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Abstract

wSeismic data recorded in the vicinity of the active vent of the 1995 Fogo eruption Global Volcanism Network Bulletin,
Ž . x1995, 20 3 2–4. is used to constrain the associated stress field and deformation. Using the frequency content of the

seismograms to distinguish between brittle fracture of cold host rock and deformation in the vicinity of the intruding magma,
a sub-vertical dyke with 0608 strike is identified as the feeder of the eruption, and delineated down to a depth of about 4 km.
The local stress field during the eruption is estimated from composite focal mechanisms. Besides the expected s direction3

normal to the dyke, a group of focal solutions point to a stress field with nearly dyke-parallel s , which is interpreted as a3

re-adjustment of the edifice following the eruption, maybe partially controlled by gravity. This effect may have increased the
instability of the steep eastern flank of the island, since the deformation detected during the magma drainback is compatible
with predominantly dip-slip motion on east-dipping surfaces. q 1999 Elsevier Science B.V. All rights reserved.
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1. Geological and volcanological setting

The topography of Fogo island is asymmetric and
characterised by a collapse-related structure with a
diameter of about 9 km, opening towards the East
Žsee Day et al., 1999-this volume, for a more de-
tailed description of the geology and volcanic struc-

.ture of Fogo . Post-collapse eruptions have partially
filled this depression, which at present has a
‘‘caldera-like’’ flat area at an altitude of 1700 m,
called ‘‘Cha das Caldeiras’’, surrounded by a 1000-˜
m-high collapse scarp, the ‘‘Bordeira’’, on all sides
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but the East. The highest point of the island is the
main volcanic cone within the Cha das Caldeiras, the˜

Ž .Pico do Fogo, reaching 2928 m Fig. 1 .
On the basis of the distribution of scoria cones,

scoria cone elongation directions and the distribution
of dykes in the Bordeira escarpment and in coastal

Ž .cliffs, Day et al. 1999-this volume describe several
preferred directions of dyke intrusion, or volcanic rift
zones, in Fogo. These are distributed radially with

Ž .respect to the axis of the old pre-collapse volcanic
edifice, the Monte Amarelo edifice defined by Day

Ž .et al. 1999-this volume . The geometry of these rift
zones is broadly similar to the triple-rift geometry

Ž . Žrecognized by Carracedo 1994 see also Carracedo,
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Fig. 1. Main topographic and structural aspects of Cha das˜
Caldeiras, Fogo Island. The triangles show seismic stations de-
ployed during the 1995 Fogo eruption. Cartographic elements

Ž .after Torres et al. 1997 . Contour lines are spaced 200 m.

.1999-this volume in many ocean island volcanoes,
but has been slightly modified by the pre-existing

Žstructure of the Fogo–Brava platform Day et al.,
.1999-this volume . The rift zones run to the NNE

Ž . Ž .bearings 0008 to 0308 , SSE bearings 1408 to 1808

and in a broad zone to the WSW, W and WNW of
the center of the Monte Amarelo edifice. In the dyke
swarms exposed in the Bordeira cliffs, in particular,
this western zone appears to contain two distinct rift
zones bearing 2408 and 3008.

At the end of the 18th century, the earlier historic
volcanic activity, characterised by frequent eruptions
at the summit crater of the Pico do Fogo and by

Ž .flank eruptions Ribeiro, 1960 , ceased and gave way
to less frequent activity occurring solely on the lower
flanks of the Pico do Fogo and on the floor of Chã
das Caldeiras. These eruptions occurred at N–S
elongated vents grouped in a broadly N–S elongate
zone extending both north and south of the Pico do

Ž .Fogo Day et al., 1999-this volume . This geometry
can be accounted for in terms of E–W extension at
shallow levels within the volcano, associated with
eastward gravitational sliding of the steep eastern

Žflank of Fogo within the old collapse scar Day et
.al., 1999-this volume . In the 1995 eruption, how-

ever, the orientation of the main surface vent and of
the associated fumarolic zones is approximately 0608,
i.e., it follows one of the broad volcanic rift zones
described above, and is located at the extreme SW

