Parameters for the reference model

Crust Lithosphere
Viscosity (Pas) © v =102
Thickness (m) 3x10° 6.341 x 10°
Density (kg m ™) 2.71x 10° 3.3x10°
Rigidity (Nm %) 3.3x 10" 8.7 x 10'°

& Evans 1979). We think, on the other hand, that a simple
Maxwell model clearly enlightens the basic physics of the
deformation induced by density anomalies, with the
advantage of being mathematically convenient.

In Table 1 we provide the reference model in which the
thickness of the crust is fixed at 30 km. The parameters
defining this model are also appropnate for the reference
configuration in the Mediterranean region (Baldi er al.
1982). The thickness of the crust is modified in a sequence of
calculations to show the consequences of variations in the
flexural properties of the elastic layer.

We simulate a realistic history for the density anomalies
whose lateral extension is allowed to vary as a function of
time. The model is assumed incompressible.

The governing equations for quasi-static deformation in a
gravitating earth are the following

Ver~V(u-pgr)+£=0, 1)

where u is the displacement vector and 7 is the stress tensor
appropriate for Maxwell rheology (Fung 1965). p denotes
the background density field, g(r) the associated gravita-
tional acceleration and f is the body force due to density
anomalies. The solution obtained for a gravitating model
will be generalized to take into account the effects of
self-gravitation. Equation (1) is linearized with respect to
perturbations from a reference configuration in which the
stress is due to hydrostatic pressure (Rayleigh 1906; Dahlen
1971). We make use of the Correspondence Principle to
obtain the solution of the linear viscoelastic problem. The
Laplace-transformed shear modulus u(s) for the appropriate
rheology is employed in the ‘equivalent’ elastic problem to
get the viscoelastic solution in the Laplace transform
domain. For Maxwell rheology u(s) is given by

u(s)=ps/(s +p/v), )

where pu is the shear modulus and v is the long-term
viscosity.

For a spherically symmetric earth it is convenient to
expand the displacement field and stress tensor components
in spherical harmonics. We introduce the solution vector y

U

y= (3)

where U,, V, denote the spheroidal part of the radial and
tangential components of the displacement field expansion
(Sabadini, Yuen & Boschi 1984). T! and T', are the
components of the radial and tangential stress, respectively.
We get from equation (1) the following fourth-order system
of ordinary differential equations for each degree /

diry=Ay+F, “4)
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where 7 is the radial distance from the centre of the Earth
and F denotes the component of the equivalent body-force
due to the source. For a surface density anomaly embedded
at depth r, we have (Hager & O’Connell 1981)

F={0,0, 6(r—r)g(r)o;, 0]. ®)

Volume density anomalies are changed into surface density
anomalies after integration in the radial direction.

The elements of the A matrix for a gravitating Earth can
be obtained from equations (11)-(16) in Sabadini, Yuen &
Boschi (1984), dropping the terms that are "due to
self-gravitation. We can express the solution of equation (4)
in terms of the fundamental matrix Y as

Y(OHIY T (r)F + Y7 (b)y,]
Y(nY~'(b)y,

where y, denotes the solution at the crust—lithosphere
interface b and a is the Earth radius. The explicit expression
of the fundamental matrix Y is given in equations (46)
and (48) in Sabadini et al. (1982). The inverse of the
fundamental matrix is also needed if we want an explicit,
self-consistent and analytical expression of the vector
solution. In the Appendix (equations A5-A8) we provide
the inverse Y~!(r), explicitly given as a function of the
density, rigidity and radial distance r. This allows us to
handle analytically any radial dependence in the forcing
term. Convolution of the Green function (A12) with the
appropriate surface density anomaly embedded at depth r,,
allows us to get the radial component of the displacement

rnsr=a

bsr<r,

v ={ ©

u(9, s) = 2na® rck(e —0',r,5)0(0)(s)sin ' dO’, (7)

where o(8) denotes the angular dependence of the surface
density anomaly and f(s) provides the time dependence of
the source in the Laplace transform domain. We summed up
to /=1000 to ensure convergence in the solutions with
lateral dimensions of the source as small as 0.5°. The time
derivative of the radial displacement gives the rate of
vertical deformation that is shown in the paper.

In this work the forcing is produced by rings of surface
density anomalies buried at varying depth and parallel to the
equator of the model. The spherical expansion of a ring of
surface density anomaly can be derived from equation (16)
in Sabadini & Peltier (1981), by simply adding the
contributions of two caps of opposite sign.

We point out that our model accounts automatically for
the negative mass anomaly that is induced by a load
displaced horizontally without variations in the lateral
dimension. This is due to the self-consistent way in which
gravitational forces and rheology are introduced. On the
time scale controlled by the horizontal velocity of tectonic
transport and relaxation in the lithosphere, the induced
anomaly is compensated.

We now study the role played by sphericity, gravitation
and self-gravitation on lithospheric deformation forced by
surface density anomalies. The effects of sphericity are
estimated from the comparison between our model and a
flat approximation. Gravitation and self-gravitation pertain
to the realm of the spherical earth. In Fig. 1 we show a
section of the model with portions of the density anomalies
extending also in the lateral direction. We study the 2-D
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crustal
density
anomalies

topography, sediments

Figure 1. Schematic section of the model. The dotted surface-
represents the elastic crust. Pieces of the ring of surface density
anomalies are embedded at different depths.

deformation problem in the dotted plane containing the axis
of symmetry of the model and perpendicular to the density
structure. The crust is bordered by solid lines. The
deformation pattern is symmetric around the polar axis,
with two maxima located in the regions where the plane
intersects the ring. Due to the symmetry of the problem, we
consider only one of these regions. The ring of surface
density anomaly is the spherical counterpart of an infinite
strip loading a flat earth. Our approximation is thus valid for
elongated lithospheric density structures and topography.
The proposed modelling can also handle realistic finite
sources, but these are beyond the purposes of the paper.

Throughout this work the lithospheric viscosity is varied
from 10”2 to 10”Pas, in agreement with commonly
accepted values for this parameter. Hager & Clayton (1987)
built a global dynamic earth model in which the lithosphere
has a viscosity of 10°* Pas. The range of values that is used
in our model agrees well with the estimated effective
viscosity for olivine under upper mantle conditions, at depth
greater than 20 km and stress of the order of some hundred
bars (O’Connell & Hager 1980). A lithospheric viscosity of
around 10% Pa s has been suggested by Walcott (1970) from
his analysis of the Earth response to surface loads. A value
of 5x 10°?Pas for the lithosphere has been employed by
Bonafede e al. (1986) in their modelling of recurring
earthquakes on long transcurrent faults.

