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Abstract. The time dynamics of the reservoir-induced seis-
micity observed in Açu area (Brazil) from November 1994
to April 1997 reveals a super-Poissonian behaviour in the
direction of a clustering process, where the occurrence of
an earthquake increases the likelihood of the occurrence of
a subsequent one. The seismicity shows strong correlation
for time scales larger than approximately 1 day up to about
four months, being characterized by Poissonian behavior for
timescales smaller than 1 day. Processes of formation of frac-
tures in the anisotropic and heterogeneous rockmass, along
with pore pressure diffusion driven processes, are hypothe-
sized as physical mechanisms for the appearance of Poisso-
nian and clusterized dynamics respectively.

1 Introduction

The characterization of the temporal distribution of a seis-
mic sequence represented a fundamental problem in seismol-
ogy. This problem, in fact, is strictly connected to seismic
hazard analysis (Boschi et al., 1995): knowing the statisti-
cal distribution ruling event occurrence improves the capa-
bility of reliably evaluating the probability of future earth-
quake occurrences. The models of time seismic occurrence
used several distributions, among which the poissonian dis-
tribution was the most extensively used since in many cases,
for large events a simple discrete Poisson distribution pro-
vides a close fit (Boschi et al., 1995). Poissonian processes
are memoryless processes with all the events independent
of each other, but it is well known that earthquake occur-
rence exhibits a strong degree of correlation between events
of the same sequence. Such a property is also called time-
clustering. Kagan and Jackson (1991) showed that earth-

quakes are both short- and long-range time-clusterized; and
the temporal clusterization of earthquakes was widely ob-
served in many seismic catalogues (Smalley et al., 1987; Ka-
gan and Jackson, 1991; Bodri, 1993; Telesca et al., 1999),
with power-law interevent time distribution (Telesca et al.,
2000a, b).

The interevent time distribution represents only one fea-
ture of a seismic process, because although it furnishes first-
order information about the process, it does not convey any
information about correlation. Therefore, time dynamics
of seismicity could be more deeply investigated by using
second-order methods, like the fractal methods. These meth-
ods are linked with the power spectral density, which is the
physical quantity that gives information about the correla-
tion structures of a process. If the power spectrum is flat for
any frequency, then the process is memoryless and uncor-
related, and this means that, for a point process like earth-
quakes, the time dynamics is Poissonian. Time-clusterized
processes are, instead, characterized by a power spectrum
behaving as a decreasing power-law (fractal) function of the
frequency; and the power-law exponent, called scaling ex-
ponent, identifies and quantifies the strength of the inner
time-correlations. Fractal methods were used to distinguish
Poissonian from clusterized seismic sequences (Telesca et
al., 2001a, b; Telesca et al., 2009), to evaluate the spa-
tial variability of time-clustering behavior (Telesca et al.,
2001c; Telesca et al., 2003), and to evaluate the magnitude-
variability of the property of time-clusterization (Telesca and
Macchiato, 2004; Telesca et al., 2007).

In the present study, time-clusterized structures in the
time dynamics of the 1994–1997 Açu (Brazil) reservoir-
triggered seismicity are analyzed. Reservoir-triggered seis-
micity represents one of the most interesting fields of the

Published by Copernicus Publications on behalf of the European Geosciences Union.



806 L. Telesca et al.: Analyzing the temporal fluctuations of the reservoir-triggered seismicity

so-called anthropic seismicity and was observed in several
areas worldwide, in Nurek Reservoir, Tadjikistan (Simpson
and Negmatullaev, 1981), in the reservoirs LG3 and Manic
3, Quebec, Canada (Anglin and Buchbinder, 1985; Leblanc
and Anglin, 1978), and in Koyna-Warna (India), which rep-
resented the paradigm of such seismic phenomenon (Telesca,
2010, and references therein). Reservoir-triggered earth-
quakes are characterized by higherb-value, larger magnitude
ratio of the largest aftershock to the mainshock, increase of
seismicity rate with the increase of water level; and these fea-
tures discriminate them from tectonic seismic events (Gupta,
1985; Gupta et al., 1972a, b).