Ž .Fig. 2. Histogram with the time distribution of the seismicity recorded during the April 1995 eruption located events only . The vertical
Ž . Ž .arrows mark the end of the effusive phase e , and the occurrence of a 45-min-long episode of strong volcanic tremor t .
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Žedge of the zone of post-18th century vents Day et
.al., 1999-this volume . This trend, never observed in

historical eruptions, is that followed by numerous
young sub-historic vents, both in Cha das Caldeiras˜
and to the WSW on the western flank of the island
Ž .Day et al., 1999-this volume .

2. Seismic data

During the April 1995 eruption of Fogo Volcano,
ŽCape Verde Islands Global Volcanism Network,

.1995 , a portable telemetered network of five seismic
stations, one of which with three components, was
deployed within a few kilometres of the active vent
Ž .Fonseca et al., 1996 . The operation of the network
started 11 days after the onset of the eruption, and
the seismicity was recorded continuously for 13
weeks.

Due to equipment availability limitations and the
emergency nature of the deployment, analogue
recording equipment was used. To avoid the satura-
tion of the inherent low dynamic range by the high-

Ž . Ž .Fig. 3. A Epicentral distribution of the 158 seismic events located 90% confidence ellipses . Triangles show the location of seismic
Ž . Ž .stations. B Hypocentres projected in a section parallel to the surface fissure. C Hypocentres projected on a section perpendicular to the

surface fissure.
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energy low-frequency seismic noise generated by the
lava flows at short distances from the sites, geo-
phones with natural frequency of 4.5 Hz were em-

Ž .ployed Fonseca et al., 1996 . The geometry of the
Ž .network Fig. 1 was strongly conditioned by the

topography, due to the requirement of line-of-sight,
and also by the access restrictions imposed by the
on-going eruption. The data acquisition and process-

Ž .ing are described in detail by Fonseca et al. 1996 .
In this paper, we use results from the seismic

monitoring to place constraints on the eruptive
Ž .mechanism, focusing on 1 the spatial distribution

Ž .of hypocentres and 2 the orientation of the stress
axes inferred from composite focal mechanisms.

Over 1000 seismic events were identified and
analysed for P and S phases. Of these, only 158 were

Ž .located with HYPOCENTER 3.2 Lienert, 1994 ,
due mainly to the emergent nature of many signals
and to the difficulty in identifying the S phases
Ž .using one three-component station only . Fig. 2 is a
histogram of the temporal distribution of the located
events. It shows three phases of seismic activity,
correlating well with the field descriptions of the

Žeruption’s chronology Gaspar et al., 1995; Torres et
.al., 1995 . These will be referred to in the sequence

as ‘‘syn-eruptive phase’’, ‘‘magma-drainback phase’’
and ‘‘post-eruptive phase’’. The first phase lasted 8
weeks, and finished at the end of the effusive activ-

Fig. 4. Examples of vertical component velocity traces and frequency spectra of seismic events recorded during the 1995 Fogo eruption, one
for each class discussed in the text.
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ity. The lower level of seismic activity detected
during this phase is not necessarily a real feature of
the eruption, since the detection threshold was raised
by the higher volcanic noise. Evidence for magma-
drainback during the second phase comes from the
occurrence of 45 min of strong volcanic tremor on

ŽMay 30, followed by 36 h of swarm activity close to
.800 events, reaching a rate of one event per minute .

The third phase lasted until the end of the monitor-
ing.

