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Abstract

In the Agu dam area (NE Brazil), a digital seismograph
local network was deployed for nearly three years and
recorded one of the best examples of Reservoir-induced
seismicity on a near-homogeneous Precambrian
crystalline basement. The hypocentral error location are
approximately 100m and are very suitable for
investigating a possible relationship between pore-
pressure diffusion and source parameters like stress
drop, rupture velocity, source duration and rupture length.
In order to obtain these source parameters from recorded
seismograms, attenuation and site effects have to be
removed. Empirical Green’s Functions (EGF) is an
alternative way to extract the earthquake source
information from the recorded digital seismograms. Here
we present results from EGF analysis of 6 earthquakes in
the Agu dam area. Estimates of source duration and
corner frequency imply low stress drop (10 to 100 MPa)
for these shallow reservoir-induced seismicity events.
These are similar to tectonic earthquakes, suggesting that
hypocentral depths and the presence of water do not
affect stress drop.

Introduction

During the last 50 years both theoretical models and
observations have clearly shown the correlation between
the change in local stress and/or the increase in pore
pressure along faults (see Gupta, 1992). Abercrombie
and Leary (1993) showed that the stress drops (difference
in stress on the fault plane before and after an
earthquake) of small, induced earthquakes (seismic
moment < 10" Nm) seems to be systematically lower
than those of tectonic earthquakes of similar magnitude
(Figure 1). Stress drop (40) is one of the source
parameters directly related to the ground acceleration
produced by an earthquake, hence resolving the stress
drop controversy between natural and induced
earthquakes can lead to better understanding of the
physics of earthquake source processes and prediction of
the seismic hazard. Stress drop values are heavily
dependent on the choice of source model used, and the
assumption of constant rupture velocity that is necessary
to calculate the area ruptured by the earthquake. The
goal of this study is to put quantitative constraints on

values of stress drop and rupture velocity by employing
EGF analysis on a high quality data set of reservoir-
induced earthquakes from Agu Reservoir, NE Brazil.
Other methods have been used to estimate source
parameters for these earthquakes (Tomic et al, 2006)
Static stress drop (40) is the difference in stress on the
fault plane before and after the earthquake (Brune, 1970).
For a circular crack, 4o is estimated following Eshelby
(1957):
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where Mj is the seismic moment (Nm), and r is the source
radius (m). The total duration of slip on the fault is
proportional to the duration of the pulse recorded on the
seismogram (Madariaga, 1976). When converted into the
frequency domain, the finite pulse duration produces a
corner frequency (f¢) in the displacement spectrum. Thus,
the corner frequency can also be used to estimate the
earthquake rupture size. Seismic moment is also
proportional to the area under the displacement pulse,
and thus also the long period amplitude of the
displacement spectrum. As implied by equation (1), any
uncertainty in the source radius becomes cubed in the
stress drop. The uncertainties in determining the radius of
the earthquake rupture and consequently the stress drop
from standard frequency domain analysis, are a
combination of data quality, analysis techniques and
assumed source models. Studies by Archuleta (1986)
found an increase in 4o with increasing moment for Mg <
10" Nm implying a breakdown in scaling of earthquake
rupture process with the earthquake size. Using
earthquakes recorded at 2.5 km depth, Abercrombie
(1995) demonstrated unambiguously that seismic noise
and near surface attenuation severely bias stress drop
estimates made from the surface recording. Another
uncertainty in the stress drop determination comes from
the difference in the source models used. The Brune
(1970), and Madariaga (1976) are simplistic circular crack
source models commonly used. The Brune model
assumes a circular fault rupturing instantaneously in the
medium, while in the Madariaga model rupture nucleates
at a point and propagates outward reaching a certain
diameter when the propagation simultaneously stops. The
difference in the fault radius estimate using Madariaga or
Brune circular crack models is a factor of 1.76, resulting in
the stress drop difference of almost a factor of 6. Thus,
the uncertainty in the stress drop estimate is strongly
dependent on the source model used to convert the
corner frequency into the source dimension. Abercrombie
& Leary (1993) and Abercrombie (1995) observed the
predicted cubic relation between seismic moment and
earthquake source radius, and hence a constant stress
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drop for naturally occurring earthquakes covering a
moment range of 20 orders of magnitude. However,
induced earthquakes appear to have systematically lower
stress drops than the tectonic earthquakes. Studies by
Fehler and Phillips (1991), and Gibowicz et al. (1991) that
analyzed earthquakes induced by hydro-fracturing and
coring respectively, estimated stress drops that are on
average one order of magnitude lower than those of
naturally occurring earthquakes. Induced seismicity is
usually much shallower than the tectonic seismicity
implying the amount of normal load might be directly
affecting the amount of stress drop. In the case of
reservoir-induced earthquakes and hydro-fractures there
is an excessive amount of water associated with faulting
perhaps providing another clue into what affects the
amount of stress drop. As noted above, the uncertainty in
measurements of the stress drops is several orders of
magnitude, thus the apparent shift in stress drop of
induced earthquakes could be an artifact of models used,
or a consequence of a different tectonic setting or other
environmental condition.

