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Abstract

After six years of quietness La Fournaise volcano entered into activity on March 9, 1998, Fissures opened gradually
downwards on the northern flank of the cone. Two cones, Kapor and Krafft built, from which lava poured until
September 1998. Several other vents opened during this eruption. Mappings, surveys, and continuous recordings
of the Self-Potential have been performed on the volcano for twenty years. SP mappings disclose the variability
of large scale SP anomalies due to the modification of the hydrothermal system over some ten years. Most ol the
eruptions take place along a Main Fracture Zone (MFZ) in which ground water tlows prevail. SP measurements
have also regularly been made on the northern flank of the cone, on a west-cast profile crossing the MFZ.
Between 1981 and 1992 an enlargement and a shift of the MFZ to the east are evidenced. In particular, the castern
fissural axis trending N33°E could be related to the possible collapse ol the east flank of the volcano. After a
decrease between 1992 and 1997, the SP anomaly was enhanced again by the 1998 eruption. Short scale. about
250 m wide, 750 mV amplitude anomalies were superimposed on a large scale one, 2500 m wide, and about 250
mV inamplitude. For several years. continuous stations have been measuring the electric field along two directions,
with a 20 s sampling, in order to record the genesis of SP signals associated with the volcanic activity. Oscillations
belenging to the ULTF band were evidenced several days before the 1988 eruption. some of them at 9 km from the
summit. Their amplitude reached several tens mV/km. These oscillations sometimes present a phase lag from
one station to another; they progressively shift towards the location of the future effusive vents. The polarisation
of the oscillations is similar to the polarisation of longer SP variations (1 h period or more) and are correlated
with the structural anisotropy. Finally, during the last hours preceding the effusive activity, huge SP signals, up to
a few Volts/km, appeared at the stations located on the MFEZ. and especially on the branch where the magma
migrated. We interpret these SP signals as due to electrokinetic effects generated by fluid tlow in cracks opened
by the stress field changes.

Key words  self-potential — electric precursor— ULF 1. Introduction
band — self-potential mapping — eruption.
La Fournaise volcano is a basaltic volcano,
2040 m high. located in the south-sast part
of Réunion Island (fig. la,b; lat.; 21°108: long.:
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Fig. 1a,b. a) Location of Réunion Island. The dashed line corresponds to the N120°E volcanic axis, between
Piton des Neiges and La Fournaise. The two lines with up triangles delineate the extension of the Major Fracture
Zone (MFZ). b) Sketch of La Fournaise volcano with lava flow contours of the March-September 1998 eruption.

Electric stations are shown by black squares.

(MFZ: Michel and Zlotnicki, 1995). Since the
large eruption which occurred on the northern
slope of the volcano in 1976, required evacuat-
ing several hundred inhabitants, the volcano has
been the site of more than 30 eruptions or intru-
sive crises.

The monitoring of the volcano began in 1981,
when an observatory was built at about 20 km
[rom the summit. Magnelic measurements start-
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ed in 1986 and volcanomagnetic signals, up to
15 nT in amplitude, were recorded in relation to
most of the events (Zlotnicki and Le Mouél,
1988; Zlotnicki et al., 1993), These signals were
interpreted as due to electrokinetic effects (Zlot-
nicki and Le Mouél, 1990) according to the
following reasoning.

First, the MFZ. as well as radial and concen-
tric — with respect to the cone summit — frac-



tures prevent large stress fields of several tens of
MPa developing within the edifice; a dike can
easily be injected in this unwelded system, mi-
grating from an existing complex of dikes and
sills located at a depth of a few kilometres be-
low the summit (Briole, 1990; Zlotnicki er al.,
1990; Cayol and Cornet, 1998), or from deeper
sources (Sean, 1998). A computation of the pie-
zomagnetic effect at the ground surface result-
ing from a 10 MPa overpressure in a sphere of
1400 m in diameter buried at 5-6 km deep, gives
a value of the order of 1 nT (Sasai, 1979, 1991:
Pozzi et al., 1983).

Second, annual rainfalls reach 5 m per year
on the volcano summit. Inside the Enclos Fou-
qué caldera, all the water infiltrates the massil
(fig. la,b). Water re-uppears outside the caldera
in the valley walls at low altitudes (about 1000
m), but most of the outcrops spring into the
Indian Ocean below sea level along the direc-
tion of the MFZ (Sykioti, 1991; Violette, 1993).
Inside the caldera the meteoric water is trapped
and channelled by the main fractures such as the
MFZ. The deeper the water percolates, the more
its lemperature increases. Hydrothermal cells
result which carry electric charges, through elec-
trokinetic and thermoelectric effects. Therefore,
electric and magnelic signals are expected at the
ground surface (i.e. Fitterman, 1978; Ishido,
1989). Computations of electrokinetic signals
on La Fournaise give values adequalte to explain
the magnetic cbservations (Adler er af., 1998).

