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[1] We analyzed the evolution of volcano-tectonic (VT) seismicity and deformation at
three basaltic volcanoes (Kilauea, Mauna Loa, Piton de la Fournaise) during phases of
magma accumulation. We observed that the VT earthquake activity displays an
accelerating evolution at the three studied volcanoes during the time of magma
accumulation. At the same times, deformation rates recorded at the summit of Kilauea and
Mauna Loa volcanoes were not accelerating but rather tend to decay. To interpret these
observations, we propose a physical model describing the evolution of pressure produced by
the accumulation of magma into a reservoir. This variation of pressure is then used

to force a simple model of damage, where damage episodes are equivalent to earthquakes. This
model leads to an exponential increase of the VT activity and to an exponential decay of the
deformation rate during accumulation phases. Seismicity and deformation data are well
fitted by such an exponential model. The time constant, deduced from the exponential increase
of the seismicity, is in agreement with the time constant predicted by the model of magma
accumulation. This VT activity can thus be a direct indication of the accumulation of magma at
depth, and therefore can be seen as a long-term precursory phenomenon, at least for the
three studied basaltic volcanoes. Unfortunately, it does not allow the prediction of the onset of
future eruptions, as no diverging point (i.e., critical time) is present in the model.
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1. Introduction

[2] Active volcanoes host abundant earthquake activity.
In particular, volcano-tectonic (VT) earthquakes are shear
failure events and can be used as indicators of the stress
state of the volcano [McNutt, 1996]. Here, we use VT
seismicity occurring over long timescales (years) to extract
information about magma accumulation in a reservoir at
depth. Accumulation of magma in a reservoir produces an
increase of pressure in the volcanic edifice above it. The rate
of shear failures, that reflects the level of stress in the
edifice, increases as this stress level grows with time. Our
goal is here (1) to detect and characterize this seismic trend:
which volume is affected, and the shape of the seismicity
acceleration; and (2) to study how the magmatic forcing
controls the rate of VT seismicity.

[3] We analyze three effusive volcanoes: Kilauea and
Mauna Loa in Hawaii and Piton de la Fournaise in La Réunion.
These volcanoes have all experienced recent eruptions and are
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well instrumented. We consider time periods when significant
magma accumulation is known to have occurred at these
volcanoes: From September 1977 to January 1983 at Kilauea
volcano, the 1975—1984 intereruptive period at Mauna Loa
volcano and the 1.2 years preceding the 1998 eruption of Piton
de la Fournaise volcano.

[4] We analyzed the evolution of VT seismicity during
these three periods. Previous works that focused on preer-
uptive seismicity rates over short timescales (a few days)
reported that VT earthquake activity follows a power law
acceleration [Voight, 1988; Kilburn and Voight, 1998; De la
Cruz-Reyna and Reyes-Davila, 2001; Chastin and Main,
2003; Collombet et al., 2003]. Albeit the power law model
appears to correctly follow the evolution of seismicity, an
exponential acceleration is at least as good to reproduce the
cumulative number of earthquakes during the three studied
inflationary phases. Such an exponential acceleration can be
explained by a model accounting for the accumulation of
magma into a reservoir. This model predicts the stress
history produced by the replenishment of a magma reser-
voir, as o(f) ~ A(1 — exp(—Brt)). A simple critical failure
model is finally proposed to relate the stress evolution to the
VT earthquake rate.

2. Magma Accumulation Periods

[5] In this section we present evidence for long periods of
magma accumulation at depth for the three volcanoes, in
order to select suitable time windows for analyzing the VT
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seismicity trend. During accumulation periods, magma is
continuously injected into a reservoir, while the magma
release from the reservoir is by comparison negligible.

[6] At Kilauea volcano, evidence for magma accumula-
tion exists for the period preceding the January 1983
eruption. Following the 1975 Kalapana, M = 7.2 earth-
quake, a high rate of magma intrusion (0.18 km® a™') is
estimated [Cayol et al., 2000] on the basis of deformation
measurements. Because the eruption rate during this time
period is negligible (0.006 km® a™"', Dzurisin et al. [1984])
compared to the intrusion rate, magma must have been
stored below the volcano. The depth of the summit magma
reservoir is estimated (although poorly constrained) at 3 to
5 km depth [Tilling and Dvorak, 1993; Wallace and
Delaney, 1995]. Magma storage can also take place in the
rift zones [Delaney et al., 1990; Cayol et al., 2000]. Magma
rift storage is promoted, following the Kalapana earthquake,
by normal faulting in the upper south flank [Gillard et al.,
1996]. As the Uwekahuna tiltmeter at the summit of Kilauea
volcano began to show inflation following the September
1977 eruption [Delaney et al., 1990], it is hypothesized that
magma began accumulating under Kilauea caldera since
this date [Dzurisin et al., 1980]. We thus define the
accumulation period at Kilauea summit between the end
of the September 1977 eruption and the beginning of the
1983 eruption.

[7] The two most recent eruptions at Mauna Loa volcano
took place in 1975 and 1984. Following the 1975 eruption,
measurements of trilateration lines across the summit cal-
dera showed extension [Lockwood et al., 1987]. Dry-tilt
measurements at the summit indicated rapid inflation just
after the 1975 eruption, later becoming moderate but still
continuing up to the 1984 eruption [Lockwood et al., 1987].
An elastic model with a point source located at 3 km depth
and with a total swelling volume of 22 + 6 x 10° m’ was
used to fit the deformation data recorded between 1977 and
1981. It was found to be in good agreement with observa-
tions [Decker et al., 1983]. The homogeneous composition
of the erupted magma during the 1984 eruption led Rhodes
[1988] to propose that a reservoir located 3—4 km deep
beneath the summit caldera has been continuously replen-
ished in magma between the 1975 and the 1984 eruption.

