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Abstract

Broadband seismic data enable us to test whether Ultra Long Period (ULP) signals can be used to investigate magma chamber
pressure state and to monitor volcanic eruptions. By systematically investigating seismic signals at GEOSCOPE station RER, we
find ULP signals associated with volcanic events, during the last 2 decades. We tentatively propose to interpret these signals as
events highlighting the activity of the upper magma feeding system of the Piton de la Fournaise volcano and as being related to the
deep magma chamber. Some of these unusual signals were previously detected and usually interpreted in term of tilt [Battaglia, J.,
Aki, K., Montagner, J.-.J.-P. Tilt signals derived from a GEOSCOPE VBB station on the Piton de la Fournaise volcano, Geophys.
Res. Lett. 27 (5) (2000) 605-608.]. They are detected using STS1 seismometers sensitive in the bandwidth 10> to 10”2 Hz.

This alternative model enables to quantify each event in terms of a pressure drop in the upper magma reservoir of the volcano.
Two kinds of seismic waveforms can be associated with two types of fracturing events. The first one is related to the fast rise of a
magma batch coming from the deep magma chamber and the second is the result of a slow rise in pressure inside a shallow
reservoir. In both cases, we are able to detect these events on very long period seismic data. The interpretation of these signals
supports the idea of a single magma source at the sea level. Thus, we propose to classify all the eruptions occurring during the last
two decades into two groups, corresponding to the two primary pressure states of the magma chamber.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Both the magma feeding system geometry and the
total volume of magma injected in the volcanic edifices
still remain poorly known. This constitutes one of the
main limitations for a better understanding and
prediction of volcanic eruptive events. However, while
the existence of a magma chamber is still debated on
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several volcanoes, it is often observed on paleo-
volcanoes around the world (Gudmundsson, 2002).
The tracking of magma in motion within the volcanic
feeding system is thus a key challenge of modern
volcano-seismology.

The Réunion island was created by the Réunion
hotspot and is the most recent island of the Mascarene
chain. Piton de la Fournaise is one of the two strato-
volcanoes located on the eastern part of Réunion Island
(France). Following the quiescent period between 1992
and 1998, the volcano has been quasi continuously
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active since the March 1998 event. The quality of the
erupted basalts has been constant during the last two
centuries and was described as a “steady state basalt”
(Albarede et al., 1997).

The geometry of the magma feeding system is still
debated. Some authors suggest that the magma feeding
system is complex and composed of small magma
reservoirs (Lénat and Bachelery, 1990) but the large
deformations of the whole volcano cannot be explained
by such small subsurface sources (Houli¢, 2005). It is
now generally agreed that there is an upper magma
chamber located (we will refer to this magma chamber as
P> (Aki and Ferrazzini, 2001) at sea level (Nercessian
et al.,, 1996; Sigmundsson et al., 1999; Aki and
Ferrazzini, 2001). The volume of the upper magma
chamber is estimated to be 5+ 10® m? (Sigmarsson et al.,
2005). Gravimetry measurements made along an East—
West profile across the volcano have been used to locate
the upper magma chamber (Lesquer, 1990). Its location
is coincident with the observed seismicity (Nercessian
etal., 1996; Battaglia et al., 2005). The proposed volume
of the magma chamber is large enough (radius ~ 500 m)
to deform the whole volcano far away from the summit
and west of the Enclos Fouqué, as is observed (Houlié,
2005). On the other hand, while the proposed size for the
magma chamber is in agreement with geochemical
measurements, it would be undetectable to seismic
imaging. The migration of fluid coming out of this upper
magma chamber and circulating inside the edifice can be
detected by deformation at the surface.

