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Abstract

We relocate precisely micro-earthquakes induced by the Agu reservoir in Brazil and observe
seismicity migration consistent with pore-pressure diffusion on a single fault zone. Fluids are believed to
play a major role in triggering tectonic earthquakes; reservoir induced seismicity provides a natural
laboratory in which to investigate the spatio-temporal evolution and triggering of earthquakes caused by
fluid and pore-pressure diffusion.

Between 1994 and 1997, 267 earthquakes (M <2.1) were recorded and located beneath the Acu
reservoir. The seismicity increased several months following annual water level peaks, implying that
pore-pressure diffusion is the principal triggering mechanism. The small station spacing and very low-
attenuation, Precambrian basement, rock enabled starting earthquake locations with uncertainties of only
a few hundred meters.

We relocate 173 earthquakes from the largest cluster at Agu using waveform cross-correlation to
obtain groups of similar events. We use these groups to improve the pick accuracy (to sub-sample
accuracy in 200 sample/s data), and then invert for more accurate hypocentral locations. Our
uncertainties are on the order of 10 m, and our locations are more tightly clustered. We observe temporal
migration of the earthquakes, both along strike, and to increasing depth. We observe a seismicity
migration rate between 15 and 58 m/day. The rate is highest during the time of peak seismicity rate, and
there is some suggestion that the rate decreases with increasing depth. Peak depth in seismicity is
reached 175 days after the water peak, that is 192 days after the water low, and the maximum depth then
decreases at a similar rate to the rate of increase.

Keywords: Earthquake source observations, Fault zone rheology, Fracture and flow,
permeability and porosity,

1. Introduction

It has been long thought that fluids play a major role in earthquake triggering by altering the fault
strength due to pore pressure variation, but the triggering mechanisms are still poorly understood.
The crust is almost entirely filled with fluids and fluid flow in the subsurface is accompanied by or due
to pore-fluid diffusion (Scholz, 2002). Many studies have proposed fluids as the cause for earthquake
triggering, for example, Nur and Booker (1972) explained the delay in aftershock occurrence by fluid
flow. Brodsky et al. (2000) and Prejean et al. (2004) suggested the role of fluids based on observations
of remotely triggered seismicity by dynamic stress changes in hydrothermal regions. Others proposed
hydromechanical coupling as a mechanism to explain fault weakness (Sleep & Blanpied, 1992) and
other geologic phenomena such as silent-slip events (Kodaira et al., 2004). The effect of fluids on fault
strength and stability is evident in the occurrence of earthquake swarms, bursts, and sequences following
fluid injections into boreholes (Zoback & Harjes, 1997 and Shapiro et al., 2006), magmatic migration
(Hill et al., 1990 and Hough et al., 2000, Spicak & Horalek (2001)), ground water recharge by rainfall
(Hainzl, 2006), water filling and water level fluctuations in a water reservoirs (Chander & Kalpna, 1997;
Talwani, 1997). It is now widely believed that fluids are capable of exerting significant chemical and
mechanical influence on earthquake faulting (Yamashita, 1998). Fluid flow causes pore-pressure
variation, alters fault strength and initiates earthquakes, especially when the crust is in its critical state
(Hainzl et al., 2006). Pore pressure alteration may be brought about by coseismic stress changes caused
by a previous nearby earthquake or by fluid percolation or injection. Constraining the role fluids play in
triggering tectonic earthquakes is more difficult, however, as it is not easy to distinguish their effects
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from those of other triggers and driving forces such as aseismic slip (e. g. Vidale and Shearer, 2006,
Lohman and McGuire, 2007).

Vidale and Shearer (2006) characterised 71 bursts of moderate magnitude seismicity in an effort to
constrain their causes and mechanism. They classified these earthquakes as either an “aftershock
sequence” or a “swarm-like sequence”. They defined the aftershock sequences by the mainshock
occurring at the beginning of the sequence and the aftershock frequency decreasing progressively with
time following Omori’s law (Vidale & Shearer 2006). The swarm-like sequences, in contrast, do not
have a dominant mainshock, and show a complex temporal trend not described by Omori’s Law; the
largest event does not necessarily occur at the beginning of the sequence. The swarm-like sequences also
exhibit expansion of the seismicity zone throughout the sequence, not observed in aftershock sequences.
The temporal distribution of earthquakes in both types of sequence has been explained by several
models and mechanisms such as the rate-and-state friction law (Dieterich, 1994), post-seismic relaxation
(Hainzl et al., 1999), afterslip (Burgmann et al., 2002) and/or induced fluid flow (Nur & Booker 1972).
Vidale and Shearer (2006) considered both aseismic slip and pore fluid pressure diffusion as potential
mechanisms and triggers, in particular for the swarm-like sequences. More information is needed,
however, to be able to distinguish between these possible mechanisms. Studies of unambiguous cases of
fluid-induced earthquakes are important to characterize the signature of pore-pressure diffusion triggered
seismicity, and constrain the modelling parameters in future simulations.

