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[1] Temporal variations of spatial multifractal dimensions of Quito swarm seismicity
(Ecuador) are related to the August 1998 to December 1999 Guagua Pichincha volcanic
activity. Multifractal dimensions decrease a few days before the five main seismic energy
peaks and increase again before or just after these peaks. This behavior reveals a self-
organization of earthquakes that precedes main seismic energy peaks. The Quito swarm is
also characterized by a bimodal Gutenberg-Richter law with two b values: b1 = 0.95 ±
0.15 and b2 = 1.48 ± 0.15. This bimodality may reveal the superposition of two different
processes: one related to a classical elastic rupture and the other related to hydraulic
fracture (leading to high b values) resulting from magma and overpressurized groundwater
movements. Groundwater expulsion may be driven by heat released from deeper
upgoing magma and manifested on the surface by the occurrence of phreatic explosions
(beginning 7 August 1998) and by the formation of eight dacitic lava domes (beginning
25 September 1999). INDEX TERMS: 7209 Seismology: Earthquake dynamics and mechanics

7215 Seismology: Earthquake parameters; 7223 Seismology: Seismic hazard assessment and prediction; 7260
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1. Introduction

[2] A swarm of tectonic-like high frequency (1–10 Hz)
events with clear P and S waves appeared in two separate
episodes before the 1998–1999 phreatic and magmatic
activity periods of Guagua Pichincha volcano (GPV), Ecua-
dor [Calahorrano et al., 1999; Calahorrano, 2001; Legrand
et al., 2002]. This swarm was located in the northern part of
the city of Quito, about 15 km NE of the volcano (Figure 1).
The first episode started in July 1998, one month before a
period of intense phreatic activity of GPV. A second, less
energetic episode occurred in June–August 1999, 2 months
before the magmatic activity of GPV, which started in
September 1999 with the extrusion of dacitic domes and
volcanic events below the volcanic vent [Villagómez et al.,
1999; Villagómez, 2000]. A Mw = 7.1 subduction earth-

quake occurred on 4 August 1998, at 1859 UT, in Bahı́a de
Caráquez (200 km west of GPV, Figure 1) few weeks after
the beginning of the Quito swarm. It occurred 3 days before
the beginning of a period of intense phreatic activity, which
included hundreds of phreatic explosions [Villagómez,
2000; Segovia, 2001]. As this event is strongly correlated
with GPV in space and time, and as the volcano had started
a slow phreatic reactivation since 1981, it may have been a
catalyzer of the intense phreatic and magmatic activity, even
if it can not be proved. This article will focus on the
description and the understanding of the volcanic complex
dynamics by the study of b values and temporal variations
of spatial multifractal dimensions Dq.
[3] A swarm is defined as a large number of small seismic

events with respect to large events (i.e., there is not a
predominant main event) that are concentrated in space
and time [Mogi, 1963]. The b value of swarm-like seismic
activity is often significantly higher than typical tectonic
average values, which vary from 0.67 to 1.0 [Gutenberg and
Richter, 1949, 1954; Lay and Wallace, 1995]. Furthermore,
b-values are commonly larger in volcanic regions than in
tectonic ones [Francis, 1968a, 1968b]. Some examples are
the 1.3 b value at the northern Mid-Atlantic Ridge [Sykes,
1970]; 1.24 for the 1968 Fernandina caldera collapse in the
volcanic Galapagos Islands, Ecuador [Francis, 1974]; 1.2 ±
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0.1 for the 1989 Mammoth Mountain volcano swarm,
California [Hill et al., 1990]; 1.2 for the 1989 off Eastern
Izu Peninsula swarm, Japan, associated to a submarine
volcanic eruption [Matsumura et al., 1991]; and greater
than 1.3 at Mount St. Helens volcano [Wiemer and McNutt,
1997]. Nevertheless, high b values are not exclusive of
volcanic regions. For example, a b value of 1.3 ± 0.1, with a
98% of confidence has been calculated for Bucaramanga
swarm, Colombia [Rivera, 1989]. High b values (1.2 ± 0.11
for depth <4 km and 1.28 ± 0.12 around 4-km depth) have
been found in shallow parts of the Parkfield segment of the
San Andreas Fault [Wiemer and Wyss, 1997].
[4] Spatial and temporal b value variations have been