2 Study area

The study area lies on the Crystalline Precambrian
(>540 Ma) basement of NE Brazil (Fig. 1). The area
approaches the Cretaceous-Cenozoic sedimentary Potiguar
basin. The crystalline basement is mostly composed of
gneiss and migmatites (Caicó group) and mica-shists, mar-
bles, and quartzites (Seridó group). Northeastern Brazil is a
relatively stable intraplate area away from plate boundaries.
Nonetheless, widespread evidence of coseismic faulting and
liquefaction has been observed in the geological record (Bez-
erra et al., 2005, 2007). Historical data indicate that in 1808,
an earthquake 4.8 mb (estimated from felt area by Ferreira
and Assumpç̃ao, 1983) had a maximum Modified Mercalli
intensity of VI in the town of Açu. In 1930, another event
was felt with intensity IV to V MM in Açu but the epicenter
is not known. Additionally, swam-like seismic activity has
been extensively reported and investigated in NE Brazil us-
ing local seismographic networks (Ferreira et al., 1998, 2008;
Lopes et al., 2010; Bezerra et al., 2007).

The crystalline basement in NE Brazil provides excellent
signal-to-noise ratios in the recorded waveforms due to its
high rigidity, simple seismic velocity structure, and low at-
tenuation. This characteristic, along with its relatively low
background seismicity, makes the region an excellent site
for studies concerning the following: shear-wave splitting
(do Nascimento et al., 2004a), spatio-temporal evolution of
reservoir-induced seismicity (Ferreira et al., 1995; do Nasci-
mento et al., 2004b; El-Hariri et al., 2010), seismic sources
(Tomic et al., 2009) and fault/fracture transport properties
(do Nascimento et al., 2005a, b; Pytharouli et al., 2011).

Seismicity in the Açu reservoir occurs in NE-SW trending
discrete fault zones (Ferreira et al., 1995; do Nascimento et
al., 2004a), although more detailed work using field obser-
vation and high precision hypocentral location has demon-
strated that the earthquakes are not occurring in a single plane
defined by the hypocentral location (Pytharouli et al., 2011).
In fact, the seismicity occurs in a series of sub parallel and
perpendicular planes to the NE–SW trend. Nonetheless, all
these planes are consistent with the modern-day E–W com-
pressive stress (Pytharouli et al., 2011).
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Fig. 1. Spatial distribution of the seismic clusters a, b and c in Açu
(NE Brazil).

The report by do Nascimento et al. (2004a) reported the
occurrence of at least four discrete active fault zones – they
called them “clusters” – in the Açu reservoir region. For
three of these clusters (clusters a, b and c in Fig. 1), it was
possible to capture their detailed spatio-temporal behavior
with respect to the water level in the reservoir. Unfortunately,
only during the mentioned three-year period we had proper
monitoring using a eight three-component digital network.
After that period, the project that funded the seismic mon-
itoring ended and so did the monitoring using such dense
network. After 1997, we only kept one analogue station near
the dam wall for a few more months. The relationship be-
tween average time delay between the maximum in water
level and the average hypocentral depth of the seismic activ-
ity revealed that clusters a and b have slightly lower hydraulic
conductivity than cluster c, which reflects the heterogenous
nature of the fault permeability structures (do Nascimento et
al., 2004a).

In fact, pore pressure diffusion is the dominant RIS mech-
anism at the site. However, other mechanims also play a
role at the site. Certainly undrained response is a possible
explanation for seismic triggering in 1994, so that seismic-
ity increased shortly after the increase in water level. The
higher seismicity rate in 1995 is probably due to the initia-
tion of the seismicity in “cluster a” and additional seismicity
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Fig. 2 489 

 490 

 491 

 492 

-1x10
7 0 1x10

7
2x10

7
3x10

7
4x10

7
5x10

7
6x10

7
7x10

7
8x10

7

0.0

0.5

1.0

1.5

2.0

2.5

3.0

m
a
g

n
it
u

d
e

seconds since Nov 5, 1994

 493 
494 Fig. 2. Time distribution of the earthquakes of cluster a. The num-

ber of events is 224.

some other area in the reservoir. At the water-level peak in
1995, the reservoir was 32.8 m deep, and the seismicity rate
was significantly higher following this larger peak, the high-
est the water-level had been since 1989. The observation
of this high seismicity rate after the highest water level in
the reservoir since 1989 could also be a manifestation of the
Kaiser effect (similarly to the observations of Durá-Gómez
and Talwani, 2009), so that we could observe the occurrence
of large magnitude events when the lake level exceeds the
previous maximum lake-level. However, to address this is-
sue we would have to investigate how the magnitudes are
related to the seismicity and water level, which is beyond the
scope of the present work.

3 Methods and data analysis

The temporal distribution for cluster a is shown in Fig. 2.
Cluster b and c were not investigated due to their very low
number of events. The sequence is visibly clusterized in
time because the events are not homogeneously distributed
on time.

Figure 3 shows the typical cumulative number of events
N(t) versus timet . One observes that the local rate (local
slope) is not constant, contrary to a Poisson process; in fact,
it is clearly visible that a jump-like feature located approxi-
mately in the middle of the series is superimposed to an ir-
regular trend.