Shapiro et al. (1997, 2003) and Shapiro (2000) developed a model to explain the spatio-temporal
evolution of seismicity following water injection in boreholes. Shapiro et al. (2006) found that fluid
injection into a fault causing an increase in pore-pressure as low as 0.001-0.1MPa is able to trigger
seismicity. Parotidis et al. (2005) applied this approach to an intermediate depth swarm of earthquakes
in the Vogtland/Bohemia region. They found that the seismicity was consistent with pore pressure
diffusion as the main triggering mechanism, and they estimated the hydraulic diffusivity to be between
0.3 and 10 m%/s.

In our work, we study a case of reservoir induced seismicity (RIS), where fluids are known to play a
major role in earthquake triggering. Reservoir induced seismicity, seismicity associated with water
percolation following reservoir impoundment, is a commonly observed phenomenon. RIS is due to, or
associated with, the changes in water level in the reservoir or the increase of the water to a level above
the previous maximum (Talwani, 1997). Occurrence of RIS depends on whether or not the changes in
the ambient stresses and pore pressure, brought about by the reservoir impoundment, favour slip across
the existing fault (Chander & Kalpna, 1997). The main factors controlling RIS are the size of the
reservoir, changes in water level, pre-existing faults and fractures, ambient stress fields and the
hydromechanical properties and geology of the underlying rocks (Talwani, 1997).

Talwani et al. (2007) compiled observations of RIS with other examples of fluid-triggered
seismicity, to estimate the hydraulic diffusivity, and found most instances had diffusivities in the range
0.1-10 m*/s. They then used these values to estimate the permeability and calculated values in the range
5x107"° — 5x107"* m?. This range is very limited compared to the 7 orders of magnitude of permeability
found in typical rocks (Brace, 1980). Talwani et al. (2007) proposed that this range be known as the
seismogenic permeability, and that fractures with lower permeability will not slip, and those with higher
permeability will slip aseismically.

The majority of observations available to Talwani et al. (2007) were simply measurements of the
depth of seismicity, and the time delay of the seismicity following either a peak in reservoir water-level,
or other fluid-triggering event. Only in a few cases could any migration of seismicity be observed, and
then with very little precision or resolution of variation in migration rate. RIS clearly has the potential to
reveal important information on fluid-triggered earthquakes, but it is rarely well enough recorded to
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constrain seismicity patterns in any detail. We study an unusually well-recorded example of RIS, at the
Acgu reservoir in Brazil. We relocate earthquakes and observe the spatio-temporal migration of seismicity
in more detail.

1.1 Reservoir Induced Seismicity monitoring at Acu, NE Brazil

The Acu reservoir, located in Rio Grande do Norte State, NE Brazil, lies on a generally flat area, a
few hundred meters lower than the surrounding Borborema plateau (Figure 1) and is situated on a
Precambrian granitic crystalline shield containing a series of NE-SW trending faults and fractures and E-
W oriented dikes (CPRM, 1980; Petrobras, 1986). The reservoir is relatively small with a volume
capacity of 2.4x10°m”. The rainfall is limited to a relatively short annual rainy-season causing the water
level to vary on an annual cycle of between 3 and 6 m.

Seismic monitoring of the Ac¢u reservoir began in 1987 following impoundment in May 1983
(Ferreira et al., 1995). Ferreira et al. (1995) observed an increase in seismicity three months following a
water peak in the lake, the “delayed” response. They found a 0.55 correlation coefficient between
seismicity occurrence and water level increase and suggested that the seismic activity was induced by
pore pressure diffusion. They did not observe any seismicity peaks and correlation with water-level from
1990 to 1993 when low rainfall kept the water level lower.