We first consider a simple time history for the source
corresponding to a load of 1000 m height and 2° lateral
extension. The model parameters are given in Table 1 and
the lithospheric viscosity is 10?2 Pa s. The density anomaly is

‘turned on’ abruptly according to a box shaped time history.
The rate of deformation evaluated at the initial stage of the
motion is plotted in Fig. 2 for varying distance of the strip
from the north pole of the model, which is the intersection
point of the axis of symmetry with the surface. The time
history is unrealistic but it can be useful to put bounds on
the effects of sphericity when comparison is made with
predictions derived from flat models. We point out that this
time history is only used in Figs 2 and 3. For the flat earth
we used the incompressible limit of Landau & Lifshitz
(1967) solution, generalized to a viscoelastic halfspace by
means of the Correspondence Principle. In the top panel the
dashed curve corresponds to the flat model and the solid curve
to the spherical one. Gravitational restoring forces are not
included in this panel where attention is concentrated on the
effects of sphericity. The values of the rate are evaluated at
the centre of the strip. The anomaly degenerates into a cap
when the radius of the ring is reduced. In this limit the
results of the spherical and flat models merge together.
Enlarging the amplitude of the ring, the flat model predicts
an increase in the rate of deformation. Long wavelength
deformation properties of the spherical earth act to reduce
the rate of deformation with respect to the flat model. When
the ring is located at the equator of the sphere and
corresponding distance in the flat model, we have a factor
two reduction in the predictions of the spherical earth with
respect to the half-space. This is an upper bound in the
estimate of spherical effects due to the continuous structure
of the source, but clearly demonstrates the potential role

10

8] 4

- —— o
— ——
—
——

- (mm /yr)
\
\

-v(mm/yr)

0 15 30 45 60 75 90
Distance (deg)

Figure 2. Rate of subsidence driven by a 2° wide topography as a
function of the distance from the north pole of the model. This
quantity is evaluated at the instant in which the load is applied. Top
panel: the dashed curve corresponds to the flat model and solid one
to the spherical earth (non-gravitating). Deformation rates are
evaluated at the centre of the ring. Bottom panel: comparison
between spherical models. Non-gravitating model is portrayed by
the dotted curve; the solid curve corresponds to the gravitating
carth and the dashed one shows the effects of self-gravitation.



played by sphericity in global tectonics. This can have an
impact on deformation characteristics of subduction zones
extending in the horizontal direction for at least several
hundred kilometers.

Within the framework of the spherical model, we now
study in Fig. 2 (bottom panel) the effects of gravitation and
self-gravitation. In the gravitating model we provide a
constant gravity field that is responsible for the restoring
force. Self-gravitation accounts for the effects of perturba-
tion in the gravitational potential. The dotted curve
reproduces the spherical case of the top panel while the
solid curve corresponds to the gravitating model. Restoring
forces reduce by around 30 per cent the deformation in the
early stage of the motion. Self-gravitation is responsible for
a further 15 per cent reduction in comparison with the
gravitating case.

The effects of perturbations in the gravitational potential
are better understood if the time evolution of the rate of
deformation is considered. In Fig. 3 we show the rate of
subsidence when the strip of density anomaly is located at
the equator of the model to minimize boundary effects. The
rate v is plotted as a function of the distance from the centre
of the strip. The deformation is symmetric around the
vertical axis. Solid curves correspond to the gravitating
model, while dashed ones include self-gravitation. A
lithospheric viscosity of 10°*Pas has been used for the top
panel. At the bottom this parameter has been increased to
102 Pas. The parameter A provides information on the
interval of time elapsed since the beginning of the loading
event. The largest deviation between the two models occurs
during the early stage of the deformation (A = 0) when the
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Figure 3. Comparison between the gravitating model (solid) and
the self-gravitating one (dashed). The rate of subsidence, driven by
the same source of Fig. 2, is plotted as a function of the distance
from the centre of the anomaly. A gives the interval elapsed from
the loading event at ¢ =0. Panel (a) corresponds to v =10 Pas.
Lithospheric viscosity is increased to 10* Pass in the panel (b).
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migration rate of the boundary between the crust and
lithosphere of different density is higher. For longer times
the difference is reduced to a few per cent. For higher
viscosity the deviation between gravitating and self-
gravitating models is maintained longer. The two predictions
become essentially identical after a sufficiently long interval
of time.

We find that self-gravitation plays a minor role in the
ground motion forced in a crust-lithosphere system by
density anomalies.

3 A REALISTIC TIME HISTORY FOR
DENSITY ANOMALIES: CONSEQUENCES
FOR VERTICAL MOTIONS FORCED BY
SURFACE TOPOGRAPHY

When a rheology for the lithosphere is assumed, it becomes
necessary to specify correctly the time history of density
anomalies.

If the lithosphere is described as an inviscid fluid it is
possible to study only a configuration of equilibrium in
which the density anomalies are compensated. In this case,
the evolution in time of the anomalies does not enter play.
The validity of the model results depends on the assumption
that the loading conditions did not change in the time scale
that is necessary for the lithosphere to deform. This extreme
configuration is certainly unrealistic as a consequence of the
discontinuity in time of tectonic phases (Wortel &
Cloetingh, 1986). In active areas the crust lithosphere
system can hardly reach a configuration of isostatic
equilibrium, being perturbed on time scales comparable
with its relaxation time. In order to get a better picture of
the real configuration of the system, it thus becomes
necessary to match the definition of a rheology with a
realistic time history for the density structure.

In this section we study the consequences on vertical
ground deformation produced by a surface load that is
expanding in the horizontal direction. Our aim is to model
the overthrusting of a mountain range on the crust. We
show several cases of general interest, but the parameter
values that we have chosen are also appropriate to study the
overthrusting of the Apennines on the Adriatic platform. A
more detailed description of the tectonic setting of the
Apenninic region is given in Sections.5 and 6. In what
follows, the lateral expansion of the surface load is the
continuous counterpart of the emplacement of overthrusts
on the lithosphere as given in the paper by Quinlan &
Beaumont (1984). Variations in time of the lateral
dimensions of the anomalies are obtained by the
interference of elementary contributions whose history is a
simple box in time domain. The angular and s-dependent
parts of surface density anomalies entering the convolution
(7) are now given by

N
a(8,s)= > a(B,,,—0,)exp(—n Ats)/s, 8)
n=1
where N denotes the number of contributions that need
to be summed in order to ensure the convergence of the
solution. Each contribution extending between colatitudes
0, and 0, , is added after an interval of time given by n At,
as portrayed by the s-dependent terms. The parameters At
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and N are chosen in concert to reproduce the desired
variation in time of the lateral extension. The number N of
contributions that are needed is viscosity dependent. The
lower the viscosity, the higher the number of steps that
are necessary for convergence. For realistic time histories,
corresponding to an overthrusting velocity ranging from 1 to
10cm yr™?, at least 40 steps are found to be necessary when
the lower bound 10*?Pas and a lateral extension of a few
degrees are considered. We fixed N = 40 in our calculations
to ensure the quality of the solution in the range of
considered viscosities.

In Fig. 4 we show the rate of subsidence due to a surface
load of 1000 m height that is expanding to the right in the
horizontal direction at different velocities. The box in the
top panel indicates the position of the load and the arrow is
used to emphasize the motion in the horizontal direction.
The position of the front of the overthrusting load, at the
instant in which the deformation is evaluated, is provided by
the right border of the dashed portion of the box. The
lateral extension of the load is 2° when the deformation is
recorded; this could be appropriate for the Apennines.