This paper will focus on the electric signals
associated with La Fournaise activity. We present
the general fcatures of the self-potential anoma-
lies present on the volcano and their evolution
over a large time span including the 1981-1992
active period (more than 25 eruptions), the 1992-
1998 quiet period (no eruption), and the last
period of renewed activity (1998 and later). We
will use continuous recordings of the sell-poten-
tial made at stations several kilometres apart dur-
ing the outburst of the March 9. 1998 eruption.

2. The March 9, 1998 eruption
Alter the August 1992 eruption, La Four-

naise entered a long quiet period. Only in
November 1996 was u seismic crisis again re-
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corded. This crisis was associated with an intru-
sion which stopped a few hundreds metres be-
low the ground surfuce (Delorme, 1997). This
1996 event was [ollowed by a slow increase in
seismicity during 1997, and then by a rapid
raise in January 1998. On March 6, 7, 8 and 9,
10, 35, 837 and 2300 earthquakes were record-
ed respectively. The focuses were at a depth of
2 km below the sea level during the night of
March 8.

On March 9 at 1405 LT, a rapid slope change
was recorded by the tiltmeters located in the
vicinity of the summit. At 1505 LT a tremor
started and became continuous five minutes lat-
er. Lava fountains progressively appeared along
cn-cchelon fissures, from 2450 to 2100 m alti-
tudes, on the northern flank of the Dolomieu
crater (fig. la.b). Several hours later, lava foun-
tains were limited to the lower tlip of the fis-
sures, and a cone started to build (Piton Kapor).
A second cone, called Maurice and Katia Krafit,
was built on March 10 (Sean. 1998).

Very few carthquakes were recorded on
March 11 after 0200 LT. At about 0245 LT a
small fissure was observed on the south-west
flank of Bory crater (fig. la,b). A small cone
(Hudson) was built which remained active until
the last week of March.

During the following months, the effusive
activity remained limited to the neighbourhood
of Kapor and Kralft cones. In mid-July 1998,
lava issued from the two cones reaching alti-
tudes as low as 400 m. The tremor activity
became sporadic. On August 7, the tremor ac-
tivity sharply increased again, and on August 8,
9 and 14, fissures opened outside Enclos
Fouqué caldera (fig. 1a,b). The eruption ended
in September 1998,

3. Large scale SP anomalies and their time
evolution

Several parameters can contribute to change
the geometry and the amplitude of electrokinet-
ic origin SP anomalies observed at the ground
surface, even if the volcano structure does not
change: the pressure gradient of fluids, the
fluids temperature and chemical composition,
and the refilling of the hydrothermal system.
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Much work has been devoted to estimating the
relative order of magnitude of each mechanism.
Pressure gradient generate amplitudes between
] and 1000 mV/10 MPa (Zablocki, 1976; Ishido
and Mitzutani, 1981; Fitterman, 1978). Tem-
perature gradients generate amplitudes between
- 0.25 and 1.5 mV/°C, with an average of
0.2 mV/°C (Corwin and Hoover, 1979; Morgan
et al., 1989). Chemical phenomena are difficult
to evaluate and depend mainly on local condi-
tions; nevertheless they generally imply nega-
tive potentials (Sato and Mooney, 1960).

Over several years time interval we can ex-
pect the average amount of annual rainfall to be
almost constant (4.9 £ 0.3 m/yr on La Four-
naise). But within one year, seasonal variations
of raintall and air temperature disturb the quasi-
static pattern of the self-potential anomalies;
about 56% of the rainfall on La Fournaise sum-
mit between January and March and the air
temperature varied between 1°C and 18.1°C,
with an average of 10.8°C over 13 years. On
La Fournaise volcano potential gradients record-
ed at several stations show this annual change
(fig. 2). The amplitude of the annual variation is
not uniform: from about 50 to 500 mV/km; it
appears to depend on the location of the station
relatively to the MFZ and the main structural
axes. Spikes due to large rainfalls are conspicu-
ous on the northern cone flank where the 1992
SP mapping exhibits higher and sharper anom-
alies (see fig. | in Michel and Zlotnicki, 1998);
fluid transfers and corresponding SP anomalies
are enhanced along tectonic accidents. These
results have to be taken into account when paths
are regularly re-surveyed along structural acci-
dents at ditferent periods in a year (Malengrau
et al., 1994).

A Self-Potential mapping of the northern
flank of Enclos Fouqué caldera was performed
in 1981 (Lénat, 1987), and a second one was
extended to the whole caldera in 1991-1992
(Zlotnicki er al., 1994). In 1981 there had been
no activity for several years, and the volcano
could be considered in a quiet state; therefore
the 1981 SP mapping can be considered as giv-
ing the ‘zero level® of the anomalies.