In a more recent study, do Nascimento et al. (2004) recorded and located 267 earthquakes (0.19 >
My > 2.14) in three clusters in the Ac¢u reservoir area between 1994 and 1997. During this period, two
peaks in water-level were recorded at the Acu reservoir, on 11 July 1994 and 31 May 1995, and
seismicity peaked 3-4 months after each. At the water-level peak in 1994 the reservoir was 30.7 m deep,
and followed a drought year when the water level was the lowest since 1987. The previous water-level
peak was in 1992. 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 highest the water-level had been since 1989. The
variations in seismicity based on variations in the annual water-level cycles imply that the absolute water
depth, time since a previous water-level peak, and magnitude of water-level rise all affect the triggering
of seismicity.

The earthquake hypocentres cluster on vertical, NE trending structures, consistent with the well-
defined regional tectonic fabric. The onset polarities are consistent with right-lateral strike-slip on a
vertical fault. This faulting orientation is consistent with the regional stress field (E-W compressional),
but is not well-oriented for earthquake triggering by increased vertical loading, and so the lack of an
instantaneous seismic response to increases in water level is reasonable. The earthquakes are spatially
and temporally clustered on three different segments of the fault zone between 1.5 and 2.8 km depth but
the majority are at depths between 1.7 and 2.2 km. The time delay from water level peak to the
initiation of seismicity in each cluster increased with the increased average depth of the cluster. To
examine the delay between the water peak and the onset of maximum seismic activity do Nascimento et
al., (2005) modelled the ground water flow using the 3-D numerical groundwater flow model,
PARADIGM. They found that the pore-pressure diffusion must be constrained to fault zones and
fractures because the permeability of the rock matrix is far too low to allow annual pressure variation at
2 km depth. They estimated a hydraulic diffusivity value of 5.0x10°m?*/day for the fault zone, 100 times
higher than the basement rock matrix. They proposed that the timing and location of the seismic activity
are controlled by a small number of highly permeable and heterogeneous fault structures and that the
seismic migration is due to the heterogeneity of the fault’s hydraulic properties. These observations
suggested pore-pressure diffusion as the principal triggering mechanism at Agu. The hypocentral
locations obtained by do Nascimento et al. (2004) are not precise enough to resolve spatial migration
within any individual cluster. We relocate seismicity at Agu by means of waveform cross-correlation and
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obtain more precise locations so as to resolve seismic migration in more detail.

2. Data: The Acu network

We relocate earthquakes recorded and located by do Nascimento et al. (2004). They deployed a
digital network around the reservoir with an inter-station spacing ranging between approximately 2.75
km and 7 km allowing for a very low earthquake detection threshold (figure 2). The crystalline nature of
the basement rocks in the region produced high frequency, simple seismograms, revealing rocks with
high rigidity and very low attenuation even in the near surface (figure 3). The high quality of the data
enabled Tomic et al. (2009) to resolve source parameters, including rupture velocity, for the M~2
earthquakes. The network spacing, simple structure, and high quality seismograms resulted in the
relatively low uncertainties in the original locations: horizontal and vertical uncertainties < 300m and <
400m respectively (do Nascimento et al., 2004) (figure 2).

The sampling rate of the network, and its configuration, varied during the recording period. We
relocate the earthquakes recorded between 11 November 1994 and 10 January 1996 when the sampling
rate of the network was 200 samples/second. This is a data set of 173 earthquakes all from the largest
and shallowest cluster of do Nascimento et al. (2004), with magnitudes between My 0.2-2.14, including
all five of the My > 2 earthquakes.

At least 8 stations were operating at any given time during the study period (between 11 November
1994 and 10 January 1996). One station, BASQ, operated throughout the whole period. The
seismograms do not have good absolute timing because the station clocks were often unlocked and
drifting, with uncertainties larger than our expected picking uncertainties. Hence, we use mostly S-P
times in our relocation. The station sites were revisited in 2007 and their locations more precisely
determined using differential GPS.

3. Methods
3.1 Cross Correlation and Waveform Re-Picking

Many studies (e.g. Shearer 1997, Rubin et al., 1999, Rowe et al., 2002, 2004) have shown
significant improvements in earthquake location, by relocating using waveform cross-correlation and
clustering to improve phase picks. We use the clustering and waveform cross-correlation methods
developed by Aster & Rowe (2000) and Rowe et al. (2002, 2004).