Due to the total lack of information about the
shallow velocity structure of Fogo island, a combina-
tion of two velocity models compiled by Brink and

Ž . ŽBrocher 1987 , one for the Cape Verde Rise off-
. Ž .shore and the other for the Canary Islands onshore ,

were used for the hypocentral locations. The latter
model was used for the upper 3.5 km of the crust.
Only the solutions with rms residuals below 0.2 s
and angular gaps up to 2408 were retained. For 95%
of the selected locations the rms residuals are less

Ž . Ž .Fig. 5. A Epicentral distribution of the ‘medium frequency’ events. B Hypocentres of the ‘medium frequency’ events, projected in a
section parallel to the surface fissure, showing the horizontal broadening of the inferred dyke at depths between 2 km and 4 km. The double

Ž . Ž .arrow marked E shows the locus of the fissure. C Hypocentres of the ‘medium frequency’ events, projected on a section perpendicular to
Ž .the surface fissure. The thick solid lines delimit the location of the interpreted dyke, and the arrow marked E shows the projection of the

surface fissure. A possible NW dip of the dyke is suggested by the deeper hypocentres.
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than 0.1 s, whereas for 50% of the hypocentres the
angular gaps are below 1808. Fig. 3 shows the spatial
distribution of the hypocentres and associated error
ellipses.

The events were classed, according to their spec-
tral content, as ‘high frequency events’ and ‘medium

Ž .frequency events’ Fig. 4 . Using one of the stations
as reference, a smoothed version of the velocity
frequency spectrum was inspected and the ratio be-
tween the areas above 10 Hz and below 10 Hz was

Ž .used as classification: ‘high medium frequency
Ž .events’ have an areal ratio larger smaller than one.

It should be noted that earthquakes usually classed as

ŽB-type or long-period e.g., Minakami, 1974; Chouet,
.1996 , with typical frequencies in the range 0.5–5

Hz, will be cut-off by the sensors used in the present
survey. In Figs. 5 and 6, the hypocentral distribu-
tions for ‘medium frequency’ and ‘high frequency’
events are shown separately.

Whenever the seismic signals showed clear on-
sets, a first-motion polarity was read and composite
focal solutions were computed by trial-and-error,

Ž .according to the following conditions: 1 events to
Ž .be joined should be grouped in space and 2 should

correspond to the same eruptive phase. Less clear but
Žstill readable polarities mostly in connection with

Ž . Ž .Fig. 6. A Epicentral distribution of the ‘high frequency’ events. B Hypocentres of the high-frequency events, projected in a section
Ž .parallel to the surface fissure. C Hypocentres of the ‘high frequency’ events, projected on a section perpendicular to the surface fissure.

See legend of Fig. 5 for a more detailed explanation of the symbols.
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Ž .Fig. 7. A Composite focal mechanisms for the events of the syn-eruptive phase, in lower-hemisphere stereographic projection. All possible
Ž .nodal planes found by an automatic search algorithm with 108 increments are displayed. Open filled circles show clear dilational

Ž . Ž . Ž .compressional first motions, minus plus signs show less clear dilational compressional first motions. Asterisks are ‘medium frequency’
events, stars are ‘high frequency’ events. Double arrows show the projected directions of least compressive stress estimated from the focal

Ž . Xmechanisms. B Hypocentres and estimated least compressive stress directions projected on section X–X .
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.‘medium frequency’ events were assigned a differ-
Ž .ent symbol see legend of Fig. 7 . About 85% of the

seismic events identified were not used in this first-

motion study. Figs. 7–9 show the computed joint
Žfocal solutions for the syn-eruptive phase groups A1

. Ž .to A3 , the drainback phase groups B1 to B3 and

Ž .Fig. 8. A Composite focal mechanisms for the events of the magma-drainback phase, in lower-hemisphere stereographic projection. Events
Ž .in overlapping clusters correspond to different intervals of time. See legend of Fig. 7 for details. B Hypocentres and estimated least

compressive stress directions projected on section X–XX.
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Ž .Fig. 9. A Composite focal mechanisms for the events of the post-eruptive phase, in lower-hemisphere stereographic projection. See legend
Ž . Xof Fig. 7 for details. B Hypocentres and estimated least compressive stress directions projected on section X–X .