Relatively to a reference point chosen far
away enough from the active part of the volcano
and taken as being at zero potential, negative
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anomalies are associated with downward infil-
tration of water while positive anomalies are
due to fluids moving upwards (i.e. Massenet
and Pham, 1985; Ballestracci and Nishida, 1987;
Fitterman, 1992). In 1981, Lénat (1987) ob-
served no large SP anomaly on the northern
cone flank, but a positive anomaly, up to 1800
mV, centred on the cone. These observations
mean that the cone was the site of a hydrother-
mal system which did not extend toward the
north along the northern branch of the MFZ.

The [981-1992 period includes 28 eruptions
mainly located along the MFZ. The correspond-
ing fissures, dikes, intrusions, and lava flow
strongly disturbed the morphology of the hy-
drothermal system, especially along the MFZ
and in the neighbourhood of the summit craters.
Each volcanic event contributed to create a gen-
eral SP pattern which outlines the main tectonic
features of the volcano in which hydrothermal
transfers are emphasised (fig. 3). If we assume
that the reference point taken as zero potential is
not subjected to large time changes, the ampli-
tude of the SP signal generated by the 1981-
1992 eruptions remains less than 1 V (Michel
and Zlotnicki, 1998). Of course, local transient
(few days to few months duration) signals can
be larger: 1.25 V for instance for the August
1992 eruption (Zlotnicki ef al., 1994).

In order to evaluate the SP time changes
across the MFZ in relation with the evolution of
the hydrothermal system and the volcanic activ-
ity, we repeated measurements of the potential
in 1992, 1997, and 1998, along the same profile,
starting from the west tlank of the cone, cross-
ing the MFZ on the northern flank and ending
on the east side of the cone (fig. 3). We can
cxpect the potential of the reference point, lo-
cated at the west of the surveys, to be almost
constant: it is indeed located far away from the
active part of the volcano, above a homogene-
ous substratum, and comparison between 1981
and [992 SP mappings shows no noticeable
change in the western part of the maps. Season-
al S§P changes are also small in this area of
Enclos Fouqué caldera.

The 1992 and 1998 profiles were realised
with a 50 m sampling; the 1981 profile is com-
puted from the 1981 SP mapping, and the 1997
profile was measured every 100-150 m in aver-
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Fig. 3. Self-Polential mapping on the northern flank of the volcano (after Michel and Zlotnicki, 1998). Triangles
correspond to major cones or craters. Heavy dashed line is the path used to re-survey the SP anomalies on the

northern flank (see fig. 4).

age. Pb-PbCl, electrodes were used for the 1992,
1997 and 1998 surveys, and Cu-CuSO, elec-
trodes for the 1981 one. GPS measurements
were made every 300 m on average to constrain
the 1992 and later surveys. Local reference points
were also established to ensure a few identical
locations for all the 1992-1998 surveys.

As said above, the 1981 SP survey can be
considered the reference one. From west to east,
the potential first decreases down to a minimuom
value of 500 mV, resumes smoothly a positive
amplitude ol about 350 mV at 2500 m distance
from the reference point, and decreases again
eastwards.

In 1992, we observed: 1) the general pattern
already in place in 1981: ii) a large double
peaked positive anomaly with maxima centred
along the two axes of N5°E and N33°E direc-
tions along which the eruptions of the 1981-
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1992 period took place (see fig. 7 in Michel and
Zlotnicki, 1998). On the western part, the PS
values jump from =375 mV (at 2100 m from the
reference) to about 625 mV in less than 500 m
(N5°E axis). On the eastern part of the survey
the decay is smoother: 1250 mV on a 1500 m
length (N35°E axis). No sharp, large, short wave-
length SP anomaly is observed on the MFZ
itself.

The 1997 survey was made alter five years of
quiescence of La Fournaise volcano. Only the
general pattern and the amplitude of the SP field
can bhe studied (due to the large sampling inter-
val). The general pattern is similar to the 1992
one. Two negative anomalies still enclose the
positive one associated with the trace of the
MFZ. These negative values are smaller than
those measured in 1992, with an average of 200
mV. This difference between the two curves
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seems significant, especially it we take into ac-
count the months of the 1992 and 1997 surveys,
July and April respectively. If indeed we take
into account the seasonal variations of SP gradi-
ents measured along the MFZ (fig. 2), the decay
from 1992 to 1997 of the SP anomalies ob-
served along the N5°E and N35°E directions
are more than 400 mV and 625 mV, respective-
ly. These observations indicate that the SP de-
cay between 1992 and 1997 concern a region
about 2500 m wide, even if it culminates in the
MFZ axis.