In the following sections we use EGF analysis to estimate
source parameters of 6 earthquakes (1.8 < M,, <2.2)
induced by impoundment of the Agu Reservoir, NE Brazil.
Results of this study show stress drops in the range of 10
to 100 MPa and a rupture velocity of at least 0.6 8, where
B is the shear wave velocity, indicating that reservoir-
induced earthquakes are comparable to naturally
occurring earthquakes.

Geological Setting and Background on the site

The study area is located on the eastern continental
margin of the South American plate. The region lies in the
Precambrian  (>540 Ma) crystaline  basement
approaching a Cretaceous-Cenozoic sedimentary basin.
The crystalline basement is composed of the Caico’
(predominantly gneisses and mig-matites) and the Serido”
groups (predominantly mica-schists, marbles, and
quartzites). Agu reservoir was constructed in 1983 and
has a capacity of 2.4 x 10° m* maintained by a 34 m high
earth-filled dam constructed on Precambrian shield.
Annual reservoir variation is 3-6 m which results in annual
seismic activity due to a proposed mechanism of pore
pressure diffusion (Ferreira et al. (1995), do Nascimento
et al. (2004). Digital data at Agu have revealed the
seismic activity in remarkable detail (do Nascimento et al.
2004). The majority of earthquake activity is clustered
within several well-defined zones and individual zones are
active over discrete periods of time. It has also been
shown that the observed spatial and temporal evolution
of seismicity at Agu is defined by pressure diffusion
through local fault planes with heterogeneous
permeability structures do Nascimento et al. (2005a,b).
Induced seismic activity in the Acu area has been
monitored over a ten year period from 1987-1997.
However, accurate hypocentral information is only
available from 1994 to 1997, when a network of three-
component digital seismographs were operational which
have provided a very accurate assessment of hypocentral
with errors of *100m do Nascimento et al. 2004. This
high-quality dataset is here used to estimate source
parameters from EGF analysis.

Methodology

In order to calculate source dimensions we use EGF
analysis in both the frequency and time domains. This
analysis is based on the assumption that a small,
collocated seismic event can be deconvolved from the
earthquake of interest, so that one cancels out site and
path effects, providing an “unbiased” estimate of the
source size (Hough, 1997). The EGF analysis works best
if the seismic moment of the largest event is at least one
order of magnitude greater than the small earthquake and
both have the same focal mechanism. When these
conditions are fulfilled, the small seismic event is named
the “Green function” of the larger seismic event.

Source parameters from Spectral Ratios

We fit all the spectral ratios in a group solving for two
corner frequencies and the ratio of Moments of the
earthquake pair assuming the w2 source model:

ny /
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where fupig and fesman are the corner frequencies of the
large and small earthquakes, respectively. Because of our
limited bandwidth, the small earthquake f; is not resolved
in most cases. Rather than simply choosing one EGF as
best, or averaging the results of all, spectral ratios are
stacked to obtain an average geometric mean of the
source spectrum (Figure 3). To make the best estimate of
the large earthquake corner frequency we consider a
choice of EGF according to the criteria: (1) long period
amplitude ratio higher than 10 (this provides the needed
magnitude difference), (2) fit to spectral ratios converged,
(3) quality of time domain source time function. To ensure
that only the part of the spectral ratio resulting from the
large earthquake is included we select a frequency range
ending well below the corner frequency of the small
earthquake. Since the small earthquake corner frequency
is typically too high to be resolved | predict it using the
long period amplitude ratio and assuming that both large
and small earthquake have the same stress drop. From
equation (1) (Eshelby, 1957), it follows

A(f) =

(2)