In order to depict more precisely rate inhomogeneities, an
analysis of the local rates was performed. The whole obser-
vation period was subdivided in a certain number of nonover-
lapping windowsW of durationT and the number of events
Nw falling in each window was counted. The local rateRw
was then given byNw/T . Figure 4 shows, as an example, the
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Fig. 3. Cumulative number of eventsN(t) vs. time of occurrence
for cluster a.
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503 Fig. 4. Local rates for cluster a with time window of 7 days(a) and

3.5 days(b).

local rateRw for T = 7 days (Fig. 4a) and forT = 3.5 days
(Fig. 4b). In both cases, a quasi-monthly oscillation of the
rate is visible. To estimate rate’s linear correlations, a spec-
tral analysis of the time series of increments (as difference
between consecutive values) of the rateRw was performed.
Figure 5 shows the log-log plot of the power spectral den-
sity S(f ) of the increment time series for the rateRw shown
in Fig. 4a. The spectrum is approximately linear, follow-
ing the power lawS(f ) ∼ f β , with β ∼ 0.7. The particular
shape of the spectrum, increasing with a power–law function
of the frequencyf , indicates that the consecutive values of
the incrementsI are negatively correlated or antipersistent,
meaning that the increase in the rate is very likely followed
by a decrease and vice versa. The shuffled increment time
series is, instead, a white noise (Fig. 6). Since the increment
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Fig. 5 504 
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Fig. 5. Power spectrum of the increment time series for the rate
shown in Fig. 4a.

processI is the derivative of the rate processRw, the spec-
trum ofRw decreases as a power-law functionS(f ) ∼ 1/f α,
with α = 2−β (Peng et al., 1993).

The Allan Factor (AF) is applied to detect correlations
in the sequence of the earthquake counts. Dividing the
time axis into equally spaced contiguous windows of du-
ration τ , and denoting withNk(τ ) the number of events
falling into thek-th window, the Allan Factor is defined as

AF(τ ) =
<(Nk+1(τ )−Nk(τ ))

2
>

2<Nk(τ )>
, where< ... > indicates expec-

tation value.
If the sequence of earthquakes is clusterized in the time do-

main, then AF(τ) behaves as a power-law function, AF(τ) ∝

τ d (Thurner et al., 1997), and the fractal exponentd can be
estimated by the slope of the line that fits the curve in its
linear range; for a hypothetical Poissonian earthquake se-
quence, the AF is approximately near unity for all timescales
τ , with α ≈ 0.

Figure 7 shows the AF of the seismic sequence recorded
in Açu area for timescalesτ from 10 s to about 3 months;
the upper timescale approximately corresponds to the 1/10
of the entire period, as higher timescales would lead to mis-
leading results for the poorer statistics. The AF plot sug-
gests the presence of time-clustering behavior because it in-
creases with linear form forτ > 105 s in bilogarithmic scales.
The cutoff timescale 105 s is the so-called fractal onset time
(Thurner et al., 1997) and indicates the lower timescale from
which the clustering behavior can be detected and quantified.
The early flatness up to about 104 s indicates a Poissonian-
like behavior of the sequence for the small timescales. The
intermediate timescale region between 104 s and 105 s can be
considered as a “transfer” timescale region between the two
opposite behaviors – from Poissonian to clusterized dynam-
ics. The estimate of the scaling exponent in such timescale
range is∼0.7. The AF curve shows a drop at around
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Fig. 6 508 
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511 Fig. 6. Power spectrum of the shuffled increment time series.
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Fig. 7 512 
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514 Fig. 7. Allan Factor of the seismic series of cluster a.

27.3 days; generally a drop in the AF curve indicates a peri-
odicity in the sequence (Turcott et al., 1994).

In order to check whether the AF curve is significantly
distinguished from that obtained by Poissonian sequences,
characterized by identical mean intervent time and identical
number of events, we generated 1000 Poissonian sequences.
To each simulated sequence the AF was applied. For each
timescale the 95th percentile among the AF values for that
timescale was calculated. The final 95 % confidence AF
curve was then given by the set of the 95th percentiles. The
AF curve is significantly different from those obtained by the
Poisson surrogates forτ > 104 s; therefore, the scaling be-
havior of the seismic cluster is significantly non Poissonian
(Fig. 8). It is clear that for timescales shorter than 103 s the
point process of earthquakes is essentially Poissonian, be-
cause the AF remains close to unity. For longer timescales
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518 Fig. 8. Comparison between the AF of the cluster a and the 95 %

confidence curve evaluated over 1000 Poisson surrogates.

the AF curve noticeably departs from unity, suggesting that
there might be some non-Poissonian effects in the seismic
process.