Ž .the post-eruptive phase groups C1 to C3 , respec-
tively. Fig. 10 shows, for all focal solutions, the

Ž .directions of tension T axes, which will be consid-

ered as estimates of the directions of the minimum
compressive stress s . A group of T-axes is depicted3

Žin the NW–SE quadrants solutions A1, B1, C1 and
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Fig. 10. Estimated tension axes for all the composite focal mecha-
Ž .nisms in Figs. 7–9 lower-hemisphere projections . The dashed

contours delimit the scatter of possible axes.

.C3 and a second group in the NE–SW quadrants
Ž .solutions A3, B2, and B3 .

3. Discussion

3.1. Hypocentral distribution

As can be seen in Figs. 3, 5 and 6, the seismicity
defines two trends, around 0608 and around 1208.
The 0608 trend is dominated by ‘medium frequency’
events, and is particularly clear in the depth range of
0–4 km. It defines a nearly vertical zone underneath
the eruptive fissure and with the same strike. We
suggest that this 0608 trend is the strike of a planar
sub-vertical intrusion, which can be traced in Fig.

.5C , and that its ‘medium frequency’ seismic activity
is associated with failure of crustal material of re-

Ž .duced shear strength Montalto, 1994 . The ther-
mally-induced increase of pore-fluid pressure occur-
ring in the vicinity of the hot magma may be the
cause of such change of the mechanical properties
Ž .Elsworth and Voight, 1996 . The cross-section of
this inferred dyke is nearly free from ‘high fre-

Ž .quency’ events Fig. 6C , and this is compatible with
the above-comments.

Although the strike of the inferred intrusion is in
good agreement with the orientation of the surface
fissure, it is shifted about 400 m to the NW. This
could result from the northwestward dip of the dyke
suggested by Fig. 5C, but a systematic location error
cannot be ruled out, due to the poor knowledge of
the velocity model. The surface deflation pattern
estimated from ERS-1 radar interferometry combin-
ing images of Fogo prior to and after the eruption
Ž .Amelung et al., 1997 is also in good agreement

Žwith the strike of the interpreted dyke Fonseca et
.al., 1998 .

Focal mechanism A2, computed for events of the
syn-eruptive phase distributed along the 0608 trend
Ž .see Fig. 7 , shows a vertical T axis. This stress field
can be predicted in the neighbourhood of a dyke that
rises up to a shallow level, a situation in which the
magma pressure is likely to exceed the maximum

Žcompressive stress in the host rock Dahm and
.Brandsdottir, 1997 .´

The 0608 trend became clearer during the
Ž .magma-drainback phase Fig. 8 , namely during the

36-h-long seismic swarm mentioned above. This may
be the result of phreatomagmatic interaction between
fluids entering the emptying feeder dyke and the top
of the magma, inducing deformation of the host

Ž .rocks Delaney, 1982; Wohletz, 1986 andror explo-
Žsive processes McNutt, 1986; Wohletz, 1986; Mori

.et al., 1989 . The latter interpretation is supported by
the fact that the events of the seismic swarm exhibit
somewhat distinct signatures from the other ‘medium
frequency’ events, with larger number of emergent
onsets and less clear S arrivals. Also, due to the
strong predominance of first-motion compressions,
no double-couple focal solution could be fitted to
this group of events, suggesting an explosive nature.

According to the data, no magma chamber exists
above a depth of 4 km. This is in agreement with
independent evidence from petrologic studies of Fogo
lavas, which indicate that the magma is fed directly

Žfrom the crustrmantle boundary Mendes et al.,
.1996 . It remains, however, to be explained why no

significant seismicity was detected at deeper levels,
as observed in other instances when the magma is

Žfed directly from deep sources Castellano et al.,
.1993 . This apparent conflict may be solved by

taking into account that the seismicity was not moni-
tored during the pre-eruptive phase and the very
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beginning of the eruption. The in-plane section of
Fig. 5B shows that at depths between 2 km and 4
km, the intruding dyke reaches a maximum length of
the order of 4 km, suggesting some amount of
magma storage, possibly before the seismic monitor-
ing.