The deformation pattern is characterized by a maximum
subsidence localized just beneath the migrating front of the
load. Curves 1, 2 and 3 in both panels correspond to
horizontal velocity V of 10, 5 and 1 cm yr™?, respectively. A
rate of subsidence of around 0.7mmyr ' is produced by
V=10cmyr 2 and v=10"2Pas. Lower horizontal velo-

cities inhibit the rate of subsidence. The same effect is
produced by an increased lithospheric viscosity (lower
panel). With v=5x10"*Pas a subsidence of around
0.4mmyr ' corresponds to V=10cmyr~!, reduced to
O0.1mmyr ' when V=1cmyr '. It has to be pointed out
that an horizontal velocity of 10 cm yr™! is not unrealistic for
the tectonic phases that shortened the crust in the Apenninic
region (Castellarin & Vai 1986). A subsidence of around
Immyr~! with v=10"2?Pas is consistent with the
deposition of 1000 m of sediments on a timescale of 1 Myr in
the Adriatic foredeep, as derived from the stratigraphic
record (Castellarin et al. 1985).

Comparison of the two panels allows us to visualize
the effect of an increased lithospheric viscosity on the
deformation pattern. High viscosity curves are smoother due
to the longer memory of the system. For these viscosities the
rate of subsidence is substantially different from zero even in
the region where low viscosity solutions are almost
negligible, at around 200 km in our scale.

In Fig. 5 we show the effects on vertical motion due to
discontinuities in time of tectonic phases. Solid curves
correspond to the realistic case in which the load is
expanding to the right in the lateral direction. Dashed
curves are obtained when the model is loaded instan-
taneously at r=0. We first discuss the realistic case. We
assume that the overthrusting of the load terminates at t =0
and we study the rate of vertical motion after 0.25 and

=
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Figure 4. Rate of subsidence forced by a topography of 1000 m of height. The lateral amplitude is 2° when the deformation is sampled. The
density anomaly is expanding to the right, in the horizontal direction. Lithospheric viscosity is 10 Pa's in the top panel and 5 X 10% Pass in the
bottom. The index 1 stands for an horizontal velocity V of 10 cm yr™'. Indices 2 and 3 stand for 5 and 1cm yr™!, respectively.



Density anomalies and ground deformation 469

- <A t=0 V=10cm/yr |
e %=10%2Pa s
-1.0 1 ] 1 L I
0.4 T T T T T
0.21 ]
0.0
S -02
£
£ =4
-0.6 N\ / _
AN /
N Ve
"0.8# ~___."7 V=10 cm/yr |
A %~ 5x10*Pa s
-1.0 L 1 | ] 1
0 100 200 300 400 500 600

Distance (km)

Figure 5. Rate of subsidence for the same source of Fig. 4 and different intervals after the end of lateral expansion of the topography (solid
curves). A stands for 0.25 Myr. Dashed curves correspond to an instantaneously applied load. V is 10cm yr ™' and v = 10%? Pa's (top panel) and

5% 102 Pas (bottom panel).

0.5 Myr. We have chosen these intervals because they seem
to correspond to the time elapsed since the end of the last
tectonic transport in the contact region between the
Apennines and Adriatic platform, as discussed more closely
in Section 5. A time scale of around 0.25-0.5 Myr can thus
be resolved from geological data. The parameter A
corresponds to 0.25Myr and gives the interval of time
elapsed since the end of overthursting. Curves correspond-
. ing to t=0 are curves 1 of Fig. 4, here redrawn for
comparison. We find that vertical motions strongly depend
on the parameter A, especially for v = 10**Pas. In the top
panel there is almost an order of magnitude reduction
between the situation in which horizontal motion is still
ongoing (¢ = 0) and that in which the deformation is sampled
after 0.25 Myr since the end of overthrusting. In the bottom
panel with higher viscosity we get only a factor 2 reduction
and even after 0.5 Myr there remains a rate of subsidence
of 0.1mmyr~'. We thus find that the rheology of the
lithosphere plays a crucial role in the rate of vertical
motions in a situation in which the tectonics are discontin-
vous in time. Our results suggest that altimetric geodetic
surveying can be used to discriminate between different
hypotheses on the tectonic style of a region. Ongoing
horizontal motions must be associated with higher vertical
motions.

If we compare the dashed curves with the corresponding
ones at t=A we can see the impact on vertical motions
produced by a realistic time history for density anomalies.

First of all the deformation is symmetric around the density
anomaly when the load is applied instantaneously (dashed
curves), while the subsidence is higher at the front of the
laterally expanding anomaly. We also get a huge reduction
in the vertical motions when realistic loading history is
considered. This demonstrates the importance of a realistic
description in the problem.

The 0.5-1.0mm yr~' rate of vertical deformation driven
by density anomalies is larger than the value of 1072 to
10" ' mmyr~' due to modifications in the horizontal stress
field in a purely elastic lithosphere (Cloetingh et al. 1985).

4 ANALYSIS OF THE STRESS FIELD

We study the stress field in the crust forced by a surface load
modelling a topography. We plot the contour of principal
stress differences evaluated in the vertical crustal section
represented in Fig. 1. Our attention is concentrated on the
top layer where seismic events can occur due to its brittle
nature. Ductile properties of the lower lithosphere make it
easier to release stress through plastic processes instead of
seismic faulting. Values are also given in bar (10bar=
1 MPa). This unit is used to allow a direct comparison with
the stress characteristic of seismic events. The formulation for
a realistic time history is analogous to equation (7), except
that the appropriate Green functions for the components
of the stress field have to be considered. The results for a
load that is applied instantaneously are plotted in Fig. 6 for
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Figure 6. Contour of principal stress differences in a plane that is perpendicular to the topography. The source is centred at 300 km in the
horizontal scale. Values are given in bar (0.1 MPa) and v = 10°* Pas. Source characteristics are those of the preceding figures. The top panel
corresponds to the elastic configuration of a suddenly applied load. The load is completely compensated in the bottom.

comparison. The top panel represents the elastic contribu-
tion to the principal stress differences due to a surface load
whose lateral extension is 2°, as in the preceding figures of
Section 3. We make use of the reference model (Table 1);
the centre of the box corresponds to 300km in the
horizontal scale.

We decided to follow the evolution in time of the
principal stress difference because it is twice the maximum
shear, within the plane stress approximation. This quantity
is thus a good indicator for seismicity forced by density
anomalies.

The pattern of the elastic deformation is characterized by

two regions beneath the load edges in the deeper portion of
the crust in which the principal stress differences are higher.
After relaxation took place in the viscoelastic lithosphere,
the density anomaly is isostaticaily compensated. This
configuration is given in the bottom panel where the pattern
is somehow modified, with the highest stress differences
concentrated beneath the load. The largest values are of the
order of 10°bar (10°MPa). This equilibrium situation
corresponds to the configuration that is obtained when the
deep lithosphere beneath the elastic crust is assumed to be
an inviscid fluid (Mareschal & Kuang 1986). The high level
of stress that is reached in this configuration supported the
claim that lateral density anomalies play a crucial role in
intraplate seismicity (Caputo et al. 1984; Mareschal &
Kuang 1986).