The 1998 survey was run on March 11, two
days after the beginning of the March 9 erup-
tion. The SP anomaly presents again a large
positive amplitude in the central part of the
MFZ (N5E®). The mean value of this main anom-
aly can be estimated to 400 mV more than the
values of the 1997 survey. High and short wave-
lengths anomalies, 750 mV from peak to pealk,
350 min length, are located on the fissures axis.

1000 ) S ) I A R

As in the case of the previous surveys, the SP
anomaly increase starts at a distance of 2100 m
from the reference point (fig. 4). One can sus-
pect that the secondary axis of the MFZ (N35°E)
is also affected by the 1998 eruption. up to
distances of 4700 m from the reference. These
changes show that the 1998 eruption disturbed
the hydrothermal system all over the northern
branch of the MFZ, over a width of 2600 m,
generating an average increase in the potential
of about 250 mV (if we suppose no change of
the SP anomaly between 1997 and 1998).

4. Short-term electric signals associated
with the March 9, 1998 eruption

Electric and magnetic stations have been
installed for several years on La Fournaise
(fig. la,b). The electric stations record the po-
tential differences between Pb-PbCl, electrodes
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Fig. 4. Self-Potential anomaly along the profile described in fig. 3, made in 1981 (estimated), 1992, 1997 and
on March 11, 1998, The zero potential is taken at the western end of the profile.
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buried up to 200 m apart along two directions.
Resolution is better than 10 V. In 1998, data
were collected with a sampling rate of 20 s. In
this paper we will focus on SP data.

Only a small (a ten mV/km) daily variations
and some small storms are recorded on the elec-
trical stations until sharp variations appear on
days 58, 63, and 67-68 before the March 9,
1998 eruption (fig. 5). Recordings of former
years show that the weak rainfall occurring dur-
ing this period cannot generate these SP varia-

57 58 59 60 61 62 63 64

tions. Part of the variations observed at mid-day
38 could possibly be due to a thunderstorm. The
amplitude and behaviour of the SP variations
appear to depend on the distance of the record-
ing station from the summit and the Main Frac-
ture Zone (MFZ): BAV and CSV stations, set-
tled outside the cone, exhibit smooth and weak
amplitude variations; even when the eruption
occurred on day 68 (15305 LT). DOS station,
located on the cone summit, and on the southern
branch of the MFZ, also displays relatively

66 66 67 68 69 70 71 72

2000_'I‘I‘|'|'1'I'T

1000 L. Pluviometry

40 - per day (mm)

L
Number

of seismic events]
per day ]

| 1

30 —
2 ~ .
10 — —
1500 “Wl_l (I VUSSP PO m A S | TR R R
1 BAV )

1000 — csvV

500 -

NS' components
o
! il
3
S
3
]
s]
=

-500
4 Eruption 4
1 [ | Il E 1 L " 1 ! ‘ L ' | 1 | i §
] BAV ———————
1000 MAV =

EW' components

Day (1998)
‘ 1 | 1 E 1

65 66 67 68 69 70 71 72

Fig. 5. Self-Potential variations of the two recorded components at BAV, CS5V, DOS, DON, and MAV stations
between days 57 and 72, 1998. In the upper part: number of earthquakes per day (after La Fournaise Observatory)

and rainfall.
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smooth trends on which rapid variations are
superimposed (days 38, 63, 67-68). DON and
MAV stations, located on the northern cone flank
along the MFZ show large and correlated vari-
ations before the eruption, up to 500 mV/km, on
which rapid variations are superimposed (see
next paragraphs). Sharp variation starts at MAV
on the night of day 67; it culminates with an
amplitude of about 2000 mV/km when fissures
open at 1505 LT on day 68. Let us consider now
three sequences where rapid variations of peri-
ods less than a few hours are observed.

Sequence: 1400 LT - 2000 LT (day 63) —
Well correlated variations, up to 130 mV/km,
and of about | h time constant are simultane-
ously recorded at MAV, DON, and DOS (fig. 6).
They mark the beginning of large variations
which last unti] day 67, when new disturbances
are again recorded (fig. 5). Superimposed onto
these variations arc more rapid and regular ones,
called herealter oscillations, which appear at
MAV, DON, DOS, and with a lower amplitude
at CSV. The largest amplitude is observed on
the northern cone flank, where it reaches almost
40 mV/km at MAV. These oscillations have
periods ranging from a few minutes (or less) to
some ten minutes. The 20 s sampling is not fast
enough to define accurately the characteristic
periods of these oscillations, nevertheless 40-50 s,
70-80 s, and 120-140 s periods appear and wane.
The morphology of the oscillations changes with
time, and the time occurrence of trains of oscil-
lations is not the same in all the stations (there-
fore they are not induced by the ionospheric
field). Dashed lines have been tentatively re-
ported in fig. 6 to point out the times when the
signals (trains of waves) reach the different sta-
tions. They first appear on the summit, three
minutes later at MAV, and about 10 to 20 min
later at CSV. These trains of oscillations last
from a few minutes to almost an hour, then are
lacking during time intervals of ten minutes to
half an hour, and then appear again. All of them
disappear everywhere after about twelve hours.