The ‘high frequency’ seismicity is more devel-
Ž .oped during the post-eruptive phase Fig. 9 , and its

interpretation is less straightforward because it does
not follow the trend of the fissure. Instead, it shows

Ž .an elongation trending at 1208 Fig. 6A , which does
not correspond to a known structural trend.

It is interesting to note that the 1208-trending
group of events correlates well with the area covered

Ž .by the newly formed lava flows Fig. 6A , and this
could indicate that the deformation is induced by the
new surface load. A similar effect is frequently
observed following the impoundment of dam reser-
voirs, and is usually interpreted as indicative of

Žself-organised criticality of the state of stress Scholz,
.1994 .

3.2. Tension axis directions

In a homogenous isotropic material, newly formed
failure allows a reliable estimate of the directions of
principal stress. In the crust, however, failure occurs
generally by reactivation of pre-existing planes of
weakness, and if a few weak planes exist in a region,
the choice of failure orientation is restricted. The
only inference that can be made in this case is that
the direction of s must be contained in the com-3

Žpressional quadrant of the focal mechanism Mc-
.Kenzie, 1969 . If a population of earthquakes in a

region of uniform stress field has significantly differ-
ent individual focal mechanisms, they should still be

Žall compatible with the common stress tensor Rivera
.and Cisternas, 1990 . In a highly heterogeneous

medium such as a volcano, it can be assumed that
the distribution of potential planes of failure is
widespread. In this case, the actual failure should not
deviate strongly from the direction predicted for a

Ž .homogeneous isotropic material Celerier, 1988 , and´ ´
Žthe scatter of the P and T axes estimates of s and1

.s , respectively is likely to be small.3

The basic assumptions underlying the estimates of
Ž .s directions presented here are that 1 a group of3

events corresponding to the same region and to the
same phase of the eruption occur under the same

Ž .stress field and 2 while the nodal planes cannot be
resolved for each individual event and may differ
significantly, the directions of principal stress can
still be estimated using the joint focal mechanism
that best fits the population of observed first-motion
polarities. The non-uniqueness of single-event solu-
tions will generate considerable uncertainty on the

Ž .inferred tension axis directions Jupe, 1993 , and the
results presented here must therefore be regarded as
general indicators of the true directions of minimum
compressive stress.

The intrusion of a dyke requires the least com-
pressive stress direction to be perpendicular to its

Ž .strike e.g., Nakamura, 1977 . For the inferred dyke,
Ž .one of the groups in Fig. 10 NW–SE tension axes

verifies this condition satisfactorily, at least in hori-
zontal projection, and therefore seems to have a
causal link with the occurrence of the eruption. This
type of T axis orientation can be seen towards the

Ž .NW of the dyke during the syn-eruptive phase A1 ,
Ž .the swarm activity B1 , and at shallow depths in the
Ž .post-eruptive phase C1 and C3 . Towards the SE

side of the dyke, however, this direction of tension
axes is not detected. The possible dip of the dyke
towards the NW discussed in Section 3.1 would

Ž .account for this asymmetry Pollard et al., 1983 .
The 0608 trend of the 1995 intrusion coincides

with the orientation of one of the rift zones described
in Section 1, and is close to perpendicular to the
NW–SE tension axes of Fig. 10. The development of
this stress field may therefore signal a reactivation of
the WSW rift zone after at least several centuries of
inactivity. This inference is supported by the results
obtained by the deployment of a temporary seismic

Žnetwork in early 1994 Heleno da Silva and Fonseca,
.in press . This network recorded seismic unrest along

the strike of this rift zone, in the direction of the
adjacent island of Brava, and at some 40 km distance
from the site of the 1995 eruption.