First we select BASQ as the master station for our cross-correlation and clustering analysis. This
station recorded all the earthquakes, has high signal-to-noise, and relatively good absolute timing. For
each vertical component seismogram recorded at BASQ, we select a window of 64 samples (0.32s)
centred around the preliminary P-pick. The window length is within the range recommended by Rowe et
al. (2002), between a minimum that includes at least one to two cycles of the highest-frequency
component of a representative sample waveform, and a maximum that accounts for the largest estimate
of the pick error. We then cross-correlate all the BASQ seismograms with one another (a relatively small
dataset), using a cross-correlation coefficient of 0.8 as a cut off value to define the clusters.

After cross-correlation 18 events were orphaned since their waveforms did not correlate with any of
the other events. The correlated events (155) were divided into 42 clusters, each cluster containing a
number of highly similar waveforms. The number of events in each cluster varied between two and
eleven events. We then clustered the seismograms at other stations into the same clusters as those at
BASQ. Since we clustered only according to P-wave similarity, some clusters include earthquakes with
different S-P times (ts-tp).
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After event clustering, we then obtain improved picks for both the P and S waves. First we perform
inter-cluster cross-correlation relative to the P-phase in order to estimate the relative pick lag, and use it
to refine and repick the phase arrivals. We then manually view all the seismograms in each cluster at
each station in turn and improve the picks of both P and S waves to further maximize consistency.

We then assign uncertainties to our picks falling into 4 bins ranging from <0.001 to 0.005 s. These
are a substantial improvement on the 0.01-0.02 s uncertainties of do Nascimento et al. (2004).
Approximately 450 (from a total of 937) of our P-picks were 10-50 ms earlier than the original picks and
50 P-picks were 60-100 ms earlier. The S-picks adjustments had a wider scatter and were mainly 10-100
ms earlier than the original.

3.2 Relocation

We relocate the earthquakes using the absolute location code HYPOELLIPSE (Lahr, 1989). We
adapt the code to use our higher precision phase picks and to output higher precision locations consistent
with the very high frequency recordings and small region. We use a simple 1-D layered velocity model
that well approximates the crystalline basement in the reservoir region. We set the V,/V; ratio to
1.71km/s (do Nascimento et al., 2004), the epicentral and depth adjustment to 1.5km/s and the original
locations of do Nascimento et al. (2004) as the starting locations. We try varying the V,/V; ratio, but this
simply increases the residuals.

The stations in the Agu network have relatively poor absolute timing, with many stations having
precision less than our pick accuracy for much of the time. Rather than attempting to calculate precise
clock correlations, we simply use S-P times only in the relocation. To stabilize the location inversion we
assume that the absolute times at the master station, BASQ, are correct for all events. Any uncertainties
in timing at BASQ will simply cause small uncertainties in the origin times of the earthquakes which are
not needed to the same precision. All the earthquakes have at least 5 S-P times. Using absolute time at
only one station may cause some systematic differences in location compared to the original locations of
do Nascimento et al. (2004).

4. Results

We compare our 155 relocated earthquakes to the original locations obtained by do Nascimento et
al.(figure 4). The relocations define a vertical structure striking NE-SW, with a width of 250 m or less.
They exhibit significantly tighter vertical and horizontal clustering than the original locations (figure 4).
Some earthquakes that were initially located off the main fault trend moved closer to the fault. On
average the locations were shifted by approximately 318 m; the minimum and maximum location shifts
were about 0 m and 815 m respectively.

The residuals of the relocated earthquakes have a lower average residual misfit of 0.0109 s while the
original locations have an average residual misfit of 0.0138s. The horizontal location uncertainties were
significantly reduced, from < 100 m in the original locations. 138 events have horizontal uncertainties of
10 m and 16 events have < 20 m; only one event had a 40m uncertainty. The vertical uncertainties of the
relocated events were also as much as ten times smaller from the original locations uncertainties (<
100m). 79 events have horizontal uncertainties of 10 m, 58 events have 20m and 18 events with
uncertainties >30m. Our relocations are systematically shifted slightly, with respect to the original
locations; on average they moved about 70 m north, 20 m west, and 150 m shallower.

To confirm that the location improvements were the result of our repacking of phases, and not of
simply using a different location program, we also relocate the earthquakes using the original picks of do
Nascimento et al. (2004). We use the same version of Hypoellipse, and perform two relocations; in the
first we use the original picks and weights, and the second is the same, but we use only the S-P times,
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except at the master station (BASQ) where we set pick quality to the highest level. In both cases, the
horizontal and vertical location uncertainties remain similar to those of the original locations. The
average residual misfit of the first relocation is similar to the original, but that of the second is
considerably lower. This is presumably because even the original picks are more accurate than the
absolute timing at all stations. The average shifts of these relocations compare to the original locations
are slightly smaller, but in the same direction, as those of our preferred relocations.