[8] Significant magma accumulation is thought to have
occurred at Piton de la Fournaise volcano preceding the
March 1998 eruption. The 1998 eruption was the first to
occur after 6 years of quiescence following the 1992
eruption. This quiescence is relatively long compared to
the average 11-month intereruption interval between 1920
and 1992 [Lahaie and Grasso, 1998]. The estimated volume
of magma release during the 1998 eruption is about 60 X
10° m® [Aki and Ferrazzini, 2000]. This volume of magma,
or at least a significant part, might have been stored at depth
prior to the eruption. This is suggested by the increase of the
coda amplitude for summit stations after 1996 which was
interpreted as resulting from the filling of reservoirs by
ascending magma [Aki and Ferrazzini, 2000]. However, no
significant deformation was detected by spaceborne radar
interferometry in the 2 years preceding the 1998 eruption
[Sigmundsson et al., 1999]. Two microgravity field surveys
(November 1997 and March 1998) encompassing the 1998
eruption revealed that a 5.4 x 10' kg mass increase
occurred during this interval [Bonvalot et al., 2008]. The
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collected gravity data were best modeled when considering
a source of mass increase at sea level. The discrepancy
between the absence of surface deformation and the accu-
mulation of magma at depth is suggested by Bonvalot et al.
[2008] to result from magma compressibility. The beginning
of the accumulation period is difficult to date. We propose
that the accumulation may have started on 26 November
1996 after the occurrence of a swarm of earthquakes located
at sea level beneath the central cone, the first seismic crisis
since August 1992 [Aki and Ferrazzini, 2000]. We exclude
from our analysis the last 35 h preceding the eruption, when
earthquakes are caused by the dike propagation to the
surface [Battaglia et al., 2005]. We defined a time window
corresponding to a magma accumulation induced stress
extending from 26 November 1996 to 7 March 1998.

3. Data
3.1. Earthquake Catalogues

[v] We analyzed earthquake data sets corresponding to
the selected time periods, as described in section 2. For
Kilauea and Mauna Loa volcanoes we used the Hawaiian
Volcano Observatory (HVO) earthquake catalogue. This
catalogue contains all earthquakes recorded by the HVO
seismic network during the 1970—2003 period. This net-
work is specifically designed to record earthquakes related
to volcanic processes. The local magnitude for each earth-
quake in the catalogue is reported. The average location
accuracy for shallow earthquakes (<4 km) occurring near
the summit is 500 m in both horizontal and vertical
directions. At Piton de la Fournaise volcano we used a
catalogue compiled by the Observatoire Volcanologique du
Piton de la Fournaise (OVPF). The seismic moment of each
earthquake in the period 1996—1999 has been estimated.
We computed magnitudes on the basis moments reported
in the earthquake catalogue. We use the relation logh, =
16.1 + 1.5 m to convert moment (M,) into magnitude (m)
[Hanks and Kanamori, 1979]. Two different classes of
earthquakes are reported: summit earthquakes and those
that fall outside the summit area. Recorded earthquakes
are labeled as summit events if they are located in a 2 km X
2 km area below the summit down to 6 km depth.

[10] We can draw a link between Hawaii’s magnitude and
Piton de la Fournaise’s magnitude. We first convert magni-
tude into moment in Hawaii by using the relation obtained
by Zuiga et al. [1988]: log My = 16.6 + 1.1 M, where M is
the local magnitude computed in Hawaii. If we use the same
relation for converting moment into moment magnitude as
done for Piton de la Fournaise, we find that 1.5 x m = 0.5 +
1.1 x M, where m is the magnitude reported for Piton de la
Fournaise and M is the magnitude reported in Hawaii. Thus
an event with a magnitude 2 at Piton de la Fournaise
volcano will have a magnitude 2.3 in Hawaii. However,
there is no real need in our study to have a unique
magnitude scale for all volcanoes as each volcano is studied
separately.

3.2. Spatial Selection of Earthquakes

[11] We selected VT earthquakes located in zones that are
most likely to be influenced by the magma accumulation-
induced stress. VT earthquakes generated by magma intru-
sions are not necessarily generated at the front of the
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Figure 1. Map view and east-west cross section of the
summit area of the Kilauea volcano. Analyzed earthquakes
are represented as black dots, and rejected earthquakes are
represented as gray dots. Boundaries for the earthquake
selection are based on our knowledge of the stress field
related to the magma reservoir, as defined by Karpin and
Thurber [1987]. Depth range of earthquake selection
extends from surface to 4 km depth. Triangles represent
HVO seismic stations. The square on the rim of the caldera
is the location of the Uwekahuna tiltmeter station. A large-
scale map of this area is inset in Figure 2. Note that some of
the black dotted earthquakes are later removed from the
selection as they have a magnitude lower than the
magnitude of completeness.

propagating magma body, but are mostly localized in areas
of high stress concentration [Rubin et al., 1998; Rubin and
Gillard, 1998]. Local stress concentrations can be produced
in volcanoes by structural heterogeneities (solidified dikes,
sills). Earthquakes induced by reservoir inflation can be
expected to mostly occur in these heterogeneous areas.
Hence, changes in earthquake rate, in areas under the
influence of the chamber inflation, directly reflect this
increase in stress.