We now study the effects of a realistic time history with
the front of the load migrating to the right to simulate the
overthrusting process. In Fig. 7 (top panel) we provide the

contour of the principal stress differences for a horizontal
velocity V of 10cmyr™' and a lithospheric viscosity
v =10"Pas. This panel is a picture of the steady state
configuration that the system reaches when the front of the
anomaly has migrated continuously for a sufficiently long
time. We get very high stress differences, comparable with
those corresponding to the completely compensated density
anomalies given in the bottom panel of Fig. 6. The pattern is
now asymmetric, with the highest values and gradients
concentrated beneath the moving front of the load. This
asymmetry, that arises when a realistic rheology for the
lithosphere is considered, clearly suggests the limits of
simpler models in a situation of ongoing tectonic activity. If
we stop the lateral motion of the load and we leave the
model unperturbed for a sufficiently long time, the stress
differences increase in the left part of the panel that
corresponds to the crust underlying the oldest portion of the
load. This modification in the stress pattern continues until a
symmetric configuration is reached. This final situation is
drawn in the bottom panel of Fig. 7 corresponding to
1 Myr after the overthrusting process has been stopped. This
figure is essentially identical to the bottom panel of Fig. 6.
Except for the asymmetry in the stress pattern, there are
no substantial deviations with respect to simpler approaches
in the level of principal stress differences that can be
reached in the crust. The new feature that is brought out by
our modelling is the rate of accumulation of principal stress
differences. This quantity is more significant than the value
of the stress itself, not being affected by possible plastic
processes in the crust and recurring earthquakes. These



Density anomalies and ground deformation 471

Depth (km)

Depth (km)

200 250 300 350 400
Distance (km)

450 500 550

Figure 7. Contour of principal stress differences in the steady state configuration for a surface load that is expanding to the right in the lateral
direction (top panel). Horizontal velocity is fixed to 10 cm yr~! with v = 10?2 Pas. Bottom panel corresponds to the configuration of 1 Myr after

the end of overthrusting.

phenomena reduce the stress level on time scales of 10°yr.
We are in fact interested in the possibility that an
accumulation of stress differences of the order of 5-10 bar
(0.5-1MPa) occurs on time scales of 10°-10°yr, com-
parable with the historical memory of human beings. On
this time length, the description of the crust in terms of an
elastic material is quite reasonable.

In Fig. 8 we plot the rate of accumulation of the principal
stress differences, in units of bar/10* yr (0.1 MPa/10* yr), for
a load that is expanding to the right. The solid triangles in
this figure and following ones give the position of the load
at the instant of time in which the rate of stress
accumulation is evaluated. The triangle on the right denotes
the position of the overthrusting front with respect to the
crust. Thin contours correspond to a reduction of the
principal stress difference, while thick ones stand for an
increase. In this figure the lithospheric viscosity beneath the
elastic top layer is fixed to 10?2 Pa s and we study the effects
of a reduction in crustal thickness (panel b) and horizontal
velocity (panel ¢). The crustal region in which the rate is
higher corresponds to the portion beneath the migrating
front of the load at the crust-lithosphere boundary. In the
top portion of the crust, and proximity of the crust—
lithosphere boundary beneath the centre of the anomaly, we
have a reduction in the principal stress differences. This
reduction shows how results derived within the framework
of inviscid models for the lithosphere can be misleading.
These models predict that the largest stress difference
concentration occurs beneath the centre of the anomaly. We
find on the contrary that this region experiences a slight

reduction in this quantity when a realistic rheology is
considered. This portion of the crust must be seismically
inactive with respect to the deep crust beneath the front. We
also have to note a feature that is common to the three
panels. Close to the crustal portions in which the rate of
stress accumulation is higher, we find another region that
experiences a consistent reduction in the principal stress
differences. If the largest rates of stress accumulation are
linked with seismic activity, we thus get that seismicity in the
deep crust appears tightly concentrated in a well defined
region beneath the active front of the topography.

The rates of stress accumulation that we have obtained
indicate that in order to gain 5 bar (0.5 MPa) in the principal
stress differences, we have to wait around 700 yr for the
most favourable case of panel (b), if the only active tectonic
mechanism is the lateral displacement of density anomalies.
We considered this value for the stress difference because
this is consistent with a reasonable estimate of the apparent
average stress and stress drop of earthquakes in the
Mediterranean region (North 1977) and Appalachians
(Mareschal & Kuang 1986) where our model can be applied.

The tectonic mechanism that we considered predicts a
recurrence time for earthquakes of 10°-10°yr. This is of
course a rough estimate due to the simplicity of the model
that does not account for lateral variations in rheology.

Comparison of panels (a) and (b) shows that rates of
principal stress difference accumulation are inversely
related to the thickness of the crust. Panel (c) emphasizes
the linear relation between the horizontal velocity and rate
of stress accumulation within this range of viscosity values.
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We may ask whether the lateral dimension of the varying
density anomaly plays any role in the estimated rates of
stress accumulation. To point this out, we consider in Fig. 9
a surface load of 0.5° of lateral extension that is expanding
to the right at a horizontal velocity V =10cmyr™'. If we
compare panels (a) of Figs 8 and 9 that correspond to
the same parameters, except for the extension of the load,
we see that the largest values of the rate of stress
accumulation remains almost unaltered. What is modified
are the gradients, the smaller load predicting smoother
variations in the rates. The region in which we get the
largest rates is, as before, beneath the active front. Regions
of strong reductions in the rates almost disappear for the
considered load.

We found that if the viscosity is sufficiently low, say lower
than 10%? to 5% 10?? Pas, the rates of stress accumulation
are substantially independent of the rheology of the
lithosphere for fixed horizontal velocities. If the viscosity is

increased beyond this threshold, around 10> Pas, the rate
of accumulation suffers a strong reduction, as deduced from
panel (b). A thinner crust with this load has the same effects
already derived for the 2° wide anomaly, except that the rate
is slightly lower.

In our analysis we assumed that the overthrusting process
is still active. We want to consider the possibility that this
process came to an end, and study the modifications in the
stress pattern. This picture is depicted in Fig. 10. In panel
(a) we provide the rate of principal stress difference
accumulation in the same units as the preceding figures, at
the instant in which the horizontal motion is stopped. Panel
(b) is a picture taken at 10° yr after the end of overthrusting,
with the same parameters as panel (a). If we compare these
contours with Fig. 8, we now get that stress differences are
essentially increasing to the left, beneath the stable edge of
the load in the backarc region. Rates are generally lower in
comparison with the configuration of active tectonics, but
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Figure 8. Rate of principal stress difference accumulation in bar/10% yr. (0.1 MPa/10* yr). This unit will be used throughout. The surface load
is expanding in the lateral direction. The triangle on the right provides the instantaneous position of the front. Thick curves indicate an
increase of this quantity while thin ones indicate a decrease. Viscosity is fixed at 10?2 Pas. Horizontal velocity is 10cm yr ! in panels (a) and
(b), while it is decreased to 5cm yr~" in (c). Crustal thickness is lowered to 15 km in panel (b).
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Figure 9. Contours of the rate of principal stress difference accumulation corresponding to a 0.5° wide topography. Horizontal velocity is fixed

at 10cm yr™"; viscosity is 10?2 Pas except in panel (b) where it has been increased to 10° Pas. Crustal thickness is varied to 15km in the

bottom panel.

the highest values in panel (b) are quite close to those of
panel (a), Fig. 8. Another peculiarity is that for longer times
after the end of overthrusting, the region where stress
differences are large becomes wider, as deduced from the
comparison of panels (a) and (b). Rates of stress
accumulation decrease until the final equilibrium configura-
tion of Fig. 7, bottom panel, is reached. Panel (c) represents
a limit situation in which the lithospheric viscosity has been
lowered to 10°! Pas and horizontal motion just turned off.
In this case, around 200 yr are sufficient to accumulate 5 bar
(0.5 MPa).