The chronology of the events is the follow-
ing. Oscillations with periods less than a few
minutes appear at the stations located inside
Enclos Fouqué caldera, with a larger amplitude
on the northern flank. Afler these signals have

(S5
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reached a peak in amplitude, longer period var-
iations (1-2 h) start. The amplitude of those
lutter variations remains larger on the northern
cone flank. Afterwards, large and smooth varia-
tions appear associated with a recovery period
of several days (fig. 5).

An estimation of the energy ol the oscilla-
tions (periods less than 180 s) can be obtained
by filtering the data with a one hour frequency
high-pass filter and computing the variance with
200 s windows (fig. 7). The largest signals on
both components at MAV are normalised to
100. Results on the north components are the
following. A high level of energy is already
present at MAV before the day 63 when spikes
(large amplitude oscillations) also oceur at DOS,
and DON at 1000 LT. After about three hours of
calm the energy sharply increases again at the
three stations MAVY, DON, and DOS (1300 LT
on day 63) with maximumn amplitudes of 100,
38, 32, and 8§, respectively. Afterward the ener-
gy slowly decreases and returns o values com-
parable to those recorded before the spikes ap-
peared. At CSV a diffuse energy is recorded
during this time interval and there is no more
energy after 2300 LT on day 63. The relative
energy at each station can be estimated by the
ratio E{MAV}/E{DON}, E{MAV}/E{DOS},
and E{MAV [/E(CSV} (fig. 7). The energy is
clearly concentrated at MAV at the beginning of
the considered period (till day 63.67 (1600 LT));
at that time E{MAV}/E{DON)} and E{MAV }/
E{DOS} are of the same order of magnitude.
On day 64 the energy at DOS strongly decreases
compared to those at DON and MAV; oscilla-
tions are mainly located on the northern flank of
La Fournaise cone.

Sequence: 2200 LT (day 67) - 0400 LT (day
68) — Between 2200 LT (day 67) and 0400 LT
(day 68) about 400 earthquakes are recorded;
their foci are about 2 kin below sea level (Sean,
1998). Large |-2 h period electric variations,
similar to those observed on day 63, are record-
ed after 000 LT (day 68) (figs. 8 and 9). At 0000
LT on day 68, the amplitudes reach 170, 120,
100, 40, 10 mV/km at MAVY, CSV, DON, DOS,
and BAV, respectively. It is noticeable that these
large amplitude variations start after the appear-
ance of the oscillations (2300 LT on day 67 for
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Fig. 6. 20 s recordings of the SP variations at the five stations between days 63.25 and 64.25 (small cartoon),

and between 1400 LT and 2000 LT on day 63, 1998,

most ol the stations). These oscillations occur
only inside Enclos Fouqué caldera with a larger
amplitude at MAV (100 mV/km) and a very
weak amplitude at CSV (4 mV/km). At the be-
ginning, they simultaneously appear in the three
stations DOS, DON and MAYV, several km apart
from each other. After a 30 min calm period,
oscillations appear on the summit at DON,
3 min later at DOS, 10 min later at MAV, and
probably 20 min later at CSV. Around 0030 LT
(day 68), oscillations appear first at DOS, 3 min
later at DON and MAV and 8 min later at CSV.
After 0100 LT (day 68), the time delay between
oscillations at DON and CSV remains on the
order of 10 min. These observations suggest a

signal propagating towards the north of the cone.
The estimation of the horizontal propagation
velocity could be about 3 to 5 nm/s. The oscilla-
tions have characteristic periods of about 40-30 s,
70-80 s, and 120-140 s. The oscillations are not
observed at BAV, located 9 km away from the
volcano.

Figure 9 presents the energy, computed in
the same way as described before, of the SP
variations of less than one hour period, and the
corresponding energy ratios between days 67.5
and 69.5. The increase in the energy starts abrupt-
ly in comparison with the first sequence de-
scribed above. Once more the energy is larger
at MAV and DON, but some energy is now
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observed at CSV (see at 68.00 on fig. 9). At
about 1600 LT, the energy at MAV sharply in-
creases, indicating a displacement of the energy
toward the north. The ratio E{MAV }/E{CSV ],
E{MAV }/E{DON} and E{MAV [/E{DOS} also

"

L

indicate an energy well located beneath the north-
ern flank of the cone at the time when the erup-
tion starts (1505 LT on day 68). It is noticeable
that a weak energy is also present at BAV at
about 1200 LT on day 68.
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Fig. 8. 20 s recordings of the SP variations at the five stations between days 67.50 and 68.50 (small cartoon),
and between 2200 LT {(day 67) and 0400 LT (day 68).