[12] At Kilauea volcano, we focused on seismicity hap-
pening in the summit area. Figure 1 shows the recorded
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seismicity at the summit for the analyzed time period.
Seismicity is strongly clustered in the upper rift zones at
about 3 km depth. We removed deep earthquakes (z > 4 km).
These earthquakes are few during the analyzed time period
and could have resulted from the stress generated by slip on
a décollement plane located at 10 km depth [Klein et al.,
1987]. Focal mechanisms, for earthquakes occurring
between 1980 and 1982 around the summit of Kilauea
volcano, give clues about the local stress field. Earthquakes
located within ~3 km of the caldera are expected to reflect
the local stress field produced by the inflation of the summit
magma reservoir [Karpin and Thurber, 1987]. On the
contrary, dike orientations, inferred for intrusions located
1 to 2 km further downrift, are parallel to the rift zone, and
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Figure 2. Same as Figure 1 but for the Mauna Loa
volcano. Squares are tilt measurement locations. The inset
map gives the location of the two areas around Kilauea (KI)
and Mauna Loa (ML) summit displayed in this figure and in
Figure 1.
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Figure 3. Number of earthquakes n(m) by magnitude bins at Kilauea, Mauna Loa, and Piton de la
Fournaise volcanoes. For each plot the arrow refers to the computed magnitude of completeness. The
magnitude of completeness is estimated to be 2.2 and 2.3 at Kilauea and Mauna Loa volcanos,
respectively, for both time periods. The magnitude of completeness is 0.3 and 0.4 at Piton de la Fournaise
for the whole and the subset time period. The b value of the Gutenberg-Richter relation is 1.2 at Kilauea
and Mauna Loa volcano and 0.9 at Piton de la Fournaise volcano.

are therefore not controlled by the main magma reservoir
[Karpin and Thurber, 1987]. As a consequence we only
considered earthquakes in the domain mostly influenced by
the stress field originating from the chamber inflation, i.e.,
that are less than ~3 km of the caldera.

[13] Almost all the seismicity for the analyzed time period
at Mauna Loa volcano was located in two different clusters
(Figure 2). A first group of shallow earthquakes (<4 km
deep) is located beneath the summit and in the upper
southwest rift zone. A second group of earthquakes is found
at intermediate (5—9 km) depth underneath the northwest
flank. Almost all earthquakes of this deeper cluster occurred
during a swarm in September 1983. A relocation study
performed by Baher et al. [2003] on Mauna Loa earth-
quakes between April 1983 and April 1984 found that the
relocated northwest seismicity cluster collapses onto a low
dip angle fault plane at an average depth of 8 km. Baher et
al. [2003] interpreted the structure as a failed rift zone and
proposed that these earthquake’s focal mechanisms are
mostly controlled by the regional stress field (see also
Gillard et al. [1992]). These earthquakes are thus related
to an east-west extension that might be attributed to the
edifice seaward motion on a basal plane. Given its tectonic
origin, this northwest cluster is therefore not integrated in
our study as its evolution is not directly linked to changes in
reservoir pressure. In contrast, the shallow earthquakes are
expected to occur in brittle rocks capping a magma storage
reservoir [Lockwood et al., 1987]. As there were no intru-
sions nor eruptions in the selected time period, these
shallow earthquakes can be interpreted as resulting from
an inflating reservoir.

[14] On Piton de la Fournaise volcano, almost all seis-
micity is located in a 2 x 2 x 3 km® volume beneath the
central cone, at least since 1980 when seismic monitoring
started on the island and up to 1992 [Grasso and Bachélery,
1995]. Earthquakes for the 1996—1998 period are also
located in this same area [Battaglia et al., 2005], except

in the last 35 h immediately preceding the March 1998
eruption, and are thus strongly clustered in space. In the
analyzed time period, more than 98% of the total seismic
moment release is due to summit earthquakes. The relative
absence of deep seismicity is interpreted as the result of an
underdeveloped rift zone and the simplicity of the magma
path [Aki and Ferrazzini, 2001]. Conversely, stress concen-
tration at sea level beneath the summit area resulting from
fossil dikes is thought to be responsible for the observed
clustered seismicity [4ki and Ferrazzini, 2001]. This further
suggests that the stress generated by a pressure source in the
volcanic edifice will be locally high in this area, causing
earthquakes to nucleate. Variations in the rate of summit
earthquakes should thus correlate with stress variations in
the edifice. As no eruption nor intrusion is reported in the
analyzed time period, the source of stress is likely to be a
pressurization of the magmatic reservoir.

3.3. Completeness

[15] We must make sure that there exists no significant
changes in the magnitude of completeness during the study
period, as this could lead to artificial changes in the
seismicity rate. We compute the magnitude of completeness
m. on the basis the Gutenberg-Richter relation and a
detection function g(m) that gives the probability that an
earthquake of magnitude m is effectively detected [Marsan
and Daniel, 2007]. The number of detected earthquakes
n(m) with magnitude in the range [m, m + ém], is modeled
as n(m) ~ 10~2"q(m). We here take g(m) = [ e~ #17
dm'’ as it empirically gives a better fit than other standard
detection functions. Inversion of parameters b, ;1 and o is
done by a maximum likelihood search. The magnitude of
completeness m,. is defined as m. = p + o and corresponds to
a 82% probability of detection. We applied this procedure to
the three volcanoes.