5. Seismicity Migration with Time

To investigate the spatio-temporal migration of seismicity, we project the earthquakes onto a vertical
fault striking 45°, consistent with the relocations, and also the onset polarities and composite (right-
lateral strike-slip) focal mechanism (Figure 5; do Nascimento et al., 2004) . For each earthquake, we
calculate the time delay between the preceding water level peak in the reservoir, and the origin time; this
is the time after 11 July 1994 for earthquakes before 31 May 1995, and the time after 31 May 1995 for
earthquakes after this date. There is some activity immediately following the water peak, though this
could simply be the background level of seismicity resulting from previous water level changes. The
seismicity rate increases around 120 days, and the maximum depth of seismicity increases in depth until
about day 200, and then shallows until reaching about the initial level (at day 0). This can also be seen in
Figure 6.

The seismicity initiates at a shallow depth and the seismicity that is observed immediately after the
water peak in 1995 includes one of the five relatively large magnitude earthquakes. This may either be
continuing seismicity from the previous water peaks or may be a result of the added normal load of the
water (instantaneous, or undrained, response).

The period of maximum seismicity rate starts ~125 days after the water peak and continues until day
140 (Figure 5 and 6), and includes the remaining four My > 2 earthquakes (one in 1994, three in 1995).
During this period, we observe the maximum rate of expansion of the seismicity zone both along strike,
and with depth. The maximum depth continues to increase as the seismicity rate remains elevated. The
maximum depths of seismicity following the 1994 and 1995 peaks in water level, are at 2.5 km (day
151), and 2.7 km (day 175), respectively. A few of the deepest earthquakes following the 1995 peak
activate the same deep structure activated in 1994, but most occur on a different structure (figure Se,
depth >2.2 km). The differences may indicate different pore-pressure pathways, or perhaps that parts of
the fault that slipped following the 1994 peak were not ready to slip again following the 1995 peak. We
do not know whether these structures were activated following earlier, less well monitored peaks in
water level. The maximum depth of seismicity then decreases, until about day 220, when it returns to the
background depth range observed at the time of the peak in reservoir water level. This decrease in depth
is probably related to the retreat of the pore-pressure front as the water level decreases.

The water level in the reservoir decreases rapidly in the first month (by about 1 m), and then
continues to decrease, reaching a minimum about 9 months after the peak level (Figure 6a). This
continuing variation in water level needs to be considered in any detailed modelling of the seismicity
induced at Agu, as it affects both the pore pressure at depth, and the normal load. At the time of
maximum seismicity in 1995, the water level is 2 m lower than at its peak. It is not clear whether this
change in vertical load has a significant affect. It is a change of ~30%, but it is not in a favourable
orientation to affect frictional slip on vertical strike-slip faults.

The seismicity migration rate with depth is not constant, and it increased during the period of
maximum seismicity (days 125-140). We use Figure 6 to estimate the rate of seismicity migration with
depth. There is no single correct way to fit a line to such data and so we calculate various options and
use them to place bounds on the seismicity migration rate. We plot the rate calculated by do Nascimento
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et al. (2005) for comparison (Figure 6b, solid line). They simply drew a line between the origin and the
average cluster depth at the onset of maximum seismicity, resulting in a rate of 14.8 m/day. We do the
same using our relocations and obtain a similar rate ranging between 15.5 and 17.5 m/day. We also
investigate the rate of seismicity migration during the period of maximum seismicity (Figure 6¢). Again,
we consider a range of fits for the time period 125-140 days (depth range 1.97-2.22 km), and obtain a
range of rates ranging from 32-57.5 m/day. We then apply a similar approach to the time of decreasing
depth seismicity (175 to 220 days) and obtain a shallowing rate of ~15 m/day.

In summary, seismicity increases in depth at an average rate of 15.5-17.5 m/day consistent with
diffusion of the pore-pressure following the peak water level in the reservoir. The rate of seismicity
migration is not constant and increases to 32-52.5 m/day during the period of maximum seismicity rate,
and then decreases gradually until the deepest earthquakes occur (day 175). Following this, the
maximum depth of seismicity shallows at a similar average rate to the average increase (~15 m/day),
consistent with the retreat of the pore-pressure front following decreases in the water level in the
reservoir.