Sequence: 1200 LT (day 68) — 2400 LT {day
68) — At 1200 LT earthquakes are registered
with foci located above sea level. The volcano
summit starts deforming rapidly, at about 1400
LT (Sean, 1998). At that time, the tiltmeter set-
tled on the northern rim of Dolomieu crater
indicates a migration of magma towards the
north, with a peak in the rate of deformation
between 1424 and 1429 LT. At 1505 LT a trem-
or starts and vents open.

SP recordings do not show any oscillations
like those observed during the two sequences
discussed previously; only large variations are
recorded at MAYV, DON, DOS and CSV
(tig. 10). At DON, DOS and CSV they start at

1400 LT. At DOS, the traces present a weak
minimum at about 1430 LT when the east SP
component at DON starts to decrease rapidly; it
stops about 10 min after the opening of fissures,
The variations at DON are relayed by those at
MAV starting at 1505 LT when the first vents
become active. The signals at MAV, 2500 mV/
km in amplitude, are associated with the pro-
gressive opening of fissures from 2450 m to
2100 m in altitude.

The SP variations show that the electric field
is strongly disturbed by the March 9, 1998 erup-
tion. The components of the electric field along
the north and east geographic axes have been
computed, and a polarisation diagram drawn
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Fig. 9. Variance computed on 200 s windows at the five stations for the NS component between days 67.50 and
69.50. The three lower graphs present the ratio between variances at MAV, and CSV. DOS. and DON.

(fig. 11). On day 68 one can assume that the
electric field at BAV, and maybe at DOS and
MAYV, is not largely affected by the volcanic
activity before 0600 LT and after 1900 LT (it
can be checked on previous recordings). There-
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fore a ‘mormal’ polarity can be estimated in
these stations. The normal polarities are N155°E,
NI5S0°E, and N140°E. in BAV, DOS, and MAV
respectively. At DON, DOS, and CSV the oscil-
lations and the 1-2 h period variations occurring
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Fig. 10. 20 s recordings of the SP variations at the five stations between 1200 LT and 2400 LT on day 68, 1998,

about 16 h before the eruption prevent evalua-
tion of such a normal polarity. From about 0700
LT to 1200 LT the electric field recovers a linear
variation almost everywhere; at DON the polar-
ity is practically orthogonal to the polarity ob-
served previously. After 1200 LT almost all the
stations present disturbances in the polarity of
the electric field which become conspicuous at
DOS, C8V, and DON after 1400 LT. Maybe
some change could also exist at BAV. At DON
the variations become larger and larger until
1520 LT when fissures have also opened in a
south-north direction. At MAV the polarity and
amplitude of the electric field evolve after 1500
LT: from a rough north-south direction the po-
larity rapidly switches to an east-west one be-
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fore 1600 LT, moves to a south-east-north. West
direction from 1600 until 1700 LT, takes again
an west-east direction during three quarters of
an hour, before recovering its normal NI140°E
direction. On the summit, the average ampli-
tude of the variations are 20, 100 and 3000 mV/
km, at DOS, DON and MAV respectively, The
variations in the polarity and in the amplitude of
the electric field are well related to the opening
of fissures al 2450 m in altitude to the north
of DON and their progressions toward MAV
station.

The oscillations may have a higher frequen-
¢y content than can be recorded with our 20 s
sampling. Nevertheless, the polarity of the os-
cillations 1s relatively well defined (fig. 12). At
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BAV, DOS, DON, and MAV, the polarity is
about NI150°E, N140°E, N40°E, and N14(0°E,
respectively. There is almost no polarity at CSV.
These values are not far {rom those we previ-
ously called normal. This supports the geologi-
cal meaning of those sharp period oscillations
which belong to the so-called ULF band.

5. Discussion

Whatever the volcanic activity 1s, La Four-
naise volcano is the site of large scale long-
standing SP anomalies. One of them is positive
and centred on the cone. This anomaly is gener-
ated by the hydrothermal activity beneath the
cone. Data between 1981 and today show that
the pattern and the amplitude of this positive
anomaly are more or less constant: which sup-
poses an equilibrium between the refilling of
the hydrothermal system by rainfall and the heat
transfers generated by dike or sill complexes
which induce convective water circulations.

These long-standing anomalies present sea-
sonal variations attributed to the combination of
seasonal temperature and rainfall variations. The
seasonal variations can be wide in the vicinity
of faults (i.e. the MFZ) and along highly perme-
able interfaces. When structural heterogeneities
are present, the larger the anomalies are, the
larger the amplitude of seasonal variations. Such
information has to be taken into account when
SP surveys are made during several years.