[16] No change in the magnitude of completeness is ob-
served at Kilauea volcano (Figure 3) between the two time
periods 1977—1980 and 1981-1983. We found m,. = 2.2.
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Table 1. Summary of the Criteria Used for Earthquake Selection at the Three Volcanoes

Volcano Time Period Earthquake Location m,
Kilauea 12/10/1977 to 03/01/1983 Shallow (<4 km deep) close to the caldera 2.2
Mauna Loa 07/07/1975 to 25/03/1984 Shallow (<4 km deep) 2.3
Piton de la Fournaise 26/11/1996 to 07/03/1998 Summit earthquakes (<6 km deep) 0.4

[17] We performed the same estimation for the selected
earthquakes at Mauna Loa volcano. However, as there are
fewer events (246 events for the 1976—1984 period), the
variation of m, is investigated by considering either the
whole time period or the final year preceding the 1984
eruption. For the 1976—1984 time period, we find m,. = 2.3.
We reduced the number of magnitude bins for the estima-
tion of m, in 1983—1984, taking ém = 0.2, to obtain m, =
2.3 (Figure 3). We thus did not detect any changes in the
magnitude of completeness in the catalogue for Mauna Loa
earthquakes.

[18] For Piton de la Fournaise, computation of the mag-
nitude of completeness is done for both the whole analyzed
time period and for the last four months before the 1998
eruption (half of the total number of earthquakes). The
estimated magnitude of completeness, m,., is 0.4 and 0.3 for
the whole and the subset analyzed time period, respectively
(see Figure 3). We thus considered that the magnitude of
completeness for summit earthquakes at Piton de la Four-
naise is m,. = 0.4. We summarize our earthquake selection
criteria for the three volcanoes in Table 1.

[19] We cannot ensure that earthquakes above the mag-
nitude of completeness are representative of the whole
earthquake population. However there is no way we could
know whether small earthquakes (with magnitude less than
the completeness magnitude) show an increasing rate or
not, since not all of them are recorded, by definition.
Moreover, small earthquakes, above m,., do follow the
same trends as larger ones: the opposite would imply a
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significant change in the b value of the Gutenberg-Richter
law with time. There is no indication of such a phenom-
enon: on the contrary, the b value seems very stable
through time for all three volcanoes (see Figure 3). Finally,
a significant change in the relative rate of earthquakes
smaller than m,. would translate into a significant change
in the detection function q(m). Our analysis does not show
this (see Figure 3). We therefore believe that the relative
proportion of small earthquakes stays constant with time,
and that the observed trends are representative of the
trends at all magnitude bins.

4. Observations

[20] The evolution of the cumulative number of earth-
quakes above the magnitude of completeness for the three
volcanoes is represented at Kilauea (Figure 4, left), at
Mauna Loa (Figure 5, left) and at Piton de la Fournaise
volcano (Figure 6). We observe a clear acceleration of the
cumulative number of earthquakes with time. We also show
the variation of tilt at the Uwekahuna site for the whole time
period of the Kilauea data set (Figure 4, right). The station is
situated on the rim of the Kilauea caldera (Figure 1).
Figure 4 starts on 12 October 1977, when tremor from the
September 1977 eruption ceased, and stops on 3 January
1983 at the onset of the 1983 eruption. At Mauna Loa
volcano, dry-tilt data measurements were conducted during
the intereruptive period 1975—-1984 [Lockwood et al.,
1987]. These data are reported (Figure 5, right) as well as
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(left) Evolution of the cumulative number of earthquakes, N(¢), for the selected seismicity at

Kilauea volcano between October 1977 and January 1983. Grey areas (mostly seen as black vertical lines,
given the short time duration) represent known intrusion or eruption episodes. The dark grey curve
represents the best exponential fit, and the light grey curve represents the best power law fit. These two
curves mostly overlap. (right) Tilt measurements at the Uwekahuna site on the rim of the Kilauea caldera,
at the summit of the volcano. The location of the tiltmeter site is shown in Figure 1. We display the tilt
along a N60°W orientation, radial to the common center of summit inflation and deflation. Deflation and
inflation events are associated with eruption/intrusion events. The increase of the tilt measurements
between eruptions is associated with inflation. The dashed line indicates the time of the first intrusion that

occurred after the 1977 eruption.
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Figure 5. (left) Evolution of the cumulative number of earthquakes preceding the 1984 eruption at
Mauna Loa volcano. No eruption nor intrusion took place during this time period. The best exponential
fit is the dark grey curve, and the best power law fit is the light grey curve. (right) Relative tilt magnitude
at Mauna Loa volcano for the intereruptive period 1975—1984. Tilts measurements were performed at three
sites around the Mauna Loa caldera (Figure 2). The dark line is the best fit to the data obtained using (11).

measurement locations (Figure 2). We observe, that the
acceleration of seismicity occurred while deformation rates
at the same time were not increasing (they rather tend to
decay). We will search for a physical model to explain the
long-term variation of both the seismicity and the deforma-
tion which exhibit opposite patterns (Figure 4 and, espe-
cially, Figure 5).

[21] It should be noted that, while intrusions and erup-
tions occurred at Kilauea in the investigated time period,
none of them stopped the acceleration of the seismicity.
Indeed, the acceleration trend resumed following each of
these magmatic events. This can be explained at Kilauea by
the very small lava volume produced by these eruptions (the
maximum lava release is occurred during the September
1982 eruption and estimated to 0.003 km?) compared to the
filling rate estimated at 0.18 km® a~' during this time period

1997.0

1997.2 1997.4

[Cayol et al., 2000]. In contrast, after the January 1983
eruption, the summit seismicity dropped drastically as only
113 earthquakes, with m > 2.2, were recorded in the
selected area in the 10 years following the eruption.