observed before large earthquakes [e.g., Suyehiro et al.,
1964; Mogi, 1969; Smith, 1981; Wyss and Habermann,
1988] and around volcanoes [Wyss et al., 1997; Wiemer
and McNutt, 1997; Wiemer et al., 1998; Power et al., 1998].
The separation of spatial and temporal aspects in such
studies is a big challenge. When performing three-dimen-
sional tomographic analysis of b values, especially on small
cells, it is difficult to ensure that the Gutenberg-Richter

(GR) law is respected, i.e., that different sizes of earth-
quakes will be well sampled in each cell (exclusion of large
events in many small spatial cells leads to artificially high b
values). In this article, all of the earthquakes included in the
whole region are considered, without solving the space and
time interaction problem (see section 4).
[5] The complexity of spatial distributions of earthquakes

cannot always be described by a single parameter, such as the
b value or one fractal dimensionD [e.g., Kagan and Knopoff,
1978; Ogata, 1988; Hirata, 1989]. It is sometimes necessary
to calculate a spectrum of multifractal dimensions, which
may describe better this complexity [e.g., Hirata and Imoto,
1991; Dongsheng et al., 1994]. We will show that the Quito
swarm and the corresponding Guagua Pichincha volcanic
activity are not simply linear processes but are complex and
must be described by nonlinear physics.

2. Seismic Network and Earthquake Locations

[6] The seismic network used for this study is composed
of 35 short-period (one and three component) stations, with

Figure 1. Regional and local seismic stations (triangles) used to locate the Quito swarm earthquakes.
The events were located using the Master Event method [Spence, 1980; Besse, 1986].

B01307 LEGRAND ET AL.: MULTIFRACTAL AND b VALUE SEISMIC ANALYSIS

2 of 9

B01307



15 stations close to the swarm (Figure 1). Event locations
must be very precise because slight location errors may
overestimate spatial multifractal dimensions [Kagan and
Knopoff, 1980; Eneva, 1996]. The master event technique
[Spence, 1980; Besse, 1986] allows a more precise deter-
mination of hypocentral locations. However, this technique
only calculates relative hypocenters with respect to a
reference earthquake. However, as multifractal dimension
calculations are not sensitive to absolute locations, an error
in the reference earthquake location will not affect the
results.
[7] Events comprising a swarm mainly occur within a

small spatial region; hence some of their waveforms may
have a similar shape. These events with similar waveforms,
called multiplets, are thought to have a common focal
mechanism [Poupinet et al., 1984]. They used this wave-
form similarity of earthquakes in the Calaveras fault,
California, to do a relative relocation of events with respect
to a well-known hypocenter location. However, even
though some of the events of the Quito swarm can be
recognized as multiplets, not all of them have the same focal
mechanism [Legrand et al., 2002]. Therefore hypocenter
locations were not determined using the multiplet technique.
Instead, relocations were performed with the master event
technique to accommodate the complete catalogue of
events.
[8] Local magnitudes have been calculated using the

duration T (s) of the seismogram with a classical formula
[Lee et al., 1972]: ML = �0.87 + 2.0 * log10T + 0.0035*�,
where � is the epicentral distance (km). Event durations
were determined using seismic records from station QUR
when available, or the closest stations when QUR was not
functioning.

