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Seismic deformation at the
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Abstract

We analysed the one-year-long seismic swarm at the Alban Hills volcano which occurred during 1989-1990.
We portray spatial distribution of seismic moment release, better delineating the activated volume during the
swarm. The seismic structure is imaged as a 7-km long, 3-km wide, and 3-km thick volume, located between
2 and 5 km depth, and NW-SE striking. Fault plane solutions and scalar seismic moments for the largest earth-
quakes provide the description of the average strain rate tensor. The principal strain rate axes show a dominant
extension in NE-SW direction, a SE-NW direction of compression and a negligible thickening rate. P and T
axes direction of the smaller earthquakes suggests that the same mode of deformation is distributed all over the
activated volume. These results are discussed in terms of seismic deforming processes active at the Alban
Hills volcano, in the frame of magmatic inflation recently invoked to explain the rapid vertical uplift affecting
part of the volcano. The observed average deformation is consistent with shear failures occurring on faults
connecting stress-oriented dykes in response to an increasing fluid pressure.
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1. Introduction

The Alban Hills are one of the main vol-
cano craters of the peri-Tyrrhenian belt which
started erupting 0.7 Ma ago (De Rita et al.,
1988). The magmatic activity ended about
0.027 Ma with a phreatomagmatic phase that
formed numerous craters in the south-western
part of the volcano. Hydrothermal phenomena,
vertical uplift (up to 30 cm in the past 40
years; Amato and Chiarabba, 1995), and seis-
micity, testify to a residual activity of the vol-
cano.
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In recent and historical times, seismicity
has been characterised by long low-magnitude
seismic swarms, that can last for years, con-
centrated close to the area where the most re-
cent phreatomagmatic phase took place. This is
also the area of rapid vertical uplift (Amato
and Chiarabba, 1995). The occurrence of seis-
mic swarms has been interpreted as a response
to distributed deformation in roof rocks pro-
duced by a deeper inflating magma chamber
(Chiarabba et al., 1997). From a kinematic
point of view, the arching of top layers should
result in a relevant dip slip component in the
fault plane solutions. This is true if seismic de-
formation approximates, in shape and not nec-
essarily in amplitude, the total deformation of
the Alban Hills volcano as a whole (see Jack-
son, 1993, for a discussion on the relation be-
tween faulting and continuous deformation).

In this paper, we estimated the shape of the
average strain rate tensor within the seismo-
genic volume of the Alban Hill Quaternary
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volcano, activated during the last seismic
swarm (Amato et al., 1994) which occurred in
1989-1990, by summing moment tensors of the
largest events. Our goal is to see how the de-
formation produced by the discontinuous mo-
tion on faults, expressed by the average seis-
mic strain rate tensor, is related to the mostly
aseismic continuous processes, testify by the
vertical uplift.

2. Method and data

Determination of the seismic strain tensor
provides a major constraint on seismotectonic
reconstruction within a deforming region
(Jackson and McKenzie, 1988; Ekstrom and
England, 1989; Amelung, 1996). Seismic strain
tensor can be obtained from a combination of
scalar seismic moment and fault plane solu-
tions of earthquakes occurring in a given vol-
ume (Kostrov, 1974). This technique has been
used in several active deforming regions,
where large, moderate and micro-earthquakes
occur. The well known Kostrov’s formula re-
lates the cumulative seismic moment tensor
M;;, in a volume (V) during a time window 7,
with the average strain-rate tensor (€;), in the
following way:

N
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Strain is highly dependent on the referenced
volume. The volume activated during the
1989-1990 swarm was imaged by the spatial
distribution of seismic moment release. In
these maps the symbolic representation of the
earthquake size is substituted by seismic mo-
ment distribution interpolated over a square
grid cell.

The Istituto Nazionale di Geofisica de-
ployed a temporary digital local network dur-
ing the last seismic swarms from April 1989
until the beginning of 1990 (Amato er al.,
1994). The digital network was composed of
four three-component short period digital sta-
tions, one broadband weak motion station and
seven short-period vertical component stations,
that recorded the one-year-long seismic swarm

226

from its beginning. Four accelerometers trig-
gered for the largest events. More than one
thousand earthquakes, out of the three thou-
sand recorded, were located by Amato et al.
(1994). Figure 1a,b shows the network geome-
try and the distribution of the best located
events (horizontal and vertical errors of the
events in fig. 1a,b are less than 2 km). Loca-
tion accuracy is described in Amato ef al.’s
(1994) paper, which also identified a shallow
structure 12 km long, 3 km wide and 3 km
thick where the seismicity occurred during the
swarm.
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Fig. 1a,b. a) Epicentral map of the 1989-1990
earthquake swarm at the Alban Hills volcanic com-
plex. Errors on the location are less than 2 km both
in horizontal and vertical plane. Also shown are the
fault plane solution of the largest earthquakes which
occurred during the sequence. Stars indicates station
locations. b) Longitudinal section of the swarm.
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3. Seismic moment distribution

Our data set contains location and duration
magnitude (M,) of all the earthquakes of the
seismic swarm. We sought a linear empirical
relation between the logarithm of seismic mo-
ment and magnitude, calibrated for the Alban
Hills region, to calculate the seismic moment
of all the earthquakes.