5. Model

[22] A physical model explaining the observed patterns of
the preeruptive seismicity rate and deformation should
relate the stress history of the volcano during its preeruptive
stage and the induced seismicity. It therefore needs two
components:

[23] 1. A first component describes the evolution of
stress, in a volcanic edifice, caused by the replenishment
of a magmatic reservoir. This model assumes a magmatic
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Figure 6. Evolution of the cumulative number of earthquakes in the ~1.2 years preceding the 1998
eruption at Piton de la Fournaise. No eruption nor intrusion took place during this time period. The best
exponential fit is the dark grey curve, and the best power law fit is the light grey curve. These two curves

overlap.
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Figure 7. Sketch showing the geometry of the model. A
spherical reservoir at depth H, and of radius a, is fed by
magma flowing through a cylindrical conduit of radius a. and
length H.. The magma is defined by its viscosity p and its
density p,,. The density of rocks surrounding the magma
chamber is p,. P is the source pressure and is supposed to be
constant. P,(f) is the reservoir pressure, which varies with time.

chamber surrounded by a purely elastic medium and a
constant magma source overpressure.

[24] 2. A second component is a seismicity model which
links the stress history to a VT earthquake rate. Our
approach is equivalent to a damage model in a heteroge-
neous medium, and is based on a critical point hypothesis.

[25] Our aim is to model the observed variations with a
minimum number of parameters. Many volcanic phenome-
na, possibly leading to earthquake nucleation, are disre-
garded in this study. These include gas pressure increase
produced by magma cooling, heating of groundwater,
tectonic or dynamic strain. However, the magma accumu-
lation process is the only common phenomenon identified at
the three studied volcanoes for the whole analyzed time
periods. We therefore consider it as being the only source of
stress variation in the edifice.

5.1. A Model of Magma-Induced Stress

[26] Our model is based on the inflation of a spherical
magma reservoir at depth H, and of radius a, fed by a
conduit of length H, and radius a. (Figure 7). The ascent of
magma in a cylindrical conduit, in laminar flow conditions
is described by the Poiseuille law, which gives the mass flux
O at height z as

mat [ dP
0= S {*E*pmg} (1)

where dP/dz is the vertical pressure gradient, p is the
magma viscosity and p,, the magma density. We assume the
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magma viscosity and density to be constant over all the
conduit. The different pressure sources acting on the magma
in the pipe are the following:

[27] 1. The source pressure P corresponds to the pressure
at the bottom of the pipe, which is considered as constant.
This pressure is the sum of the lithostatic pressure Py, at
the source depth z; and an overpressure APg:

Px - Plitho (Zs) + APv (2)

[28] 2. The reservoir pressure P,(f) corresponds to the
pressure at the top of the pipe which increases as the reservoir
is fed from the source. It is the sum of the lithostatic
pressure at the reservoir depth z. and an overpressure
AP (1)

Po(t) = Pigno(2r) + AP,(2) (3)
In the following we will consider that
AP, (1) = AP" + AP(2) (4)
where AP? is the initial overpressure at the beginning of the
accumulation and AP(¢ = 0) = 0.
[29] Accounting for these different sources of pressure
and setting p, as the density of rocks surrounding the

magma chamber, it follows that

_ mat
© 8uH,

o() [AP; — AP(1) 4 (p, — p)gH.] (5)

[Pinel and Jaupart, 2003]. We link the volume of injected
magma AV;,(f) into the reservoir with its overpressure
variation AP(¢) through the expression [Delaney and
McTigue, 1994]

71'a3

AValt) = AP() - (6)

where G is the rigidity modulus. We further assume that no
magma leaves the chamber during the accumulation period.
This assumption is valid for all three volcanoes, and even
for Kilauea volcano where the erupted volume is insignif-
icant compared to the filled volume during the analyzed
period. It then follows from (5) and (6) that

dAP(t)  Ga!
dt  8uH.d

(P — AP(1)) (7)

where P is a constant term with P = AP, — AP + (p, —
pm)gH.. This is a simple differential equation, which
solution is given by

AP(1) = P(l - exp(;)) (8)
where
s g

c
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Figure 8. Relative tilt magnitude between 12 October 1977 (end of the 1977 eruption) to the first
intrusion after this eruption, on 29 May 1979 (dotted vertical line on Figure 4). The dark line is the best fit

to the data obtained using (11).

is a characteristic time. As the magmatic stress-induced
seismicity is strongly clustered in space at the three
volcanoes for the analyzed time periods and did not show
any migration, it is reasonable to consider that the variation
of pressure at the seismicity location will be proportional to
(8). As AP(f) can be expressed as a function of the
maximum vertical uplift u2**(¢) (i.e., the vertical uplift at
the inflation center) with

GH?
r umax (t)

AP(f):m ;

(10)

where v is the Poisson’s ratio, one can obtain the evolution
of u2™(f) from (8) and (10):

W (1) :(IC;—I_ZZ)[Z’}'P(I - exp(;)) (1)

[30] This gives the evolution of the vertical uplift at the
top of the magmatic reservoir, i.e., where it is maximum.
The evolution of u.(f) at different locations around the
reservoir is recovered by

wler) =01+ e/m2] (12)

where 7 is the horizontal distance between the observation
point and the inflation center. The uplift u.(¢, r) will thus
evolve with the same characteristic time 7 as u. " (¢), in a
purely elastic medium.