The use of long period (LP) or very long period
(VLP) seismic events (0.2 Hz<f<0.5 Hz) has been
successfully applied to several volcanoes (Chouet,
1988, 1992; Chouet et al., 1994; Neuberg et al., 1994;
Falsaperla et al., 1994; Uhira and Takeo, 1994; Chouet,
1996a,b; Kaneshima, 1996; Gil Cruz and Chouet, 1997;
Okubo et al., 1997; Wassermann, 1997; Ohminato et al.,
1998; Rowe et al., 1998; Arciniega-Ceballos et al.,
1999; Chouet et al., 1999; Hidayat et al., 2000; Kumagai
et al.,, 2000; Legrand et al., 2000; Kawakatsu, 2000;
Aster et al., 2000; Stephens and Chouet, 2001; Hill
et al., 2002; Hidayat et al., 2002; Kumagai et al., 2002a,
b; Almendros et al., 2002; Arciniega-Ceballos et al.,
2003; Nakano et al., 2003; Chouet et al., 2003; Chouet,
2003; Dawson et al., 2004; Chouet et al., 2005; Zobin
et al., 2005; McNutt, 2005; Kumagai et al., 2005; Auger
et al.,, 2006; Kumagai, 2006; Kumagai and Chouet,
1999) in order to investigate fluid circulation inside
several volcano edifices.

We present seismological evidences for a long-term
response of the volcano to the deformation induced by
changes in pressure inside the magma chamber located

at sea level. The seismic signals are associated with the
main eruptive events and recorded in the 10 °~10"2 Hz
frequency range.

2. Data

In this study, we use data recorded by the permanent
broadband seismometer (3 components Streckeisen
STS1 (Wielandt and Streckeisen, 1982) located in the
valley formed by the Riviere de I'Est on the northern
flank of the volcano (21.159 S, 55.746 E, 834 m a.s.l.).
This station belongs to the GEOSCOPE (Romanowicz
et al., 1984; Montagner et al., 1998; Roult et al., 2005)
global seismic network under the code name RER
(Fig. 1).

The RER station is located 8 km north of the volcano
summit and 800 m above sea level (Fig. 1). The location
of the instrument allows it to experience millimetric
(and even micrometric) displacement due to magma
chamber deformation. Due to a vertical accuracy
estimated at +15 mm, permanent GPS receivers located
at the summit (Fig. 2) and above the magma chamber are
not sensitive enough to measure millimetric deforma-
tion. The seismometer records instantaneous velocity on
three different acquisition channels, BH, LH and VH,
which record ground motions with sampling rate of
0.05, 1 and 10 s respectively. We investigated the LH
channel having removed the response in displacement
using SAC software (Goldstein et al., 2000). We
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Fig. 1. Topography of the Piton de la Fournaise. The GEOSCOPE site
(RER) is denoted by the gray circle and located in the Riviere de I’Est.
The GPS 1B80 site is denoted by the gray triangle. The scale is
indicated in km (Gauss—Laborde Reunion reference Frame).
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Fig. 2. North—south cross-section of the volcano.

systematically analyzed all the data available at the
volcanic event dates in the GEOSCOPE dataset for RER
between 1992 and 2006. The continuous waveforms for
the main eruptive events are presented in Fig. 3 and in
additional material (Fig. A1, A2, A3).

On each seismogram, we see a step in velocity
particularly on the north—south (N—S) component. This
step is then followed by a slow recovery of the velocity
during the following couple of hours. The East—West
component is also affected but the observed amplitudes
are always smaller. The vertical component does not show
a correlated signal. This suggests that the N—S signal
represents the radial deformation and that the altitude of
the source and the altitude of the RER site are similar.
While many glitches or spikes are visible on the velocity
records, they are no longer visible on displacement
records. Therefore, the steps visible on the North—South
component cannot be due to misfunctioning of the
seismometer. They have been previously observed
(Battaglia et al., 2000) and interpreted in term of tilt.
However, two different kinds of signal can be observed
according to the eruptions. The first kind corresponds to a
positive impulse followed by a negative step which
slowly decreases with time and the second type of signal
is a negative transient also slowly decreasing.