3. Catalogue Compilation

[9] Determination of temporal variations of seismic
parameters requires a complete catalogue over time and
careful examination of the acquisition conditions of the
data. Correlation between temporal variations of a param-
eter with any change of its acquisition conditions may be
considered as suspect. For example, finding a double slope
in GR law is always a priori suspicious, and much attention
must be taken in order to be sure that this break is real
[Main, 2000]. Artificial changes in the rates of seismic
activity related to changes in the seismic network configu-
ration (installation, change or closure of seismometers,
change in instrument gains, change in the magnitude thresh-
olds of complete recording, change in the way of calculating
the magnitude, etc.) may affect b value calculations over
time [Habermann, 1987; Eneva et al., 1994]. For example,
there were two slopes in the GR law in Long Valley caldera,
California, during intense swarm activity [Barton et
al., 1999]. Barton et al. explain this artificial break by the
lack of small event readings during the period of intense
seismic activity. In this case, the b value of intense activity
corresponding to the segment of large events is similar to
the b value for a complete catalogue corresponding to low
levels of activity. In contrast, the b value corresponding to
the segment of small events is artificially low due to
incomplete cataloguing of events during intense seismic
activity, and is smaller than the b value corresponding to a

complete catalogue for the same magnitude range during
normal seismic activity.

4. The b Values of Quito Swarm

[10] There is a duality between space and time in b value
calculations. This means that if a complete description of
the GR law is expected (i.e., there is a linear part of this
law), one must consider a small region over a long time (t)
of observation, or a greater region over a smaller time
interval. Hence spatial and temporal windows cannot be
chosen independently. If the maximum magnitude recorded
in the region isMmax, the size of the region over which the b
value is calculated should be at least equal to the charac-
teristic size of the earthquake of magnitude Mmax, to be sure
to record all the aftershocks associated with the main shock.
Once the spatial window is taken, the temporal window
should be long enough that all magnitude ranges are
sampled during this time window. If the space is divided
into small cells, it is not certain that each cell will have the
same number of events. Hence the GR law may not be
equally representative in space and may not be applied in
cells with few data points.
[11] Beneath a volcano, we usually consider a small

region, so theoretically a long time window interval should
be taken, to be sure to record all the significant activity
(especially large events) of that region. This condition is
rarely satisfied, because large events rarely occur beneath
volcanoes. However, exceptions exist; large earthquakes
have been recorded close to some volcanoes, for example:
Ms = 7.1 in 1975 close to Kalapana volcano (United States),
M = 7.0 in 1912 close to Katmai volcano (United States),
and Ms = 7.0 in 1914 at Sakura-jima volcano (Japan). So
high b value estimates under a volcano may, in some
particular cases, be due to an artifact of a small time
window. Additionally, it is almost impossible to calculate
temporal variations of b values of a swarm in short time
windows. The b value calculation requires a distribution of
large and small events in such a way that the GR law is
satisfied (i.e., presence of a linear part over a finite magni-
tude range). It may be necessary to consider a long time
window to correctly and completely sample large and small
events of a swarm due to the nearly random distribution of
large and small events with time. Hence we calculate b
values for the whole volume where events occurred and for
the entire period from March 1998 to December 1999.

5. Double Slope in the GR Law of Quito
Swarm: Real or Not?

[12] The b value of the GR law was calculated with the
maximum likelihood method. For the case of single slope
(Figure 2c) we use the method of Aki [1965], and for the
case of a double slope (Figures 2a and 2b) we use the
method of Shimazaki [1986] for which a conversion from
magnitude to seismic moment was done in order to achieve
a log-log relation. The Quito swarm is characterized by a
GR law with two b values: b1 = 0.95 ± 0.15 and b2 = 1.48 ±
0.15 (Figure 2b).
[13] One possible explanation for the source of double

slopes in GR laws is that changes in the configuration of the
seismic network introduce artifacts in the GR law. For the
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Quito swarm, two new stations (FARH and EDEN) were
installed close to the epicenters after the beginning of the
swarm (Figure 1). These two new stations allowed a better
precision in event locations. Nevertheless, these installations
have not affected the number of events of magnitude >1.4
(the magnitude threshold) that could be recorded by the 13
other nearby stations. Hence the double slope observed is not
an artifact of changes in the seismic network.
[14] The validity of the double slope was determined

using the following steps:
[15] 1. The GR law was calculated for a large region that

includes the Quito swarm (Figure 2a). A double slope in the
GR law was observed: the first one with a b value of 0.84 ±
0.1 between ML = 2.5 and 3.4 and the second one with a b
value of 1.35 ± 0.1 between ML = 3.4 and 5.2. This suggests
that two different processes (corresponding to two slopes)
are the source of seismicity in this area.