Seismic moments were estimated from the
low frequency amplitudes of the S-wave dis-
placement spectra, for 23 selected events, re-
corded at the weak motion broadband, 125 Sps
digital station in the magnitude range 1.4 +2.9.
Larger magnitude events clipped the weak mo-
tion sensor, and for the four M; > 3.9, the seis-
mic moments were calculated from the S-wave
acceleration spectra, recorded at the strong mo-
tion stations (Chiarabba, 1993). There is a lack
of information between magnitude 3.0 and 3.9
due to the clipping of the weak motions above
M = 3.0 and a lack of triggers below M = 3.9
for the strong motions. For these 27 events we
also determined the local magnitude and the
duration coda magnitude. The estimates of
seismic moment, local magnitude and duration
magnitude allowed us to determine the coeffi-
cients of the linear relation between Log (M)
and M; or M,, in the magnitude range between
1.4-4.5 (fig. 2a,b), the latter being the largest
event of the sequence. The two equations are
explicit in the following form:

Log (M,) =
3.D
= 1.032 (+0.003) M+ 17.489 (+ 0.008)

Log (M,) =
(3.2)
= 1.505 (£ 0.008) M, +16.1 (+0.2).

Relation (3.1) is correlated with a coefficient
equal to 0.99, while (3.2), although the data are
more scattered, still provides an acceptable
correlation (0.97). We used relation (3.2) to es-
timate the seismic moment for all those earth-
quakes for which we have only the duration
magnitude. The total seismic moment release,
calculated over the complete seismic sequence,
is 8.8 10% dyne - cm, equivalent to a single
M,, = 4.6. Figure 3 shows the cumulative time
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Fig. 2a,b. Linear regressions between Log (M,) and
M, (a); M,; (b). Regression coefficients are equal to
0.99 and 0.97 for (a) and (b), respectively.
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Fig. 3. Cumulative time distribution of scalar seis-
mic moment.
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distribution of the earthquake swarm. The first
part of the sequence, characterised by a large
number of earthquakes, has a low rate of mo-
ment release. Since October 1989, moment rate
has increased sharply and it is dominated by
the occurrence of 5 larger earthquakes.

To portray seismic release, we divided the
area into square cells of 0.5 km x 0.5 km. The
seismic moment of all the earthquakes falling
into the same cells are summed up and repre-
sented in their cumulative value. Figure 4ab
shows an interpolated image of the seismic
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Fig. 4a,b. Seismic moment distribution: a) map view;
b) longitudinal section.
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moment release both in map and in depth.
Such a representation better shows the area
where the significant release occurred. The ac-
tivated structure is imaged as a ~ 3 km wide
belt striking NW-SE for about 7 km. The seis-
mic moment release at depth is shown in the
section LL'. The depth interval below 3 km has
been the most active with a sharp cut-off of
seismicity at 5 km depth.

4. Seismic strain

More than 50% of the total scalar seismic
moment of the seismic sequence was released
by only six events, out of the one thousand lo-
cated, for which strike, dip and rake of the
fault plane solutions (Amato et al., 1994), and
the seismic moment, are available, The com-
plete description of the moment tensor can be
obtained by a combination of fault plane solu-
tions and the scalar seismic moment (Aki and
Richards, 1980). The fault plane solutions are
for normal and strike slip faults (fig. la,b), all
showing an extensional T axis approximately
sub-horizontal, inclined towards NE-SW, while
P axes are slightly scattered in different az-
imuths and plunge. Each component of the mo-
ment tensors is summed and the resulting mo-
ment tensor provides a fault plane solution
with a main strike slip component (fig. 5a,b). T
axis is subhorizontal and its direction is consis-
tent with the direction of the regional exten-
sion, deduced from fault plane solutions and
borehole breakout {(Amato et al., 1995, Mon-
tone ef al., 1996). The P axis i1s NW-SE strik-
ing and has a plunge of 35°.