Superimposed onto the long standing SP
anomalies with their seasonal variations are
SP signals generated by the volcanic activity;
the latter modity the pressure field, the perme-
ability of the medium and then the associated
ground water circulations. In 1981, smooth
anomalies are observed north of La Fournaise
cone (Lénat, 1987). A positive peak, about 400
mV in amplitude, 750 m wide, is centred on the
western border of the MFZ which was activated
by the 1981-1992 eruptions. In 1992, large SP
anomalies delineate again the MFZ on which
eruptions took place. Superimposed on a large
scale feature, 2500 m wide, two smaller ones
coincide with two main fissural axes (N5°E and
N35°E} on which most of the eruptions took
place. The comparison between the 1981 and

L
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1992 SP mappings show that (i) the pattern of
the SP anomalies can change in a decade, scales
reaching several kilometers and with amplitudes
up to 750 mV, and (ii) the location of the struc-
tures involved in the ground water channelling
cun shift.

When SP profiles are regularly measured
over several year time spans, the stability of the
potential at the reference point must be assessed.
It should be taken outside the areas where SP
anomalies can change with the volcanic activi-
ty, as on the cone, and in places where seasonal
changes are weak. The profile, crossing Enclos
Fouqué caldera to the north, measured in 1992,
1997, and 1998, respects these conditions. There-
fore major information can be outlined.

— The 1981 positive anomaly delineates a
small fracture zone, which is located at the west-
ern edge of the large MFZ described in the 1992
SP mapping (Michel and Zlotnicki, 1998). In
1981 no fissural axis exists along the N35°E
direction.

— The anomalies developed between 1981
and 1992 and associated with the MFZ took
place to the east o [ the 1981 fracture zone. The
width and the amplitude of MFZ anomalies are
large, 2500 m and 750 mV, respectively.

— After five years of quietness of the volca-
no (1992-1997 period), the decay of the positive
anomaly associated with the MFZ reaches 625
mV. Small scale anomalies have disappeared.

— The 1998 eruption enhanced the general
anomaly measured in 1997. Now SP anomalies
recover the pattern of those of 1992. Short wave-
length anomalies are well correlated with the
1998 fissures, the amplitude of which reaches
750 mV,

— The 1992, 1997, and 1998 surveys show
that the SP anomalies associated with the MFZ
always appear in the same area of the volcano.
This observation implies two different struc-
tures, of high permeability contrast, of north-
south direction, with a larger permeability with-
in the MFZ. When highly permeable structures
are generated by the volcanic activity, they chan-
nelled ground water circulations at the expense
of other existing structures of lower permeability.

— The displacement of the positive SP anom-
alies between 1981 and 1992 points out: i) a
shift to the east of the volcanic activity, and
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i1) the formation of a new fissural) axis, of N35°E
direction and of small width, which could be
associated with the possible collapse of the east
flank of the volcano (i.e. Sigmundsson er al.,
1999).

Regular SP mappings and SP surveys on
volcanoes give valuable information on the ge-
ometry of hydrothermal circulations and their
changes over a long time span. But they cannot
give information on the genesis of the SP sig-
nals during the preparation of an eruption. Con-
tinuous recordings al several sites in two direc-
tions are necessary.

For the first time, oscillations belonging to
the ULF band have been observed on a volcano.
The periods are less than several tens of minutes
with characteristic values of about 40-50 s,
70-80 s, and 120-140 s. The 20 s sampling
prevents detection of smaller periods. Ampli-
tudes range between a few mV/km to several
tens of mV/km. Some of these oscillations were
recorded five days at least belore the March 9,
1998 cruption. A few of them were recorded
9 km away of the volcano summit, when the
most energetic oscillations occurred. Oscilla-
tion trains can be delayed up to ten minutes
from one site to another one. Displacement of
the energy of the oscillations is in accordance
with the location of future effusive vents. More
examples are needed to validate this first result.
The oscillations are well polarised and the po-
larisation seems to depend on the location of the
recording station with respect to the structural
heterogeneity and the local resistivity.

In the case of the March 9, 1998 eruption
of La Fournaise, oscillations are followed by the
appeurance of large variations of 1-2 h periods.
Their polarisation remains similar to the polari-
sation of the oscillutions. This result indicates
that there is some consistency between all these
variations with periods less than a few hours.