3. Results

The radius of the upper magma chamber located at
the sea level is estimated to be 500 m (Sigmarsson et al.,
2005). The shear modulus u of the Piton de la Fournaise
is estimated to be ~2 GPa in agreement with an

overpressure (50 MPa) of the whole magma system
(Rubin and Pollard, 1987) and with observation of GPS
time-series of the 1B80 GPS benchmark (Fig. 1) located
outside the Enclos Fouqué (Houli¢, 2005). This value is
also close to previous estimates of y made on other
volcanoes (Rubin and Pollard, 1987; Mériaux and
Jaupart, 1995; Cayol and Cornet, 1998).

As we are observing signals at a single site, we
have chosen to explain the data assuming the tilt
contribution (Wielandt and Forbriger, 1999; Battaglia
et al., 2000) is low with respect to a possible contribution
of displacement.

Atthe RER site, after correcting the data (Fig. 3) for the
instrument response, it is possible to assess the pressure
drop AP in the magma chamber by using the following
equation describing the displacement Ad associated with
a deflating/inflating point source (Mogi, 1958):

4uld (D* + F?):
AP = - 1
3a3 D (1)

where D and F' are the horizontal and vertical distances
respectively between the point source and RER, a the
radius of the magma chamber, u the shear modulus and
Ad the associated horizontal displacement measured at
RER. Following this equation the horizontal displacement
Ad is equal to zero above the source (D=0). In this area,
the horizontal and vertical distances D and F are equal to
800 and 8000 m respectively. The estimated changes of
pressure are in good agreement with the lithostatic
pressure above the magma chamber (~70 MPa). This
suggests that we observe a transfer of mass subsequent to
magma-chamber rupture as a result of overpressure
action. The activity reports of the IPGP observatory
(Staudacher and P. de la Fournaise research Team, 1992—
2006) allow us to estimate the rising velocity of the
magma (from 0.03 to 1.39 m per second, (Table 1) from
the summit of the magma chamber to the surface.

We can estimate the change of volume inside the
magma chamber during the event using the following
relationship (Tait et al., 1989):

av =3 ap (2)
4u

AV is an upper bound since we neglect tilt.

The computed volumes of extruded magma are not
linearly related to the seismic swarm durations except
for the 2000’s events. There is a linear relationship for
small eruptive events in 2000 (A¥<10° m?) between
the time—duration of the seismic crisis (Peltier et al.,
2005) and the volume of magma extruded from the
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Fig. 3. March 27th 2001. Left: GEOSCOPE data, in counts (the data are filtered by using a lowpass filter of 10~ Hz). The three components of the LH
channel (the sampling rate is equal to 1 s) are plotted. A deformation is detected by the broadband seismometer on the two horizontal components of
the seismogram. Right: After applying the response of the instrument, the associated displacement on the Northern component is equal to ~ 65 mm.
Right Column is displacement (in meter). The time of the eruptive event is indicated by a grey vertical line.

magma chamber. This relationship is not valid for larger
eruptions. This suggests that the magma feeding system
remains open a long time after the start of the eruption
and the magma chamber is initially broken (Gudmunds-
son, 2006). For a smaller eruptive event, the dyke
extending from the magma chamber should be sealed
after a short time. As no additional deflation is observed
after the pressure step associated with a velocity change,
we suggest that new batches of magma are continuously
coming from the deeper magma chamber, going through
the upper magma chamber and reaching the surface of
the volcano.

The extruded volume during the March 1998 event
remains uncertain and is based only on the north—south
component observations (~—9000 counts). In this case,
the instrumental responses were not applied because
glitches are present on data. We have used the March
2001 signal to estimate the March 1998 volume (the
instrument responses are the same). The volume
modelled to explain the deformation of the volcano in
March 1998 is at least to 2 million m® but inferior to 4

million m® (Battaglia and Bachélery, 2003; Sigmunds-
son et al., 1999). This volume is small compared to the
total erupted volume (5107 m?®) which is of the same
order of magnitude as the volume estimated by our
method (Table 1). This result suggests a volume, equal
to half of the total volume erupted at the surface in the
March 1998 event, was injected in less than 2 h in the
volcano without reaching the surface.