The strain rate tensor was obtained consid-
ering the volume derived from seismic moment
distribution (7 kmx 3 km x 3 km) and a time
window of one year. Table I shows the compo-
nent of the strain rate tensor in geographic co-
ordinates (£, is in NS direction, £,, in EW
direction and €3 along Z). The principal strain
rate axes show that the average deformation is
extension in NE-SW direction, compression in
NW-SE and a negligible deformation along the
depth axis (table II}.

Fault plane solutions are also available
for smaller earthquakes (Chiarabba, 1993). Al-
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Fig. 5a,b. Resulting fault plane solution after moment tensor summation. a) Solution obtained from the six
largest events (strike 185°, dip 71°, rake —30°). Also indicated are the horizontal principal axes direction of the
strain rate tensor and their length in 107 s, b) Solution obtained from smaller earthquakes (strike 184°, dip
53°, rake — 29°).

Table I. Component of the strain rate tensor (5” is in NS direction, 522, in EW direction and 533
along Z).

Average strain rate tensor € €1y €13

€ €13 £
(107 57 -0.14 1.3 0.09 0.9 -0.40 -0.76
Table Il. Azimuth, plunge and length of the principal strain rate axes.
Principal strain rate axes £ 1 52 53
Azimuth-plunge 142 35 115 55 237 6
Length (10714 571 -12 -0.6 1.8

though the quality of these solutions is poorer direction suggests that the same mode of defor-
than for the largest events, they are more of mation is distributed all over the activated vol-
them, providing almost a complete analysis of ume (fig. 6). Only the direction of a small

the average seismic deformation during the number of P and T axes (grey axes in fig. 6),
swarm. The moment tensor obtained from the in the central part of the phreatomagmatic
summation of the smaller earthquakes shows craters, implies extension and compression in
nearly the same solution derived from the opposite direction with respect to the one de-

largest one (fig. 5a,b). Moreover, P and T axes rived from the average strain rate tensor.
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Fig. 6. T and P axes distribution of smaller earth-
quakes. Light grey arrows are axes with different
azimuth with respect to the principal direction ob-
served from the largest earthquakes.

5. Discussion and conclusions

Chiarabba et al. (1997) proposed an evolu-
tion model for the Alban Hills volcano that ex-
plains much of the geophysical evidence col-
lected in past years, particularly tomographic
images (Cimini et al., 1994), rapid vertical up-
lift and seismicity distribution. The model is
based on present-day accumulation of magma
at depth below approximately 6 km. The infla-

tion of the magma chamber is also responsible
for the observed vertical uplift, that is the main
deformation process of the area. In this frame-
work, seismicity is activated by the arching or
bending of the upper layers in response to the
deeper inflation (Chiarabba et al., 1997). In our
paper we show that the seismic deformation is
confined to a 7 km long, 3 km wide and 3 km
thick volume and the average seismic strain
rate is most likely related to horizontal relative
motion (see table I). The main seismic defor-
mation is extension in NE-SW direction in
agreement with the regional extension direc-
tion. Compression in NW-SE direction also has
a large component, while the thickening rate is
negligible. The distribution of P and T axes of
the small magnitude earthquakes suggests that
the same mechanism is sheared in the whole
activated area.

Such mode of crustal deformation is not pe-
culiar to the Alban Hills volcano. A common
feature of volcanic areas, like Long Valley
caldera or Phlegracan Fields, is the large ver-
tical uplift combined with moderate seismic re-
lease. The deformation produced, or better ac-
commodated, by many swarm-like sequences
is not directly related to uplift or collapse
mechanism, but rather it shows a predominant
horizontal motion characterised by strike slip
faulting. An explanation for this deformation
field is the geometric model shown in Hill
(1977). It consists of two main points: a) clus-
ter of magma-filled or fluid-filled dykes within
brittle volumes of the crust; oriented in a re-
gional deviatoric stress field perpendicular to
03; b) oblique fault planes connecting adjacent
tips of offset dykes. If the fluid pressure in the
dykes increases up to 03, the stress field within
the volume will reach a critical state. Shear
failures occurring on the oblique faults give
rise to the seismic swarm that will last until
the entire volume is again in equilibrium. An
equivalent mechanism is achieved when re-
gional tectonic stress increases. The swarm de-
velops when the volume reaches the critical
state due to the passive inflation of fluid or
magma in the dykes at a pressure equal to o;.
The observed average strain at the Alban Hills
volcano is consistent with the physical model
for earthquake swarms of Hill (1977).
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Finally, we have shown that earthquake size
can be efficaciously represented on maps in
terms of scalar seismic moment, providing
original images of seismic activity.
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