From Fig. 10 we thus find that seismicity in the elastic
crust tends to be concentrated in the backarc region close to
the ductile region if horizontal tectonics comes to an end.

It is easy to make an estimate of the efficiency of this
tectonic mechanism in triggering earthquakes if results are
compared with the accumulation of shear stress at plate
margins along transcurrent faults. In the shear zone we have

for the shear stress rate T =2uK, where K =4 x 10757 is
appropriate for the strain rate in the Mediterranean region
(North 1974). With u=3x10'"°Nm™? we thus find that
around 750 bar (75 MPa) could be accumulated in 10°yr.
This is an order of magnitude larger than the rates of stress
accumulation obtained in this paper, except in Fig. 10 where
300 bar (30 MPa) are built in the same span of time.

When a viscoelastic Maxwell rheology is assumed for the
lithosphere, we find that density anomalies associated with
collision processes are less efficient in inducing shear stresses
in the brittle layer with respect to transcurrent motions.
Only for viscosity values like 10! Pas, that is certainly a
lower bound for the lithosphere, does shear stress accumu-
lation for the two mechanisms become comparable.

When comparison is made with seismicity in transcurrent
shear zones (Dragoni, Bonafede & Boschi 1986), we thus
expect a lower level of seismicity and longer recurrence
times. This is consistent with the moderate seismicity in the
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Figure 10. The lateral expansion of the load has been stopped in these panels. The interval of time after the end of horizontal motion is
0.1 Myr in panel (b). In panels (a) and (c) the values are sampled at the instant in which horizontal motion terminates. Viscosity is 102 Pas in

panels (a) and (b) and is lowered to 10** Pass in panel (c).

Appalachians and northern and central Apennines (Mares-
chal & Kuang, 1985; Mulargia, Gasperini & Tinti 1987),
where overthrust is the prominent tectonic mechanism
(Quinlan & Beaumont 1984; Vai 1988). For the Apennines
a more detailed description is given in the next secton.

5§ A SYNTHETIC DESCRIPTION OF THE
TECTONIC SETTING OF THE ITALIAN
REGION (CENTRAL AND NORTHERN
APENNINES)

The geological setting of the Italian peninsula is
characterized, in its central part, by the different phases of
activation of the Apenninic front. In Fig. 11(a) we provide a
tentative chronologic classification of the active fronts of the
chain. This figure is redrawn from Vai (1988). Starting from
the inferred position of the front 15Mya (Burdigalian
front), we can recognize the migration of tectonic activity,

until the last pulses at the end of late Pliocene and mid-late
Pleistocene. These tectonics can be interpreted as the
overthrust of the Apennines on the Adriatic foreland
(Castellarin & Vai 1986). Downwarping of the plate beneath
the loads results in the development of the Adriatic
foredeep (Fig. 11a). The horizontal velocities of overthrust-
ing, that are needed in this paper, can be estimated from the
migration of the reactivated fronts (Vai 1988).

The reconstruction of the timing of tectonic phases has
been allowed by the structural interpretation of seismic
surveying in the contact region between the chain and the
Adriatic platform. Large, syntectonic, sedimentary wedges,
characterizing the main pulses of thrusting, can be
recognized in the seismic profiles (Pieri 1983; Bally et al.
1986). Tectonic transport was still active in the middle—
upper Pliocene, as documented by sedimentary wedges of
this age. The flat, lenticular shape of late Quaternary strata
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Figure 11. (a) Tentative kinematic map of the northern and central Apennines (from Vai 1988). The oldest tectonic structures shown in this
figure are the inferred Burdigalian and Tortonian fronts, 15 and 10Ma, respectively. Migration to north-east of the Apennines is
recognized in the varying position of the front during the intra-Messinian (7.5 Myr), early Pliocene and late Pliocene, early-late Pleistocene.
Indices 1-6 stand for the position of the Apenninic front as given here: 6, mid-late Pleistocene; 5, late Pliocene; 4, early Pliocene; 3,
intra-Messinian; 2, Tortonian; 1, Burdigalian. (b) (see over) Schematic diagram of the crustal structure appropriate to the Italian peninsula
and surrounding regions at 43° north latitude. Values of density anomalies have been averaged from results derived by Baldi ef al. (1982).
Dashed lines provide the actual position of the crustal structures. The boundary between the thin and thick crust corresponds to the zero of
Bouguer gravity anomalies (thick dashed line in panel a). Horizontal arrows depict the direction of motion while the vertical one portrays the
filling of the Adriatic foredeep.

seems to indicate the end of tectonic transport during the
late Pleistocene, that is around 0.5 Mya (Castellarin & Vai
1986).

Crustal deformation in the Apenninic chain can be
compared with the evolution of the Tyrrhenian basin.
Results from the ODP Leg 107 and previous geological and
geophysical data, allowed reconstruction of the timing of the

various extensional phases of the basin. A coherence and
synchronism is found between the main deformation events
in the basin and surrounding Apennines (Sartori 1988).
Density anomalies induced by tectonic activity, both in the
chain and Tyrrhenian basin, are needed for the study of
vertical motions. In Sections 3 and 4 we limited our
discussion to the process of overthrusting. In the next
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section we specialize our model to take into account the
density anomalies forced by the main tectonic processes
characterizing the Tyrrhenian basin and surrounding chains.
To obtain the crustal structure, we averaged both in the
horizontal and vertical direction the density model obtained
by Baldi et al. (1982) from Bouguer gravity data. Geological
and seismotectonic information has also been used to better
constrain the results of gravity inversion. In Fig. 11(b) we
display a schematic picture of the density model that is used,
in the next section, for the inference of vertical motions in
the Apenninic region. This transect corresponds to the
profile CC’ in Baldi er al. (1982), at around 43°N latitude
and is displayed by the thick solid line in Fig. 11(a). The
transition between the thin and the thick crust, correspond-
ing respectively to the density anomalies of 590 and
—610kgm~* of Fig. 11(b), is displayed by the thick dashed
line in Fig. 11(a). This transition corresponds to the zero of
Bouguer gravity anomalies. In panel (b) dashed lines and
arrows are drawn to emphasize horizontal motions or
sedimentary filling in the Adriatic foredeep. The values for
the parameters that are appropriate for the density structure
of this panel, are given in Table 2.

In the crust we have two major features that are
associated with the opening of the Tyrrhenian sea (positive
anomaly to the left) and crustal thickening (negative
anomaly to the right). Crustal thickening is probably due to
overthrusting of the Apennines on the Adriatic plate.
Crustal thickening and thinning are described in our
approach by surface density anomalies buried at the
crust-lithosphere interface.