[31] Our model does not account for magma compress-
ibility. As proposed by Johnson [1992], magma compress-
ibility may accommodate the volume of newly added

magma. We hypothesize that the variation of pressure

during the magma accumulation phase is small, compared
to the total pressure in the reservoir. This is likely to be the
case as the lithostatic stress at reservoir depths for the three
studied volcanoes is of the order of 100 MPa. Conversely,
the order of magnitude of overpressure detected before
eruptions at Piton de la Fournaise volcanoes is close to 1
MPa [Brenguier et al., 2008]. By applying the results of
Johnson [1992] and Johnson et al. [2000] we find that the
effect of compressibility is to change the timescale of 7 but
the evolution of stress will remain similar to (8). Thus, at
Piton de la Fournaise volcano, where compressibility is
thought to have played a role in the pre-1998 eruption, the
stress history will remain similar to the other volcanoes.

[32] The variation in tilt at Kilauea volcano is fitted with
an exponential model following the form of (11). The fit is
not performed over the whole time period, as this would
include deflation events that occurred late in this time
period. We only considered measurements that reflect the
inflation of the edifice, and that are not affected by deflation
or inflation caused by a localized batch of magma. Indeed,
local deformations, close to the tiltmeter site, can produce
strong amplitude signals but are not necessarily related to a
strong change of pressure in the reservoir. We thus only take
into account measurements taken before the first intrusion
that occurred after the 1977 eruption (i.e., the 29 May 1979
intrusion event [Klein et al., 1987]).

[33] The evolution of the tilt data is well described by
(11), see Figure 8. The time constant 7 is equal to 1.13 years
+0.05 year at the 95% confidence level, and R* = 0.98.
Although the time resolution of tilt data at Mauna Loa
volcano is not as good as for Kilauea volcano, a slowing
down of the tilt increase is observed during the intereruptive
period (Figure 5, right). Relative tilt time series are modeled
with (11) but we impose the time constant 7 to be the same
at the three tiltmeter sites. The least squares estimates is 7 =

8 of 12



B12305

7.3 years with a [5.1-12.8] years 95% confidence interval.
This time constant is not well constrained as there are only a
few data points at early times.

[34] Evidence for the a(l — exp(bf)) growth of the
vertical displacement due to the filling of a magmatic
reservoir can also be found in examples of the cycles of
inflation-deflation episodes after the beginning of the 1983
eruption in the middle east rift zone, in 1983. Dvorak and
Okamura [1987] found that vertical displacements at the
surface during inflationary stages match an evolution sim-
ilar to (11). One can also consider the case of the Grimsvdtn
volcano, Iceland: Following the 1998 eruption, vertical
displacement appears to follow the same exponential trend
[Sturkell et al., 2003]. Another example of an exponentially
decaying vertical displacement rate is also suggested for
Westdahl volcano, Alaska [Lu et al., 2003]. The inflation at
Westdahl volcano was modeled by an exponential function
with a time constant of about 6 years [Lu et al., 2003]. A
last example is provided from recorded vertical displace-
ments at Kilauea volcano during a volcanic crisis in 1996.
Cycles of inflation of the order of 10 um recorded on a
timescale of 1 to 3 min were followed by rapid deflations
[Ohminato et al., 1998]. The evolution of the vertical
displacement during inflationary stages is thought to result
from magma accumulation into a subhorizontal crack and
displays an evolution similar to (11) [Ohminato et al.,
1998]. As the vertical displacement observed during infla-
tionary stages obeys (11), at least to the first order, it is
reasonable to suppose that the change in pressure in the rock
surrounding the magmatic reservoir will follow (8).

5.2. Relating Stress and VT Earthquakes

[35] The analyzed seismicity at Kilauea and Mauna Loa
occurs primarily along the upper rift zones. These areas are
very heterogeneous as solidified dikes, veins and joints are
present. At Piton de la Fournaise, the summit area of the
volcano is envisioned as a network of dikes and sills [Lénat
and Bachélery, 1990]. These heterogeneities create stress
concentrations, thought to be responsible for the observed
clustering of earthquakes. Hill [1977] proposed that stress
concentrations are produced in the intervals between adja-
cent dikes. In Hill’s [1977] model, VT earthquakes occur on
oblique faults linking two dikes. We here postulate that
stress concentrations, in the damaged areas, induce shear
failure earthquakes wherever the shear stress is greater that
the normal stress.

[36] The complex summit structure of Piton de la Four-
naise and power law distributions characterizing many
phenomena related to this volcano, has led Grasso and
Bachelery [1995] to conclude that the dynamics of the
volcano is governed by self-organized criticality. The com-
plexity of this dynamics is well recovered by a cellular
automaton model characterized by a critical pressure
[Lahaie and Grasso, 1998]. We interpret summit and near
summit seismicity at the three studied volcanoes as the
result of brittle failure in a disordered medium. The global
breakdown of the system is represented by a first-order
transition of the shallow part of the edifice and is symbol-
ized by an eruption. Studies of critical ruptures in hetero-
geneous media reveal that the evolution of cumulative
damage D, prior to the global failure, with the controlling
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stress o, exhibits a relation of the form [Garcimartin et al.,
1997; Zapperi et al., 1997; Johansen and Sornette, 2000]
D=A4+B(o,—0o)" (13)
where o, is the critical stress and v € [0;1], is the critical
exponent. We simply interpret the cumulative damage, D, as
the cumulative number of earthquakes. A uniformly
increasing stress do/dt = const produces a power law
acceleration near the critical point as stated by (13). The

acceleration takes a different form if the forcing stress
follows the evolution of pressure as found in (8):

—~

DU):A+BPQ—P0—PO—¢H%%SH (14)

where Py = Pjiyo(z,) + AP is the initial stress of the system.
An eruption will occur if the shallow part of the volcanic
edifice ruptures, i.e., when the critical stress is reached.
Thus, an eruption happens if P + Py > o.. If the asymptotic
final stress of the system, P + Py, is assimilated to the
critical stress o, (14) then becomes

D(t) = 4 +B/exp(7?’) (15)

i.e., we obtain an exponential acceleration of the seismicity.
If P+ Py > o,, a deviation from the pure exponential form
will appear. In this case the full form of the stress evolution
(14) should be used to quantify the evolution of seismicity.
However, this deviation from the exponential form will
remain low if (o, — Py — P)/P or t/T is low.