QO(big) JS ©)

that. fc(small) = fc(big)
QO(smaII)

We only include the frequency range up to 80% of the
predicted fosman for individual ratios in the mean. In
virtually all the cases where amplitude ratio is greater
than 10 this limit is higher than 60 Hz which we consider
the highest resolvable frequency (80% of the Nyquist
frequency). | stack together all the “successful” ratios in
their chosen frequency range to calculate a geometric
mean source spectrum for the large earthquake (Figure
3). Then, we fit the spectral ratio using equation (3) with e
Q= 1 solving for the ferig for N and E channel
individually. | then calculate the vector sum of the mean
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displacement spectra on the two channels:
A =y(A (DK +(A(D) @)

where A is the vector sum of the mean spectral ratios, Ay
and Age are the mean displacement spectra on the North
and East components respectively, and K is the long
period amplitude ratio between N and E for the largest
earthquake. Multiplying by K ensures that energy
distribution on each channel is preserved.

Fitting this vector sum of the mean spectral ratios for the
fewigp i1s then our best estimate of the actual source
spectrum of the large earthquake. Figures 2 and 3 show
the mean spectral ratios of individual channels for all
earthquakes and the mean of both.

Attenuation Estimates from EGF Spectral Ratios

If spectra obtained by deconvolution are true source

spectra, then by dividing the individual spectrum of the

large earthquake by its source | can estimate the

spectrum of the attenuation. | fit the attenuation spectrum
AL

with: Atten(f)=Ae ° (5)

where Ay is the long period level, and f is the frequency
range. The mean value for all the stations from all
spectral ratios used is 232, remarkably similar to the Q
estimates obtained by the individual spectra fitting
(Q=227).

Source Parameters from the Source Time Functions

We also estimate an average source time function pulse
for each station by picking the best individual pulses in
the group on all 3 components, and calculating the mean.
| measure the total duration of the pulse from the first to
second zero crossing (Figure 4). Since the pulse does not
have sharp onsets, an error is introduced in the
estimation of the pulse duration. The duration of the pulse
should be inversely proportional to the corner frequency.
For a symmetric triangular pulse, the pulse duration
scales as 1/xn times the inverse of the corner frequency.
As specified by Boatwright (1980) the source radius (r)

TV

relates to the rise time: r = (6) . where r

1- !sin 0
C
is the source radius, t12 is the rise time of the pulse, c is
the S wave velocity, v is assumed to be 0.9 times the S
wave velocity as in frequency domain analysis, and @ is
the take off angle with respect to the fault normal. In the
Acu data the pulses are symmetrical and the
measurements of the rise time are directly proportional to
the total pulse duration for all 6. Such pulse symmetry is
not the case in Boatwright's (1980) model, where rise
times are inversely proportional to the total pulse
durations. Hence the correction for 6 does not appear to
be correct for our earthquakes. To calculate the source
radius, | determine @ for each station assuming the
composite focal mechanism (do Nascimento, 2004), and
also assume a constant & of 45° following Frankel and
Kanamori (1983). Our resolution limit is approximately

0.025 sec. The application of the Boatwright model in this
study results in very low stress drop estimates (0.1 to 1
MPa) for both choices of 6.