[16] 2. The b values were also calculated for the Quito
swarm alone (Figure 2b). The double slope is still observed,
one with a b value of 0.95 ± 0.15 between magnitude ML of
1.4 and 2.6, and another one with a b value of 1.48 ± 0.15
between ML = 2.6 and 4.2.
[17] 3. Finally, the GR law was calculated for region

1–region 2 (Figure 2c). We observe only one slope with a b
value of 1.18 ± 0.1 betweenML = 3.2 (the regional threshold
magnitude) and 5.2. This value is close to that of the Quito
swarm for magnitudes between 1.5 and 2.6 (Figure 2b, first
slope) and is close to the typical b value of about 1.0 and
may be considered as the regional b value. One could think
that the double slope of the entire area (step 1) is related to
another swarm. The data shows a second swarm, nonvol-
canic, called the Pisayambo swarm (Figures 2a and 2c).
However, Figure 2c includes the Pisayambo swarm but does
not show a double slope. Therefore we attribute the double
slope exclusively to the Quito swarm.

6. Dq Values of the Quito Swarm

[18] In order to deal with a complete catalogue, we only
take into account events with a magnitude greater than or
equal to the threshold magnitude of complete recording
(linear parts of the GR law). To remain consistent in our
analysis, we use the same catalogue of events (ML > 1.4),
where a double b value is observed, to determine Dq values.
[19] Dq values and b values cannot be calculated over the

same time windows because, while b values must be
calculated over a wide range of magnitudes (i.e., over a
long time window), Dq values do not take magnitude into
account (i.e., a smaller time window can be used). Temporal
evolution of Dq values is performed on sliding windows of
200 events with an overlap of 20. These numbers have been
chosen empirically so that for each sliding window enough
points exist to calculate Dq values. This is accomplished by
visually inspecting each graph. Moreover, Dq values were
calculated for the entire data set and compared to a sliding
window, where no variation was expected. The minimum
number of events necessary to describe the Dq values of the
entire data set was tested empirically, using different lengths
of the sliding window. This method is based on the
assumption that a subset of another fractal set is a fractal
set with the same fractal dimension. The bias that may be
introduced is considered to be constant over time. There-
fore, in many cases, using the entire data set available does
not imply a better resolution [Eneva, 1996]. Here, the study
was limited to a complete data set in magnitude
corresponding to the linear parts of the GR law. However,
an infinite data set should be used to be sure of the
multifractal behavior. In the case of a limited data set, a
monofractal set can appear as multifractal [Havstad and
Ehlers, 1989; Eneva, 1996]. In order to show a multifractal
behavior, an infinite number of points should be used. It is
impossible on real data, and as a consequence a real multi-
fractal behavior often appears as monofractal [Eneva, 1996].
As a result, we will focus on the temporal variations of Dq

values, not the multifractal characteristic of the data set.
Temporal variations in Dq values can provide a powerful
tool for detecting large seismic activity, as have been
demonstrated in laboratory rock failure experiments [Hirata
et al., 1987], large earthquakes [Radulian and Trifu, 1991],

Figure 2. Gutenberg-Richter law with respect to local
magnitude, corresponding to seismicity from March 1998 to
December 1999 for (a) region 1, Quito swarm and
surrounding areas, (b), region 2, Quito swarm only, and
(c) region 1–region 2. Squares in a and c correspond to the
nonvolcanic Pisayambo swarm.
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mine earthquakes [Coughlin and Kranz, 1991; Eneva,
1996], synthetic catalogs [Eneva and Ben-Zion, 1994],
and aftershock sequences [Legrand et al., 1996].
[20] There are many fractal dimension definitions and

descriptions [Eckmann and Ruelle, 1985; Baker and Gollub,
1990] (few of them are summarized by Legrand et al.
[1996]). For example, the capacity dimension DC