6. Discussion

[37] We presented a coherent model to link the stress
history with deformation and seismicity for a basaltic
volcano undergoing a magma replenishment phase. We
now compare how accurately this model is able to recover
the observed seismicity and deformation trends.

[38] For each earthquake time series (Figures 4—6), an
exponential and a power law fit are performed. The fits are
done by minimizing a least squares criterion. The power law
fit is performed as a reference fit. It is generally reported as
a good phenomenological model for earthquake rates in
preeruptive phases [Voight, 1988; Kilburn and Voight, 1998;
Chastin and Main, 2003; Collombet et al., 2003]. Denoting
N(t) the cumulative number of earthquakes at a time ¢
following the beginning of magma accumulation, the two
fits are performed using three parameters @, b and ¢: N(f) = a
x exp(b x f)+ cand N(f) = a x (t, — 1)’ + ¢, where ¢, is the
time of eruption, with all time in years.

[39] Both the power law and the exponential model
appear to match remarkably well the evolution of the
seismicity for all three volcanoes. The goodness of fits are
evaluated with the coefficient of determination, R2, which is
derived from the maximum likelihood and can be written,
R*=1—3%; (i — /)*/2: (v; — ¥)%, where y is the observed
data vector and f is the modeled data vector, the overbar
denotes the mean. The R* coefficient is never lower than
99% for the exponential model. Comparatively, we obtain
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Table 2. Parameters Deduced From Fits of an Exponential and a
Power Law Model on Seismicity Data®

Exponential Model Power Law Model

Volcano a b@") c R? a b@) ¢ R?
Kilauea 210  0.345 —-232 099 -—-529 0.508 1160 0.98
Mauna Loa 0.872 0.591 —-3.00 099 -250 0.135 322 0.93
PdIF 31,5 235 —493 099 —881 0273 892 0.96

#PdIf refer to the Piton de la Fournaise volcano.

R? = 0.98, 0.93 and 0.96 for the power law fits at Kilauea,
Mauna Loa and Piton de la Fournaise, respectively. The
exponential fits still remain good when setting ¢ = 0 (R* >
98%). Table 2 details all the parameter values obtained.
Moreover a good exponential fit and power law fit are
recovered when increasing m, for the three volcanoes or
when the total moment released is fitted rather than the
number of earthquakes. In these two cases, time constants
obtained when fitting with the exponential model are similar
to those reported in Table 2. The exponential form of the
evolution of the seismicity is thus consistent with the
prediction of our proposed model (equations (14) and (15)).

[40] Furthermore we can investigate if the characteristic
time proposed in our model is coherent with the one
obtained when fitting the data. At Kilauea volcano for
example, we find 7 = 1.13 years when fitting the tilt data.
The order of magnitude of this value of 7 can be obtained
using typical estimates of the parameters entering its defi-
nition (equation (9)), e.g., using ;=100 Pa's, G = 7.5 GPa,
a,=2 km, H.= 20 km and a,. = 0.5 m. There are, however,
considerable uncertainties on most parameters, strongly
affecting the value of 7. For example, slight changes in
the poorly constrained conduit radius, a., will cause impor-
tant variations of 7. Finally, it is interesting to compare the
time constant deduced from the seismicity and the one
obtained by fitting the tilt data. We hypothesize that the
evolution of the seismicity at Kilauea volcano can be
described by (15). As v = 1/2 in the mean-field theory
[Zapperi et al., 1997], we should have 7y, = 2 7,4, At
Kilauea volcano, we obtained 2.90 years for 7., and
2.27 years for 27, and hence two values that are coherent
with our model. The same relation should also be verified at
Mauna Loa volcano if we considered (15) as a valid
description of the underlying phenomenon. We obtained
Teeis = 1.7 years and 27,, = 14.6 years at Mauna Loa
volcano. This discrepancy between the two time constants
can be explained if the asymptotic final stress at Mauna Loa
volcano is larger than the critical stress, thus one should use
(14) as the correct model. We test this hypothesis by fitting
a model similar to (14) to the Mauna Loa seismicity. This
model can be written N(¢) = a + b(c + exp(t/(ZTt,-I,)))*O'5
where 7, the time constant deduced from the geodetic data
is forced in the model. The resulting fit has a R* = 97%
lower than the exponential form of (15) but still better than
the power law fit and can be hypothesized as a reasonable
scenario for Mauna Loa.