Rupture Velocity

To calculate the earthquake source radius and stress
drop from the corner frequency almost all previous
studies of small earthquakes assume a rupture velocity in
the range of 0.6 to 0.9B (Brune, 1970; Fehler and Phillips,
1991; Abercrombie, 1995) . Boatwright (1980) shows that
for rupture velocities greater than half the shear wave
velocity, pulse shapes and spectra vary over the focal
sphere even if a simple circular rupture is assumed. If the
rupture is unilateral, the variation in the pulse width or
corner frequency will be even larger making it possible to
estimate rupture velocity from the pulse width variations.
The recorded pulse width is the largest at stations lying
180° from the rupture direction, and the shortest at the
stations in direction of the rupture propagation, for a
unilaterally propagating rupture (Aki and Richards,
1980).Following Frankel and Kanamori (1983), we
perform a directivity analysis using the measured pulse
widths: &t = t,- A (7), where ¢t is the pulse width (sec),
t, is the rupture duration, 4 is the horizontal distance
between start and end of the earthquake, and I is the
directivity parameter (/"= cos(¢)/c, where ¢ is the fault-to-
station azimuth, and c is the wave phase velocity). We
use the S wave velocity of 3150 m/s and assume that the
earthquake rupture is confined to the fault plane striking
N45° (do Nascimento, 2004). By fitting the directivity
parameter against the pulse width at each station we
have estimated the rupture velocity for each of the 6
earthquakes (see an example in Figure 5). Equation (7) is
valid for purely unilateral ruptures. If an earthquake
ruptures at all bilaterally, there will be less variation in the
pulse width along the azimuth. This will result in an
underestimation of the rupture velocity (equation 7) The
limiting case is a purely bilateral rupture that results in V,
= 0. For smaller earthquakes (M < 2) the limited
digitization rate under samples the displacement pulses
also resulting in the very low rupture velocity (0.02 to 0.07
B). Earthquakes in Figure 5 show clear azimuthal
variation in the pulse width corresponding to a unilateral
rupture. Not all the events involve a unilateral rupture,
showing no azimuthal dependence on the pulse width,
and resulting in an unrealistically low rupture velocity
(0.06B). This analysis allows me to calculate a rupture
length for the earthquakes with clear unilateral
propagation. | then calculate stress drop from the source
length using Kanamori and Anderson’s (1975) relation for
a unilateral strike slip fault:

oM,
WAL

Ao

where Ao is the stress drop, M, is seismic moment
estimated from the standard frequency domain analysis
(single spectrum), L is the rupture length and w is the
rupture width. We assumed two different values for the
estimated width: L/2 and L/10 and. The first give stress
drops estimates between 10 and 100 MPa. The latter one
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gives very high stress drop (>100 MPa) and stands out
from all other estimated values.

Conclusions
From the study using EGF analysis we have concluded
that:

e Stress drops of reservoir induced earthquakes
are not systematically lower than those of similar
sized tectonic events (between 10 and 100
MPa);

e The difference between source models used to
calculate source parameters is larger than the
difference produced using common methods
such as fitting of individual spectra and the
Empirical Green’s function deconvolution;

e The small earthquakes have rupture velocities of
> 0.6B, similar to those of large tectonic
earthquakes justifying previous assumptions;

¢ Small earthquakes also show directivity;

The mean value for Q for all the stations from all
spectral ratios used is 232 — very similar to the Q
estimates from fitting individual spectra (Q=227).
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All data converted to Madariaga Model
Adapted from Abercrombie & Leary, 1993
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Figure 1: composite plot adapted from
Abercrombie and Leary (1993) showing seismic
moment versus source radius for several studies.
All the results are converted to the Madariaga
(1980 model) for better comparison. Solid lines
represent constant stress drop calculated following
Eshelby (1957). Blue symbols represent induced
earthquakes. Low stress drop earthquakes: dark
blue circles induced by hydraulic fracturing (Fehler
and Phillips, 1991), blue triangles induced by shaft
excavation (Gibowicz et al. 1991), transparent
blue area are reservoir induced earthquakes at
Koyna, India (Mandal, et al., 1998). This study:
earthquakes 107 through 143 are the six largest
earthquakes.
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Figure 2: Empirical Green’s Function in frequency
domain. S wave spectral ratios for a group of
collocated events at station BASQ. Left column
(graphs a, and b) show the entire group of
earthquakes. Right column illustrates the selected
spectral ratios that comprise the average 107
source spectrum.

Il Simpésio Brasileiro da SBGf, Natal 2006

10



10

Mean Ampl. Ratio

10

SOURCE PARAMETERS ESTIMATION WITH EMPIRICAL GREEN"S FUNCTION ANALYSIS

Mean N E ratio: 107; BASQ

—— meanonN
—— meanon E
—— combined NE

10 10°
Frequency (Hz)
Figure 3: Correlation of mean source spectrum for
earthquake 107. Example of the mean source
spectrum from channel N and E. Blue line is the
mean for both channels corrected for the
amplitude ratio between them.
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Figure 4: Mean Source Time Function for
earthquake 107. a) b) and c¢) The top black line is
the mean of all the EGF pares picked (bottom) for
channels Z, N, and E respectively. d) Mean source
time function of earthquake 107 of all channels.
The arrows indicate the pick of the onset and the
end of the pulse.
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Figure 5: Directivity, earthquake 107. Rupture
Velocity: variation in pulse width azimuth: The top
graph of figures (12) through (18) shows the
variation in the pulse width with the station
azimuth.
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