DC ¼ lim
e!0

log10 N eð Þ
log10 1=eð Þ

where N(e) is the number of filled boxes of size e needed to
cover the fractal object, often called the ‘‘box-counting’’
method.
[21] The information dimension DI:

DI ¼ lim
e!0

I eð Þ
log10 e

¼ lim
e!0

XN

i¼1
pi log10 pi

log10 e

where pi = pi(e) is the probability of occupation of the ith
box of size e, S(e) = �I(e) = �

PN
i¼1pi log10pi is the entropy

(minus the information I(e)), and N is the number of boxes.
The information dimension takes into account the number
of points in each box that the capacity dimension does not
account for.
[22] The correlation dimension DG:

DG ¼ lim
e!0

log10 C eð Þ
log10 e

where

C eð Þ ¼ 1

N

XN
j¼1

1

N � 1

XN
i¼1
i 6¼j

H e� k xi � xj k
� �2

4
3
5

is the correlation function,N is the number of points, kxi� xjk
is the distance between the two points xi and xj, and H is the
Heaviside function. This definition takes into account the
spatial distribution of points inside each box and was first
introduced by Grassberger and Procaccia [1983] for a
temporal signal, generalized afterward for a spatial set of
points.

[23] The generalized fractal dimensions Dq:

Dq ¼
1

q� 1
lim
e!0

log10

XN eð Þ

i¼1

p
q
i

 !

log10 eð Þ

defined byGrassberger [1983] andHentschet and Procaccia
[1983], where pi = pi(e) is the probability of occupation
of the ith box of size e and q is a positive or negative real
number. This definition takes into account the general-
ization distance of order q between points, and can be seen
as a generalization of order q of the correlation dimension.
The parameter pi

q is the probability of having q points
within the ith box, so q can be interpreted as the degree of
correlation. Dq can be calculated in a similar way as the
correlation dimension [Kurthz and Herzel, 1987; Hirata
and Imoto, 1991; Eneva, 1994]:

Dq ¼ lim
e!0

log10 Cq eð Þ
log10 e

with

Cq eð Þ ¼ 1

N

XN
j¼1

1

N � 1

XN
i¼1
i 6¼j

H e� k xi � xj k
� �2

4
3
5

q�1ð Þ
8><
>:

9>=
>;

1
q�1

We have the following properties: D0 = DC, D1 = DI and
D2 = DG and Dq is a decreasing function of q, i.e., if p < q,
then Dp > Dq. For a simple monofractal, Dq is independent
of q and all these definitions are equal.
[24] All these definitions express geometry only (i.e.,

number of earthquakes within boxes independent of magni-
tude), so we assume a self-similarity of events with respect to
magnitude. A simple model of a point source is also assumed
for each event, independent of the magnitude. A more
accurate analysis would account for fault plane orientation
and size, however, we do not take this into account because
focal mechanisms are not known well enough in this study.
[25] For each window, the correlation function, Cq, was

determined for different values of e for q = 2 to q = 25
(period 1 is shown in Figure 3). The temporal variation of
Dq values show at least 5 peaks, which are consistent from
q = 2 to q = 25 (Figure 4). The multifractal spectrum, the
change in Dq as a function of q, shows that as q increases Dq

decreases toward the constant value D (Figure 5).
[26] Temporal variations of multifractal dimension D2 are

compared to earthquake energy (Figure 6). Only D2 is
shown for clearness. The multifractal dimensions decrease
a few days before the five main energy peaks of activity.
After the decrease, the dimensions increase and come back
to their original value before or just after the maximum
energy peak. Peaks 4 and 5 are close, indicating that D2 did
not have time to return to its initial value. Nearly constant
multifractal dimensions describe the quiescence period
between peaks 2 and 3. Note that the lengths of the time
windows are not constant (Figure 6, top).