If our interpretation of data is correct, two main types
of events are related to the general activity of the
volcano. Since we observe two kinds of seismic
waveforms, they might correspond to two types of
events. We estimated an alternative explanation of the
signals can be put forward in terms of displacement
instead of tilt as previously proposed (Battaglia et al.,
2000; Battaglia and Bachelery, 2003). The first type
of volcanic event is related to the arrival of a new batch
of magma (23 August 1992, 28 September 1999,
23 June 2000, 27 March 2001 and 11 June 2001)
while the other events (8 March 1998, 11 October 2000,
15 November 2002, 17 February 2005, 29 November


http://dx.doi.org/doi:10.1016/j.earscirev.2006.06.006
http://dx.doi.org/doi:10.1016/j.earscirev.2006.06.006

N. Houlié, J.-P. Montagner / Earth and Planetary Science Letters 261 (2007) 1-8 5
Table 1
Over-pressure and volume estimates
Date Eruption date Ad AP AV Travel time Estimated velocity Type

(mm) (MPa) (10° m*) (m/s)

1992, Aug. 27, 0703 1992, Aug., 27, 0750 3545 —48.5+3.5 -9.5+0.4 0 h 47 min 0.60-0.89 1
1998, Mar. 8, 0949 1998, Mar. 9, 1105 ~20° 2 h 16 min 0.21-0.31 2
1999, Jul. 19, 1134 1999, Jul., 19, N/A 50+2 -69.3+1.4 —13.6+0.1 1
1999, Sep. 28, 0713 1999, Sep., 28, 0758 2242 -30.5+1.4 —6.0+0.1 0 h 45 min 0.63-0.93 2
2000, Feb. 14, 1933 2000, Feb., 14, N/A 30+10 —41.6+7.0 -8.1+0.3 1
2000, Jun. 23, 1303 2000, Jun. 23, N/A 40+3 —55.4+2.1 -10.9+0.2 2
2000, Oct. 11, 1119 2000, Oct. 12, 0105 60+5 —83.2+3.5 -163+0.4 13 h 46 min 0.03-0.05 2
2001, Mar. 27, 0843 2001, Mar. 27, 0920 65+15 -90.1+1.0 —17.6+1.0 37 min 0.77-1.13 1
2001, Jun. 11, 0920 2001, Jun. 11, 0950 50+4 —69.3+£3.0 —13.6+£0.3 0 h 30 min 0.94-1.39 1
2002, Nov., 15, 2003 2002, Nov. 16, 0033 5042 -69.3+1.4 —13.6+0.1 4 h 30 min 0.010-0.15 2
2005, Feb. 17, 1343 2005, Feb., 17, 1635 40+5 —55.4+3.0 —10.9+0.3 2 h 52 min 0.16-0.24 2
2005, Nov. 29, 0151 2005, Nov. 29, 0225 2042 —27.7+1.4 —5.4+0.1 34 min 0.83-1.23 2
2005, Dec. 26, 1048 2005, Dec. 26, 1315 60+5 —83.2+3.0 -163+0.3 2 h 27 min 0.19-0.28 2

All volumes are estimated from the displacement on the north—south component after removing the instrumental response in displacement on the LH
(1 Hz) or BH (20 Hz) channel. The volume of the magma chamber is equal to ~500 mm®. The lithostatic pressure above the magma chamber is
~70-10° m®. Since the tilt is neglected AV constitutes an upper bound of the real volume. The time of the eruptive event are given by OVPEF/IPGP

(Staudacher and P. de la Fournaise research Team, 1992).
? The volume of the 1998 injection is approximate.

2005, 26 December 2005) are related to long-term
loading of the shallow magma chamber which are not
visible with seismometers but with GPS. During the
rapid arrival of a new batch of magma in the upper
reservoir, a rapid velocity change is visible on wave-
forms. Besides, the other type of events are suggesting
the magma chamber is in equilibrium with the lower
magma system of the volcano (P; following Aki and
Ferrazzini, 2001).