In order to check the possible origin of the scaling behav-
ior of the sequence, we shuffled 1000 times the interevent in-
tervals, and for each shuffle we calculated the AF curve. The
95 % confidence AF curve for the shuffles was calculated as
above (Fig. 9). If the original point process exhibits the same
behavior in AF as the shuffled one, then the observed depar-
ture from Poissonian statistics is only due to the distribution
of interevent intervals and not due to their particular order-
ing; that is, the interevent intervals are no more bursty than
expected by chance (Anteneodo et al., 2010). The shuffling
reduces mostly the upper bound of the power scaling region
from the timescaleτ > 106 s, and this indicates that the scal-
ing properties are partially due to the distribution of the in-
terevent times, but also that the longer range correlations are
due to the specific ordering of the interevent intervals. In par-
ticular, up to 106 s the AF curve is not discernably different
from the shuffled counterpart (with 95 % confidence), indi-
cating that the observed “departure” from Poissonian statis-
tics (for timescales less than 106 s) is merely an artifact of
the heavy-tailed distribution of the interevent intervals and
not due to some intrinsic burstiness. On the other hand, for
timescales higher than 106 s, the AF of the original sequence
is above that of the shuffle, and this indicates that for these
timescales the dynamics of the seismic process is due to the
ordering of the interevent intervals.
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Fig. 9 519 
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 522 Fig. 9. Comparison between the AF of the cluster a and the 95 %

confidence curve evaluated over 1000 shuffled surrogates.

4 Discussion and conclusions

Time-scaling dynamical analysis of seismicity data observed
in Açu (Brazil) reservoir from November 1994 to April 1997
in the temporal dynamics of the seismic series in the spa-
tial “cluster a” reveals super-Poissonian behaviour in the di-
rection of a clustering process, where the occurrence of an
earthquake increases the likelihood of the occurrence of a
subsequent one.

The seismicity of this cluster in the study area is known to
be strongly associated with the pore diffusion through frac-
tures imbedded in the rockmass.

The cluster shows strong correlation for time scales
τ > 105 s (approximately 1 day) reaching up to 107 s (ap-
proximately four months). For timescaleτ < 104 s (hour
scale) the interevent time distribution is Poissonian. This
is consistent with the dominance in seismicity by the
widespread formation of fractures in the anisotropic and het-
erogeneous rockmass at short timescales. For timescales
larger thanτ > 106 s (day to month scale), for which the
clustering is mainly due to the ordering of the interevent
times, the seismicity is mainly driven by a pore pressure dif-
fusion mechanism which has similar timescale characteris-
tics (days to months). The reason for the observed periodic-
ity of about 27 days, indicated by the drop in AF curve, is not
well-know; probably it could be connected with Earth tidal
processes. Klein (1976) found that six over eight reservoir-
induced seismic sequences revealed tidal components, iden-
tifying the role of tidal stresses in being oriented to enhance
the tectonic stress. However, in the case examined in our pa-
per, deeper investigation will be planned in order to assess
the existence of tidal components in the time evolution of
seismicity.
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A. F., Śa, J. M., and França, G. S.: The role of Precambrian
mylonitic belts and present-day stress field in the coseismic re-
activation of the Pernambuco lineament, Brazil, Tectonophysics,
456, 111–126, 2008.

Gupta, H. K.: The present status of reservoir indiced seismic-
ity investigations with special emphasis on Koyna earthquakes,
Tectonophysics, 118, 257–279, 1985.

Gupta, H. K., Rastogi, B. K., and Narain, H.: Common features
of the reservoir-associated seismic activities, Bull. Seismol. Soc.
Am., 62, 481–492, 1972a.

Gupta, H. K., Rastogi, B. K., and Narain, H.: Some discrimina-
tory characteristics of earthquakes near the Kariba, Kremasta,
and Koyna artificial lakes, Bull. Seismol. Soc. Am., 62, 493–507,
1972b.

Kagan, Y. Y. and Jackson, D. D.: Long-term earthquake clustering,
Geophys. J. Int., 104, 117–133, 1991.

Klein, F. W.: Tidal triggering of reservoir-associated earthquakes,
Eng. Geol., 10, 197–210, 1976.

Leblanc, G. and Anglin, F.: Induced seismicity at the Manic 3
Reservoir, Quebec, Bull. Seismol. Soc. Am., 68, 1469–1485,
1978.
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