7. Discussion

7.1. Closed//Open System

[27] The Gutenberg-Richter law has widely been verified
for tectonic main shock/aftershock sequences, with classical

Figure 3. Example of correlation function Cq versus e in
km for period 1, with q varying from q = 2 to q = 25.
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b values close to 1.0. When a large earthquake occurs, the
elastic medium reacts to this excitation without any other
outside force, and aftershocks occur re-organizing them-
selves with respect to the main magnitude, following a time
decay described by Omori’s law. Such a system can be
called a closed system, because there is no external energy
brought in it. A volcanic system is different. Additional
energy may be introduced (e.g., thermal energy generated
by magma, overpressurized water or gas), generating a
thermoelastic stress [Warren and Latham, 1970]. Therefore
a volcanic system may be described as an open system.
Substantial external energy can enter the system, leading to
the generation of many small events, without generating a
large main shock as observed for tectonic earthquakes. In
this case, a high b value will be obtained.
[28] These closed/open systems can be inferred from

seismogram forms. For a typical earthquake, the seismo-
gram shows an impulsive beginning of P waves followed by
a decay of amplitude with time. This signal indicates a free
response of the ground to the short impulse responsible for
the earthquake. In the case of volcanic events (tremor,
phreatic, and/or magmatic explosions), the seismic signal
is completely different. The signal does not show a regular
decay of amplitude with time; amplitude may remain
constant for long periods of time such as in volcanic tremor.
Phreatic explosions often appear as long and complicated
signals that represent the superposition of many small
elementary and simple events. Signal without regular decay
periods suggest that the medium does not respond to a
single triggering force, but to a sustained excitation of the
source. On the basis of an analogy between a single event
and a swarm, we conclude that a swarm is not the response
of a single excitation, like a large event followed by many
aftershocks, but is due to the result of sustained source
excitation (i.e., movement of over pressurized fluids, stress
changes, etc).
[29] High b values (�1) reflect a high occurrence of

small events with respect to large events. Different explan-
ations for this have been proposed. Mogi [1962] suggested
that highly heterogeneous materials submitted to mechani-
cal loading might generate high b values. Scholz [1968] and
Wyss [1973] proposed that high b values are probably
related to a decrease in the amplitude of the stress applied
to the sample, which is accompanied by smaller fractures.
The b value may be somewhat related to the nature of the

rocks: a ductile rock has a higher b value than a brittle rock
[Scholz, 1968]. Scholz showed that variations in b values
were also related to the porosity of a rock: In highly porous
rock, the proportion of microfractures is greater than in a
less porous rock, therefore the b value will be higher. For
volcanoes, small earthquakes are usually recorded often
occurring along small faults. Furthermore, volcanic rocks
are commonly porous. Elevated fluid pressure decreases the
effective normal stress facilitating microcrack formation,
which leads to high b values [Scholz, 1968] as in reservoir-
induced seismicity [Simpson et al., 1988]. Warren and
Latham [1970] showed on sample experiments that thermo-
elastic stresses due to thermal gradients might also lead to b
values significantly larger than 1, as often observed in
volcanoes. Warren and Latham observed that seismic activ-
ity on samples starts abruptly, immediately after a thermal
gradient was applied, and the maximum of activity corre-
sponds roughly to the maximum of the thermal gradient.
They also observed the presence of swarms after the
apparent end of activity, correlated with small fluctuations
in the thermal gradient.

7.2. Lack of Large Events and Corresponding GR Law
Break

[30] Gutenberg-Richter law breaks have been described
for large events [Scholz, 1982; Pacheco et al., 1992]. These
breaks can be explained by the finite thickness of the
seismogenic lithosphere, which limits the rupture zone
width. The only possibility for a large fault is an extension
in a horizontal direction [Scholz, 1982; Pacheco et al.,
1992]. Since, in the case of the Quito swarm, only small
events (ML < 4.2) are involved, we can assume that faults
grew with a self-similar pattern (i.e., square and not rect-
angular). Therefore the break in the Gutenberg-Richter law
must be explained by another hypothesis.