In the near future geodetic and satellite data on hori-
zontal crustal deformation will become available to better
constrain the horizontal velocities for the model. The optic

Table 2. Characteristics of density anomalies.

Density Amplitude

(kgm™?) )
Topography (551 m) 2.5 x 10° 1.98
Sedimentary basin 2.3%x10° 0.54

Surface density

(kgm™?) Amplitude (°)
Crustal thickening 1.84 x 10° T 1.18
Crustal thinning 1.77 x 10° 1.3

Wegener/Medlas program (Wilson, Reinhart & Pearlman
1985) will provide important information for the Mediter-
ranean region.

6 A DETAILED CRUSTAL MODEL FOR
THE APENNINES: CONSEQUENCES FOR
VERTICAL MOTIONS

In this section we study the vertical motions forced by the
laterally varying crustal structure in the central part of the
Italian peninsula, as shown in Fig. 11(b). When a vertical
plane normal to the Apennines and deep crustal anomalies
is considered, we basically deal with a 2-D deformation
problem, as discussed in the present paper.
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Figure 12. Rate of vertical deformation along a transect
perpendicular to the Apennines and deep crustal structures for
different tectonic models. Solid triangles give the positions of the
Tyrrhenian coast (left) and Adriatic coast (right). Horizontal
tectonic transport is assumed to be active in panels (a) and (c)
(A =0). Velocity V is reduced to Scmyr™' in panel (c). For the
dashed curve of panel (a) the only active mechanism is
sedimentation in the Adriatic foredeep. Dotted curves correspond
to filling of the sedimentary basin and underthrusting of the
Adriatic plate beneath the Apennines. Dash-dotted curves account
also for the opening of the Tyrrhenian basin. The effects of the
Apenninic topography is included in the complete models portrayed
by the solid curves.



For a better understanding of the interplay between the
different contributors, we start by adding separately the
density anomalies. In Fig. 12 solid triangles denote the posi-
tions along the transect of the Adriatic coast (right) and
Tyrrhenian coast (left). Lithospheric viscosity is kept fixed
to 10?2 Pas. Horizontal velocity is reduced from 10 cm yr™!
in panels (a) and (b) to Scmyr™! in panel (c). Velocities V
have been intended as relative velocities when density
anomalies grow in the opposite directions, as those
corresponding to the opening of the Tyrrhenian sea and
crustal thickening. The parameters N and At in equation (8)
have been chosen in such a way as to constrain the velocity
of lateral expansion and the observed position of the density
anomaly at the time in which deformation is recorded.

Panel (b) corresponds to an interval of 0.25 Myr elapsed
since the end of horizontal motions while in (a) and (b)
tectonic transport is active. We have chosen this value for
the period of quiescence in tectonic activity in agreement
with geological data (Castellarin & Vai 1986). A termination
of tectonic transport is, on the other hand, controversial
(Patacca & Scandone 1988) and so we were obliged to
consider the different possibilities in the model.

Filling of the Adnatic foredeep at a deposition rate of
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Immyr~' is the only forcing mechanism for the dashed
curve of panel (a). This rate is well constrained by
geological data (Castellarin & Vai 1986). We have to
emphasize that sedimentation appears to be an important
source, characterizing the deformation pattern of the whole
set of curves along the Adriatic coast.

Dotted curves account for the effects of sedimentaion and
underthrusting of the Adriatic plate beneath the crust. In
this process light material is injected into the lithosphere
and this causes uplift of the crust, as portrayed by positive
vertical velocities. The topographic maximum of the
Apennines, at around 320 km in our scale, is uplifting with
respect to the Adriatic coast. The relative rate of uplift and
subsidence between the topograpy and Adriatic foredeep, of
around 0.5 mm yr™', is only slightly sensitive to the velocity
of underthrusting (panels a and ¢). A small reduction is
expected if vertical motions are recorded after 0.25 Myr
from the end of underthrusting (panel b).

Dash-dotted curves correspond to the situation in which
crustal thinning due to the formation of the Tyrrhenian sea
is also taken into account. The positive density anomaly is
responsible for the subsidence in the western portion of the
peninsula with respect to the topographic maximum. This
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Figure 13. Effects of parameter variations for the complete tectonic model. Velocity V is fixed at 10 cm yr™!. In the top panel crustal thickness
D is 15 km for curve 1, 22.5km for 2 and 30 km for curve 3. In the bottom panel we fix D = 25 km while the lithospheric viscosity is increased
from 107 Pas for curve 1 to 10?* Pas for curve 3. Index 2 corresponds to S x 102 Pas. As before, solid triangles give the position of the

Tyrrhenian and Adriatic coasts.
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Figure 14, Effects of discontinuities of tectonic phases. For a fixed viscosity, the rate of deformation is sampled after A =0.25 Myr from the
end of horizontal motions (curve 2). Curve 3 corresponds to 0.5 Myr. For curve 1 horizontal tectonics is ongoing.

subsidence is strongly dependent on the rate of lateral
expansion of the Tyrrhenian basin. The rates of
5-10cmyr™' can be estimated from the amount of crustal
shortening in the Tyrrhenian chains that seems to be
synchronous with the phases of basin formation. (Sartori
1988; Vai 1988). Strictly speaking, the opening of the basin
is not a continuous process as we have assumed in the
model. On the other hand, a more precise reconstruction for
the history of basin formation will not substantially alter our
results.

Solid curves correspond to the most complete tectonic
model in which overthrusting of the Apennines on the
Adriatic plate is accounted for. Overthrusting of the chain
enhances the subsidence of the whole peninsula. The
deformation pattern is characterized in the whole set of
panels by a large subsidence of the order of 0.4 mm yr~' in
the Adratic part due to the combined effects of the
overthrusting Apennines, the concomitant development of a
large positive anomaly connected with the Tyrrhenian sea
and sedimentation in the Adriatic foredeep. In the western
part, subsidence is reduced to around 0.1 mm yr~'.

We show some numerical experiments in which the
thickness D of the elastic top layer and lithospheric viscosity
are varied to allow for deviations from our reference model.
In Fig. 13 we assumed V = 10cm yr™ L. In the top panel, we
vary the crustal thickness, keeping the viscosity fixed at
5x 10 Pas. Curve 3 is the solid one of Fig. 12 that
corresponds to the complete tectonic model. We find, as
expected, that the thickness of the elastic top layer plays a
crucial role in controlling the rate of vertical deformation. In
particular we find that a thin elastic crust, which is probably
more realistic at least in the Tyrrhenian portion of the
Italian peninsula, predicts a larger subsidence in the western
part with respect to the topographic maximum. We thus find
that topography is uplifting with respect to the eastern and
western coasts. This occurs because the crust supporting the
topography is subsiding at a lower rate. If the crustal
thickness is reduced to 15km, subsidence increases to
around 0.25 and 0.5 mm yr~! (respectively) to the left and
to the right of the topographic maximum at 320 km.