The group of tension axes in the NE–SW quad-
Ž .rants Fig. 10 , i.e., nearly parallel to the trend of the

dyke, is not directly related to the driving mechanism
of the intrusion. A possible explanation for this
seismicity is the re-adjustment to the new conditions
inside the volcanic edifice. Since the Cape Verde

ŽRise is a quiet tectonic environment Wysession et
.al., 1995 , local stresses related to topography or

magmatic processes are likely to constrain this re-ad-



( )S.I.N. Heleno da SilÕa et al.rJournal of Volcanology and Geothermal Research 94 1999 219–231230

justments more effectively than stresses of plate
tectonic origin. At a more local scale, pre-existent

Žstructures such as the buried collapse scar Day et
.al., 1999-this volume may have been reactivated

during these re-adjustments, but the data are also
compatible with a more random redistribution of
stresses in the heterogeneous edifice.

During the magma drainback phase, the tension
axis underneath Pico do Fogo rotates, dipping now

Ž .towards the W Fig. 8B , and the corresponding
focal solution B3 becomes compatible with predomi-
nantly dip-slip motion on a plane dipping towards
the East. This plane may correspond to detachment
surfaces, distributed between 1 km and 2.5 km of

Ž .depth i.e., the depth range of the seismicity cluster ,
on which parts of the eastern flank of the island
within the Monte Amarelo collapse scar have moved
towards the sea. A similar effect was proposed to

Ž .explain the shallow less than 2 km deep seismicity
observed in the eastern flank of Etna by Montalto et

Ž .al. 1996 and attributed to gravitational sliding.
The rotation of the minimum compressive stress

underneath Pico do Fogo during the magma-drain-
back phase, and the associated decrease of flank
stability, could be due to a reduction of friction on
the assumed detachment surface due to pore fluid

Ž .pressurisation Elsworth and Voight, 1995 . The tim-
ing of the estimated change in the stress field, after
the end of the eruption, favours also the control of
thermal pressurisation of pore fluids on the shear

Žstrength of the edifice Elsworth and Day, 1999-this
.volume .

4. Conclusions

The seismic monitoring allowed the identification
of a planar sub-vertical intrusion, with horizontal
length of at least 4 km and a strike of 0608, as the
cause of the April 1995 Fogo eruption. A swarm of
seismic events immediately after the end of the
effusive phase, possibly due to interaction between
phreatic fluids and the retreating magma, was partic-
ularly effective in delineating this intrusion at depth.

The strike of the intruding dyke contrasts with the
geometry of historical eruptions during the last 250
years, which occurred on N–S fissures apparently
associated with E–W gravity-driven extension. On
the other hand, the current trend suggests the re-use

of an older preferential direction of rifting, inferred
from geological observations.

The directions of least compressive stress esti-
mated from several joint focal mechanisms are nearly
at right angles with the orientation of the dyke, as
would be expected. However, a significant part of
the recorded deformation seems to deviate strongly
from this rule, suggesting a re-adjustment to the new
state of stress in which gravity may have played an
important role. The steep eastern flank of the island
may have been destabilised by this effect, since
during the magma drainback, the deformation is
compatible with predominantly dip-slip motion on
east-dipping detachment surfaces.

Gravitational instability of the eastern flank of
Fogo Island during and after future eruptions is a
major volcanic hazard, since it could lead to a large-

Ž .scale lateral collapse Day et al., 1999-this volume .
The effect of eruptive processes on the stability and
collapse potential of the active volcano on Fogo
deserves further investigation.
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Ilha do Fogo — Erupçoes historicas e formaçoes encaixantes.˜ ´ ˜
Proceedings of the International Congress on the Volcanic
Eruption of 1995 in Fogo Island, Cape Verde. IICT, Lisbon.

Wohletz, K.H., 1986. Explosive magma–water interactions: ther-
modynamics, explosion mechanisms and field studies. Bull.
Volcanol. 48, 245–264.

Wysession, M.E., Wilson, J., Bartko, L., Sakata, R., 1995. In-´
traplate Seismicity in the Atlantic Ocean Basin: a Teleseismic

Ž .Catalog. Bull. Seismol. Soc. Am. 85 3 , 755–774.