7.3. Multifractal Dimension

[31] A temporal evolution of b value is difficult to
achieve in the case of a swarm because a large number of
events is required. A good alternative is to use a multifractal
study for which a smaller number of events is sufficient.
The complexity of the spatiotemporal self-organization of
events is due to fundamental physical processes that are
not completely understood, as suggested by Sornette and
Sornette [1999] and Wesnousky [1999].

Figure 4. Multifractal dimensions Dq for q varying from
q = 2 to q = 25 versus all temporal windows.

Figure 5. Example of a multifractal spectrum of Dq versus
q for q = 2 to 25, for period 1. As q is increasing, Dq is
decreasing toward the limit constant value D1.
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[32] A break in fractal dimensions has already been
shown during fluid extraction [Volant et al., 1992]. In our
study, we only observe a break in the GR law and not in the
multifractal dimension analysis. This difference is attributed
to the fact that the number of events involved in the break
of the GR law correspond to a small percentage of events
(2.7 < ML < 5.2), too few to affect multifractal spatial
dimensions.

8. Conclusions

[33] The two episodes of the Quito swarm are an
unusual case of volcano-related seismicity as they are
located 15 km from an active volcano. These events are

located in the northern part of the city, beneath the old
Casitagua volcanic complex (Figure 1), where many
preexisting small faults probably exist and where an
active reverse fault system is located. Casitagua volcano
is extinct and the distance to GPV is large enough (15 km
from the swarm epicentral zone) that the thermal stress
hypothesis for high b values does not seem probable. In
1998, the Quito swarm activity began 2 months before
the first phreatic explosion of 7 August, and in 1999, the
second peak occurred 2 months before the onset of
magmatic activity on 25 September [Calahorrano, 2001;
Legrand et al., 2002]. The slow rise of magma is
accompanied by overpressured groundwater that generates
the first episode of the Quito swarm and the first phreatic

Figure 6. Temporal variations of energy (shaded area) and multifractal dimension D2 (heavy line). The
eight largest earthquake magnitudes are shown (black points). The two vertical arrows correspond to the
first phreatic explosion (in period 17) and the large phreatic explosions of 5 and 7 October 1999 (period
102). The vertical line with a dot corresponds to the extrusion of the first lava dome on 25 to
30 September 1999 (periods 99 and 100).
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explosions at GPV. In this case, magma movements and
corresponding overpressurized water and/or gas ejection
are likely to change the local stress regime, triggering the
Quito seismic swarm.
[34] The Gutenberg-Richter law shows a clear double

slope i.e., it has two different b values (Figure 2). We
interpret this phenomenon as the superposition of two
different physical processes. One is related to a classical
elastic fracturation of the rocks with a classical b value close
to 1 (b1 = 0.95 ± 0.15). The other is related to a hydraulic
fracturation mechanism where faults can not reach high
magnitudes because of overpressurized water and resultant
increased normal stress. The lack of large magnitude events
will produce a high b value b2 = 1.48 ± 0.15. Following the
second episode of the Quito swarm, GPV was active;
magmatic activity began two months later on September
1999. We suppose that while magma was ascending (begin-
ning in July 1998) some overpressurized water was ejected,
explaining the bimodal Quito swarm behavior.
[35] We show that multifractal dimensions decrease a few

days before the five main energy peaks. In two cases they
have time to come back to their initial value before the peak
and in the other cases they come back afterward. A decrease
and subsequent increase of multifractal dimensions had
been shown before big aftershock sequences [Legrand et
al., 1996]. A similar behavior is shown here for activity
close to a volcano. This may be useful in predicting short-
term seismic energy peaks. Even if this behavior may not be
used to predict any long-term volcanic explosion, we
interpret it as temporal, non-long-term-predictable, chaotic
dynamic behavior.
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