The only available data on vertical deformation along the
Tyrrhenian coast have been derived from the tide gauge
recordings (Caputo & Pieri 1976). The increase in sea-level
obtained by these authors is consistent with the subsidence
of the coast. An increase in global sea water of
0.46mmyr~' is attributable to ongoing glaciers melting
(Meier 1984). If we take into account present day glacial
activity, the 1.4mm yr ' sea-level increase derived by
Caputo & Pieri (1976) is reduced to around 0.9 mmyr~!
plus or minus a 50 per cent deviation. We thus find that at
least a fraction of this value can be due to tectonic activity.
The other contribution can be explained by thermal
expansion of the oceans (Meier 1984).

In the bottom panel we analyse the impact of viscosity
variations. We find that lower viscosities enhance the effects
of sedimentation as a consequence of the shorter memory of
the system that reduces the contributions of the other
sources. A viscosity increase has the effect of enhancing the
subsidence in the Tyrrhenian coast.

Variations in the parameter A, denoting the interval
elapsed since the end of horizontal motions, are considered
in Fig. 14 for v=10*Pas and V =10 cm yr~'. Subsidence
in the western part of the peninsula is very sensitive to this
parameter. These results demonstrate the impact of
discontinuities in tectonic phases on vertical deformation.

7 CONCLUSIONS

Sphericity plays an important role in long wavelength
tectonic processes when a viscoelastic rheology is assumed
for the lithosphere. This is valid for time-dependent density
anomalies and must be true for other global geophysical
phenomena, like stress diffusion due to large earthquakes in
subduction zones. The model given in the paper can be
easily adapted to deal with this class of problems, due to the
simplicity of the analytical approach.

Vertical ground deformation in collision zones is found to
be mainly controlled by lateral displacement of crustal and
lithospheric density anomalies. If overthrusting is con-
sidered, the rate of subsidence of the plate beneath the load



has a very peculiar pattern, with the largest deformation
localized beneath the active front of the topography. The
rate of subsidence is around 1 mmyr~! for a chain with
characteristics appropriate for the Apennines. This result is
consistent with the amount of sediments that are deposed in
the Adriatic foredeep (Castellarin et al. 1985). The
amplitude of subsidence decreases in the stable portion of
the chain. In this region, the amount of deformation is
highly sensitive to lithospheric viscosity. Other parameters
that have an impact on deformation pattern are the
horizontal velocity of overthrusting and the timing in the
discontinuities of tectonic phases. On the time scale of
10° yr, vertical motions can decrease drastically if tectonic
transport terminates.

From analyses of the principal stress differences and their
variations in time, it seems that the role of density anomalies
on seismicity has to be reconsidered and conclusions drawn
from unrealistic models have to be somehow modified. The
rate of accumulation of shear stresses is relatively low when
it is compared with that induced by more powerful
mechanisms, such as transcurrent motions along plate
margins. We found that the rate of shear stress
accumulation is around an order of magnitude smaller when
comparison is made with active shear zones. This implies a
moderate seismicity characterized by relatively long return
times. We estimated the recursive times of earthquakes
triggered by the considered source mechanism in multiples
of a hundred years. This is consistent with the clusters of the
largest earthquakes in the Northern Apennines (Tinti, Lenzi
& Mulargia 1985).

Also for the stress field, the rate of accumulation is very
sensitive to the velocity of overthrusting and viscosity in the
deep layer. We revealed that rates of stress accumulation
are larger in the deeper portion of the crust beneath the
active front, unlike the results from simpler models.
Discontinuities in time of tectonic phases are also important
in characterizing the stress pattern.

When our model is used to study the vertical motions in
the Italian peninsula, it suggests that the deformation
depends on the tectonic style that is assumed. Global
subsidence of the peninsula is characterized by large
subsidence in the Adriatic coast. The amount of horizontal
migration of density structures or discontinuities of tectonic
phases plays an important role in the pattern of ground
motions. This suggests that, in the near future, accurate
geodetic surveying can become a useful tool to better
constrain tectonic models.

ACKNOWLEDGMENTS

We are indebted to P. Baldi, M. Bonafede and G. B. Vai
for important discussions and suggestions. E. Boschi has to
be thanked for his continual encouragement. We thank M.
Bacchetti for technical assistance. This research has been

supported by C.N.R.P.S.N.87/087 grant and IN.G.
(Roma).
REFERENCES

Bonafede, M., Boschi, E. & Dragoni, M., 1984. A dislocation
model of microplate boundary ruptures in the presence of a
viscoelastic asthenosphere, Geophys. J. R. astr. Soc., 16,
515-529.

Bonafede, M., Dragoni, M. & Morelli, A., 1986. On the existence

Density anomalies and ground deformation 479

of a periodic dislocation cycle in horizontally layered
viscoelastic models, J. geophys. Res., 91, 6396-6404.

Baldi, P., Degli Angioli E., Piallini, L. & Mantovani, E., 1982.
Gravity anomaly interpretation in the Calabrian arc and
surrounding regions, Earth Evol. Sci., 3, 243-247.

Bally, A. W., Burbi, L., Cooper, C. & Ghelardoni, P., 1986. La
tettonica di scollamento nell’ Appennino centrale. Prestampe
Atti 73 Congresso Soc. Geol. It., Roma 30/9-4/10, pp. 75-78.

Caputo, M. & Pieri, L., 1976. Eustatic sea variations in the last
2000 years in the mediterranean, J. geophys. Res., 81,
5787-5790.

Caputo, M., Milana, G. & Rayhorn, J., 1984. Topography and its
isostatic compensation as cause of seismicity of the Apennines,
Tectonophys., 102, 333-342.

Castellarin, A. & Vai, G. B., 1986. Southalpine versus Po Plain
Apenninic Arcs, The Origin of Arcs, pp. 253-280, ed. Wezel,
F. C., Elsevier, Amsterdam.

Castellarin, A., Eva, C., Giglia, G. & Vai, G. B., 1985. Analisi
strutturale del fronte Appenninico Padano, Giornale di
Geologia, Ser. 3a, 47, 47-75.

Cloetingh, S. A. P. L., 1986. Intraplate stresses: A new tectonic
mechanism for fluctuations of relative sea level, Geology, 14,
617-620.

Cloetingh, S. A. P. L., McQueen, H. & Lambeck, K., 1985. On a
tectonic mechanism for regional sealevel variations, Earth
Planet. Sci. Lett., 75, 157-166.

Dahlen, F. A., 1971. The excitation of the Chandler wobble by
earthquake, Geophys. J. R. astr. Soc., 25, 157-206.

Dragoni, M., Bonafede, M. & Boschi, E., 1986. Shallow
earthquakes in a viscoelastic shear zone with depth-dependent
friction and rheology, Geophys. J. R. astr. Soc., 86, 617-633.

Fleitout, L. & Froidevaux, C., 1982. Tectonics and topography for
a lithosphere containing density heterogencities, Tectonics, 1,
21-57.

Fung, Y. C., 1965. Foundation of Solid Mechanics, chap. 15,
Prentice-Hall, Englewood Cliffs, NJ.

Goetze, C., 1978. The mechanisms of creep in olivine, Phil. Trans.
R. Soc. A, 288, 99-119.

Goetze, C. & Evans, B., 1979. Stress and temperature in the
bending lithosphere as constrained by experimental rock
mechanics, Geophys. J. R. astr. Soc., 59, 463-478.