There is apparently no relationship between the
volume erupted and this new classification. A new
batch of magma coming into the upper chamber may
cause an eruptive event, but not in every instance. It may
be possible to determine a pressure threshold for the
magma chamber when an eruption would occur, however
this threshold might not be constant with time. Further-
more, determining the threshold pressure requires to take
into account the mechanical layering, the geometry of the
magma chamber, and the loading of the magma chamber.

We have listed in Table 1 the overpressure and
changes of volumes computed from the RER seismic
data for all volcanic events recorded.

4. Discussion

The estimation of volume change AV and its location
using a broadband seismometer data is still approximate
in the case of the Piton de la Fournaise and the volumes
estimated here are constituting an upper bound limit. We
are aware that this approach is simplistic but we believe
that it is justified by the fact that the Mogi’s model is still

routinely used in volcano observatories to determine the
pressure change in the edifice. A large number of
deformation models are available in the literature (Yang
and Davis, 1986; Gudmundsson, 1987). Some addition-
al experiments will be necessary to discriminate the
relative contributions of tilt and displacement during the
transfer of magma out of the upper reservoir. The
transient deformations extend over a region larger than
10 km across and with a typical duration of 500—1000 s.
The similar pattern of deformation observed suggests
that the source of the events has been stable over the last
15 yr. Large scale deformations were already suggested
based on GPS benchmark time-series located on the
western part of the Enclos Fouqué. We also confirm here
that the East—West displacement of the GPS benchmark
1B80 (Fig. 1) could be related to the magma chamber
pressure state and not to the slip along a discontinuity
located along the border of the Enclos Fouqué, as
previously suggested (Houli¢, 2005).

The GPS station located at the summit of the edifice
constitutes a complementary tool to detect the long-term
deformation episodes (7'~ 6 months).

The GPS receivers at the summit are only sensitive to
the long-term component of the deformation of the
magma chamber (Fig. 4). Due to their location above the
source, their sensitivity is reduced to the vertical com-
ponent accuracy of the GPS (+15 mm) (Houlié, 2005).

The variability of the signal on the eastern
component of RER suggests that it might be possible
to locate the source of the over/under pressure provided
that an additional broadband seismometer survey
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Fig. 4. Displacement of the site 1B80 during 1997-2002 period. The
shear modulus u is estimated to be 1.95 GPa at the Piton de la
Fournaise. This low value is similar to the one used in Hawaii (Rubin
and Pollard, 1987) to model the injection of basalt at Kilauea volcano.
Figure from Houlié (2005). Data: OVPE/IPGP.

network is installed on this volcano. Given the relative
amplitudes of the offset on the N-S and E-W compo-
nents of RER, the source detected here is likely located
north-west of the summit which is consistent with the
magma chamber location as suggested by gravimetric
data (Lesquer, 1990) and previous GPS observations
(Houli¢, 2005).

This study suggests that large volumes of magma are
being injected inside the volcano. Most of this magma is
not reaching the surface as observed on paleovolcanic
(Gudmundsson, 1995, 2002; Gudmundsson et al., 2005)
and during contemporary volcanic events (Houlié et al.,
2006).

The GPS network is able to detect the gradual filling
of the upper magma chamber (Fig. 4). The associated
loads deform the western outer part of the Enclos. As the
seismological network is not able to detect the slow
deformations (7> 1 month), the seismic and GPS data
are complementary.

The general deformation of the volcano seems to
consist of at least three components:

1— A long-term (10 yr) extension equal to 3 mm per
year between the IPGP observatory (15 km west
of the summit) and the east coast of the island
(Houlié, 2005);

2— Deformation related to the injection of magma in
provenance of the upper magma chamber
(I'~500 s). These deformations cannot be
detected by using strong-motion seismometers;

3— Deformation resulting from the rise of the dyke up
to the surface (1 s < 7'<50 s) detectable by strong-
motion seismometers and geodetic networks.

The technique developed in this paper may provide
an alternative approach to the prediction of volcanic

eruptions, which has so far been based on the study of
seismicity activity (Voight, 1988; Collombet et al.,
2003; Kilburn and Sammonds, 2005).
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