[41] Power law accelerations of the rate of summit VT
seismicity have been found preceding dike intrusions or
eruptions at Kilauea and Piton de la Fournaise [see Chastin
and Main, 2003; Collombet et al., 2003]. However, these
accelerations are obtained only after stacking over multiple
sequences and are no more than 10 days long. Eruptions at
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Piton de la Fournaise are preceded by short (~10 days)
pressurization of the edifice [Brenguier et al., 2008]. A
power law acceleration of the seismicity has also been
found at andesitic volcanoes for a single eruption at the
same ~10 days timescale, i.e., at Bezymianny, Kamchatka
[Voight, 1988] and Soufriere Hills, Montserrat [Kilburn and
Voight, 1998]. The difference between a power law model
and an exponential model has implication on the physical
mechanism driving the deformation. Because both models
are linked to the stress evolution, the difference between the
two models reflects a difference in the loading process. The
exponential model which is proposed is related to slow,
decelerating condition. This is the case of the magma
accumulation. The power law model is generally related
to a constant stressing rate model [e.g., Johansen and
Sornette, 2000]. This might happen when the evolution of
pressure is fast, as during the propagation stage of a single
dike. It thus provides an explanation about the limited
timescale of power laws observations. Furthermore, the
power law signature of an intruding dike can be hidden
by the global process materialized by the magma accumu-
lation. This might be a reason why the power law associated
with eruptions is only recovered on average at basaltic
volcanoes. It is also remarkable to note that (14) can also
leads to a power law acceleration. This case might happen
on a limited timescale during the late stage of failure (¢ > 7)
if P + Py > o.. Albeit the evolution of seismicity remains
exponential during most of the accumulation phase, at the
last stage of failure, the evolution will take a different form
with D(¢) < (t. — £)" 7, where ¢. is a critical time defined by
te.=—71 In((P + Py — 0.)/P).

[42] In the case of a basaltic volcano, the propagation of a
single dike may not release the total pressure stored in the
edifice and will possibly only connect a small magma
pocket with limited storage capacity to the surface. This
event will thus not affect the increase of pressure associated
with the replenishment of the magma reservoir unless the
whole edifice is so close to failure that all pockets are
interconnected and the entire edifice erupts [Lahaie and
Grasso, 1998]. The critical stress of the volcanic edifice is
thus not necessarily associated with all eruptions. The small
eruptions are part of the global process leading to a major
eruption which stopped the loading process, and released a
largest volume of magma. This major eruption materialized
the edifice failure. This might explain why an acceleration
of the seismicity is observed during the whole time interval,
1977-1983, at Kilauea volcano despite the occurrence of
multiple eruptions. At andesitic volcanoes, eruptions lead to
an almost complete relaxation of the pressure. This is
suggested by the longer time interval between eruptions
with higher explosivity index [Simkin and Siebert, 2000].

[43] One notable feature of power law accelerations is
that they could provide an a priori prediction of the eruption
onset time [Kilburn and Voight, 1998]: The VT activity,
Nit) = a x (t. — 1)’ + ¢, becomes singular at f,.
However, a power law acceleration is only found when
averaging over multiple sequences at basaltic volcanoes
[Chastin and Main, 2003; Collombet et al., 2003], and
the short timescale of the acceleration at andesitic volca-
noes limits its applicability for mitigating volcanic hazards
[Kilburn and Sammonds, 2005].
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[44] At last, we would like to emphasize that the physical
model we proposed could not have been resolved on the
basis seismicity data alone. Such an analysis, limited to
seismicity data, would not have been able to reject a power
law model. It is the conjunction of both deformation and
seismicity data that allows us to discriminate between
possible models. It highlights the importance of building
models based on the evolution of multiple parameters.

7. Conclusion

[45] We showed here that during the three studied phases
of magma accumulation, VT seismicity, close to inflation
centers, can be well described by an exponential increase.
This increase of seismicity occurred while deformation rates
recorded at the same time at Kilauea and Mauna Loa
volcano were decreasing. We proposed a model that
accounts for both seismicity and deformation. We studied
the evolution of pressure of a magmatic reservoir undergo-
ing a replenishment from a source region at depth. A
constant source overpressure was hypothesized and the
evolution of the reservoir pressure is controlled by the
addition of new magma. However, the increase of pressure
in a reservoir, reduces the rate of newly entering magma in
the reservoir, and thus introduces slow, decelerating, load-
ing condition. These mechanisms led to a pressure rate
exponentially decaying over the time of magma accumula-
tion process. The same evolution was obtained for vertical
deformation if an elastic medium is assumed. This shape of
deformation is often observed on volcanoes during inflation
stages and appears to explain the deformation at Kilauea
and Mauna Loa. Finally, a simple model of rupture was
used to link the load history to the evolution of seismicity.
This simple model is able to reproduce the observed
exponential evolution of the seismicity. We thus propose
that magma accumulation at basaltic volcanoes may be
characterized by a broad scale process and that this process
can be identified by a combined analysis of both geodetic
and seismic data.

[46] We finally propose that a precursory pattern emerges
at long time scales (years) and is likely to be related to the
accumulation of magma in a reservoir, at least for the three
studied volcanoes. This precursory phenomenon might be
represented by an exponential acceleration of the seismicity.
Vertical displacement at the surface can also attest for the
accumulation of magma. However, displacements are diffi-
cult to detect if the reservoir is deep. The deformation
pattern may also be highly sensitive to local, small shallow
intrusions or eruptions. The evolution of the seismicity
during inflationary stages may thus provide indirect infor-
mation about the state of stress in the edifice. Unfortunately,
it will not allow for a prediction about the timing of future
eruptions, as no singularity is present in the model. How-
ever, the knowledge of an ongoing magmatic reservoir
replenishment might be helpful for mitigating volcanic
hazards as it provides the timeliness for risk management
and further instrumentation deployment on and around the
volcano.
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