Hager, B. H., 1983. Global isostatic geoid anomalies for plate and
boundary layer models of the lithosphere, Earth planet. Sci.
Let., 63, 97-109.

Hager, B. H. & Clayton, R. W., 1987. Constraints on the structure
of mantle convection using seismic observations, flow models,
and the geoid, in Mantle Convection, ed. Peltier, W. R.,
Pergamon Press, Oxford.

Hager, B. H. & O’Connell, R. J., 1981. A simple global model of
plate dynamics and mantle convection, J. geophys. Res., 86,
4843-4867.

Jordan, T. E., 1981. Thrust loads and foreland basin evolution,
Cretaceous, Western United States, Bull. Am. Ass. Petrol.
Geol., 65, 2506-2520.

Landau, L. & Lifshitz, E., 1967. Theorie de I’Elasticite, chap. 4,
Editions MIR, Moskow.

Mareschal, J.-C. & Kuang, J., 1986. Intraplate stresses and
seismicity: the role of topography and density heterogeneities,
Tectonophys., 132, 153-162.

Meier, M. F., 1984, Contribution of small glaciers to global sea
level, Science, 226, 1418-1421.

Mulargia, F., Gasperini, P. & Tinti, S., 1987. Contour mapping of
Italian seismicity, Tectonophys., 142, 203-216.

North, R. G., 1974. Seismic slip rates in the Mediterranean and
Middle East, Nature, 252, 560-563.

North, R. G., 1977. Seismic moment, source dimensions and stress
associated with earthquakes in the Mediterranean and Middle
East, Geophys. J. R. astr. Soc., 48, 137-161.

O’Connell, R. J. & Hager, B. H., 1980. On the thermal state of the
earth, Proc. Enrico Fermi int. School Phys. (eds Dziewonski,
A. M. & Boschi, E.), North-Holland, Amsterdam.

Patacca, E. & Scandone, P., 1988. Structural evolution of the outer
margin of the Apennines and rclated foredeep system, in The
Lithosphere in Italy, Advances in Earth Sciences Research, eds
Boriani, A., Bonafede, M., Piccardo, G. B. & Vai, G. B, in
print.



480 R. Sabadini and G. Spada

Pieri, M., 1983. Three scismic profiles through the Po plain. Am.
Ass. Petrol. Geol. Studies in geology. Series 15, 3, 8-26.

Quinfan, G. M. & Beaumont, C., 1984. Appalachian thrusting,
lithospheric flexure, and the Paleozoic stratigraphy of the
Eastern Interior of North America, Can. J. Earth Sci., 21,
973-996.

Rayleigh, J. W. S., 1906. On the dilatational stability of the Earth,
Proc. R. Soc. A, 77, 486-495.

Ricard, Y., Fleitout, L. & Froidevaux, C., 1984. Geoid heights and
lithospheric stresses for a dynamic earth, Annal. Geophys., 2,
267-286.

Richards, M. A. & Hager, B. H., 1984. Geoid anomalies in a
dynamic Earth, J. geophys. Res., 89, 5987-6002.

Sabadini, R. & Peltier, W. R., 1981. Pleistocene deglaciation and
the Earth rotation: implications for mantle viscosity, Geophys.
J. R. astr. Soc., 66, 553-578.

Sabadini, R., Yuen, D. A. & Boschi, E., 1982. Polar wandering
and the forced responses of a rotating, multilayered,
viscoelastic planet, J. geophys. Res., 87, 2885-2903.

Sabadini, R., Yuen, D. A. & Boschi, E., 1984. The effects of
post-seismic motions on the moment of inertia of a stratified
viscoelastic Earth with an asthenosphere, Geophys. J. R. astr.
Soc., 19, 727-746.

Sartori, R., 1988. Drilling of OPD Leg 107 in the Tyrrhenian Sea:
tentative basin evolution compared to deformation in the
surrounding chains, in The Lithosphere in Italy, Advances in
Earth Science Research, eds Boriani M., Bonafede, M.,
Piccardo, G. B. & Vai, G. B., in print.

Tinti, S., Lenzi, G. & Mulargia, F., 1985. A seismicity study of the
Northern Apennine region, Atti della Accademia Nazionale dei
Lincei, LXXVII, 135-144.

Vai, G. B., 1988. Vertebrates in the Romagna Apennines—field
trip guidebook, in Continental Faunas of the Miocene/Pliocene
Boundary, Int. Workshop Faenza, 1988.

Walcott, R. I., 1970. Flexural rigidity, thickness, and viscosity of
the lithosphere, J. geophys. Res., 75, 3941-3954.

Wilson, P., Reinhart, E. & Pearlman, M. (eds), 1985.
Wegener—Medlas Project Plan, Institiit fuer Angewandte
Geodasie, Frankfurt am Main.

Wortel, M. J. R. & Cloetingh, S. A. P. L., 1986. On the dynamics
of convergent plate boundaries and stress in the lithosphere, in
The Origin of Arcs, pp. 253-280, ed. Wezel, F. C., Elsevier,

Amsterdam.

APPENDIX

In this section we provide the explicit expression for the
matrix Y~! (gravitating case). It is necessary first to
introduce the C matrix in the following way

_ L+
c"’"[z(21+3)’ S 2020-1y° 1] (AD)
¢+ 1 _2=r 1
T @+’ 1 A@I-1)’ l+1] (A2)
_[@#-1-3) S Q=3-7
C3,~—-__—21+3 N 2(1—1), "?1—, —2(l+2)]
(A3)
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YTl +1y’ I uRe-1" Jd+1) i

(A4)

The elements of the inverse Y ™! are given here

Yl_l'l =(u IMD_I ’ [—pg(r)D31r_’ + !‘Dn’_l_z;
#Dzl"—l_l§ D31’_l§ D41’_I] (A3)
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where the D, are the cofactors of the elements c;. |M|
denotes the determinant of the C matrix and p, p are the
density and rigidity of the layer in which the solution is
evaluated. The variable r appears explicitly in Y~ and this
allows us to handle analytically any radial dependence in the
forcing term.

For the self-gravitating case we provide the elements of
the third and sixth columns of the inverse Y™! that are
needed for the forcing that we have considered. Density
anomalies are in fact responsible for a discontinuity both in
the radial component of the stress field and gradient of the
gravitational potential at the source depth (Hager &
O’Connell 1981). These are the third and the sixth
components in the solution vector (3). Most of the
quantities that we need to define the Y matrix have already
been given in the treatment of the gravitating case. The
extra terms can be found in the equations (46)-(48) in
Sabadini et al. (1982). The explicit expression for the two
columns of Y~ entering equation (6) are given below

Yi=(u |1"1|)—1 : [D31’_I§ ‘D32’—I+2 )
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where R(l) is defined by

U+1

!
k= [ “2a+3) Pt P2 Ty

D33+D34]. (A11)
After the solution of the boundary value problem (6) has
been carried out, we get the Green functions for the
displacement and stress components. The Green function
for the radial displacement is

G50.r,9)= 3, [Uit) + 3 Ul -5) |,

1=2

(A12)

where 5; U! are respectively the inverse relaxation times and
residues of the two deformation modes that characterize our
two-layer model. The elastic contribution is denoted by U
P,(6) is the Legendre polynomial of degree .