The mechanism which could give rise to
these oscillations could be similar to those pro-
posed for ULF emissions along active faults
(Dobrovolsky et al., 1989; Fraser-Smith er al.,
1990; Draganov et al., 1991: Fenoglio er al.,
1995). In an hydrothermal system in equilibri-
um, SP anomalies are representative of large
and stable ground water circulations on which
seasonal changes are superimposed. When the
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stress field increases within the volcano due to
some renewal of activity (a magma batch for
instance), the pore pressure distribution chang-
es, and overpressures concentrate along mechan-
ical weakness axes where pre-existing cracks or
fissures exist. When a threshold value corre-
sponding to opening of cracks is reached they
open and propagate. The [luids contained in the
pores beflore disruption quickly flow into the
propagating cracks in which the pore pressure is
weak. The fluids fill the new cracks until the
propagation stops. Such fracturing could imply
oscillatory phenomena in the fluid flow until the
pore pressure recovers the hydrostatic equilibri-
um. These oscillatory phenomena could be con-
trolled by the geometry and permeability ol the
activated fissures (Fenoglio er ail., 1995). A time
delay is then necessary to open further cracks
and this time span could cerrespond to periods
where no oscillations are recorded. The roughly
constant durations of lack of oscillation periods
could be asscciated with the time needed for the
loading to reach the threshold value necessary
to re-open new cracks. This mechanism would
exist only if the medium is not extremely frac-
tured.

The opening of small cracks most likely par-
ticipates in the progressive opening of large
fissural axes. This could explain the homogene-
ity of the polarisation of the electric field for a
large range of periods ( 40 s to several hours) in
accordance with the structural heterogeneity. The
mechanism described above reflects non homo-
geneous phenomena. [t favours the genesis of
oscillations in areas where pre-existing frac-
tures already exist and where the permeability is
high. In the La Fournaise, case of all main active
fissural axes like those described in Michel and
Zlotnicki (1995, 1998) are good candidates as
the site of electric oscillations, For the 1998
cruption the MFZ, and the N225°E axis were
preferentially activated by the renewal of activ-
ity. This observation could well explain that
oscillations and 1-2 h periods variations both
have their polarisation controlled by the same
structural heterogeneities. The disappearance
of most oscillations when the activity is grow-
ing could be due to the opening of cracks or
fissures, too large to generate oscillatory phe-
nomens.
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The large changes in the polarisation and in
the amplitude of the electric field prior to the
opening of the effusive vents at the ground sur-
face are controlled by the same structural heter-
ogeneities. The poelarisation of the electric field
becomes a marker of the resistivity variation
associated with the lava migration inside the
driving heterogeneity, mainly the N53°E axis in
the case of the March 9, 1998 eruption. The
electric field direction seems to clearly point out
the emplacement of the vents. The amplitude
became larger and larger, from DOS and DON
toward MAV, where most active vents have ap-
peared.

6. Concluding remarks

One of the efficient methods to obtain infor-
mation on the existence, geometry, strength and
time variation of a hydrothermal system is the
electric self-potential method.

SP mappings are useful to disclose contours
of a hydrothermal system and associated up-
ward and downward ground water circulations.
The central part of a volcano is generally sub-
mitted to convective cells maintained by the
interaction between the infiltration of meteoric
water and the upward dissipation of heat issued
from the magma complex. On the flanks, ground
water is driven by structural heterogeneities like
faults, fissures and highly permeable media.
Therefore, the most active faults are the site of
positive anomalies which wane far away from
the summit. SP mappings regularly made in the
course of years can follow the migration of the
activity. On La Fournaise, a new N35°E axis
formed after the 1981 eruption and contributes
to the long-term tendency to destabilise the east
flank of the volcano. SP profiles regularly sam-
pled give detailed information over several kilo-
meters if the potential reference is taken with
great care. This reference has to be outside fault-
ed zones where seasonal changes are weak, and
of course outside the central part of the volcano
where positive anomalies are high. With such
caution, time constants and spatial scale of SP
variations reflect phases of activity or rest. On
La Fournaise, a decay of several hundred mV in
amplitude was observed between 1992 and 1998
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on the northern tlank. The 1998 eruption em-
phasised the same large scale anomaly as in
1992, 2500 m wide and with an amplitude up to
625 mV, on which short wavelength anomalies,
250 mV wide and 750 mV in amplitude, are
superimposed.

Continuous SP recordings at several loca-
tions on a volcano are a powerful tool to mon-
itor the volcanic activity. Oscillations belong-
ing to the ULF band are well observed several
days before La Fournaise eruption. The pres-
ence and lack of oscillations can be explained
by successive openings of cracks in which
ground water flows. This start-stop process can
generate oscillatory electric phenomena by elec-
trokinetic effect. The energy of these oscilla-
tions evolves with time and seems to concen-
trate along the structural heterogeneities where
effusive vents take place. A complete theory of
these oscillations remains to be made.

Lastly, continuous SP measurements in sev-
eral directions seem to give valuable informa-
tion on the migration of the magma just prior to
the opening of fissures at the ground surface.
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