6. Discussion

We obtain earthquake relocations precise enough to resolve seismicity migration with depth within a
fault beneath the Acu reservoir. Our relocations enable us to see varying rates before, during and after
the maximum seismicity. The migration rates we obtain can be used to model spatial variation of pore-
pressure diffusion within the fault zone. We observe seismicity migration in depth with time. The
average rate of seismicity migration to increasing depth is between 15.5m/day-17.5m/day. The rate is
highest during the period of maximum seismicity (32 -57.5m/day, and then gradually decreases until the
maximum depth is reached. The maximum depth of seismicity then gradually returns to the preceding
depth at an average rate of about 15 m/day.

do Nascimento et al. (2005) used the observation of annually varying seismicity at depth to constrain
the hydraulic diffusivity. They concluded that the pore-pressure migration must be confined to a
heterogeneous fault zone that was highly-permeable compared to the host rock. They estimated the
hydraulic diffusivity in the faults below the reservoir to be ~0.06 m*/s (5.5x10°> m*/day). Since we
observe a similar average migration rate, we would expect our average value to be similar. Following
Talwani et al. (2007) we can calculate the fracture permeability (K) from the diffusivity (C), assuming the
same typical values for the parameters, using

k=cu(¢f+ (1-9)f),

where ¢ is the hydraulic diffusivity, x is the viscosity of water (5x10™*Pa s), ¢ is the porosity (3x107),
and /& and /3 are the compressibilities of water (107 Pa™") and rocks (510" Pa™"), respectively
(Bodvarsson, 1970). Using the value of ¢ obtained by do Nascimento et al. (2005), we obtain a fracture
permeability of 6x107® m?. This is at the low end of the range that Talwani et al. (2007) define as
seismogenic (5x107'° - 5x10™* m?), but very similar to the values obtained by Shapiro et al. (2005) who
modelled seismicity triggering and migration following fluid injection. Our estimates of hydraulic
diffusivity and permeability are both an order of magnitude lower than the values that Talwani et al.
(2007) calculated from the earlier monitoring (1989-1991) at Agu reservoir by Ferreira et al. (1995).
They observed a peak in seismicity only 3 months after the water-level peak in 1989, and located the
earthquakes to a depth of ~3 km. Their depth uncertainties were significantly larger than those of this
study (~1 km), so the earthquakes may have been shallower. Also, the peak water-level in 1989 was the
highest level ever reached in the reservoir (57.9 m), 1.5 m higher than in 1995. The water depth in 1989
reached the 1995 maximum level, 15 days before the peak. The apparent differences in diffusivity and
permeability obtained in 1989 and 1995 are therefore within the uncertainties in the calculations. Both



Acu_submit 28 Sep 2009

Ferreira et al. (1995) and do Nascimento et al. (2004) observed that the seismicity activated in different
years occurred on different faults under different areas of the reservoir. It is possible that the fault
structures activated in 1989 had higher permeability than those activated in 1994 and 1995.

The temporally and spatially varying rates of seismicity migration that we observe, following the
1994 and 1995 peaks in water level, imply spatially varying diffusivity and permeability within a single
fault zone. This result is consistent with the spatially correlated permeability field (in which the fault
zone is composed of zones of high and low permeability patches) modelled by do Nascimento et al.
(2005),

The period of maximum seismicity coincides with the maximum migration rate. This suggests that
this region is either highly permeable, or alternatively, highly stressed, and the high rate of earthquakes
increases the permeability to allow more rapid earthquake migration. Gudmusson (2000) found that
earthquake slip temporarily increases fault zone permeability in boundary-element studies of strike-slip
faults. Modelling of spatially and temporally varying parameters would need to consider both the
variation in migration rate, and also the ongoing increases and decreases in the water level of the
reservoir. These will affect both the normal loading (and instantaneous effect) and the pore-pressure
diffusion front (time delayed response).

Vidale and Shearer (2006, 2007) characterised seismicity bursts in California and Japan,
distinguishing between aftershock and “swarm-like” sequences. The seismicity at Agu fits the criteria
that they used to characterise the swarm-like sequences. The largest earthquakes do not occur at the
start, the zone of seismicity expands significantly with time, and the number of earthquakes is large
compared to the largest magnitude (more earthquakes than expected for the aftershock sequence of a
M~2 earthquake). Comparing the spatio-temporal behaviour of tectonic swarms of well-located
earthquakes with the seismicity migration rates observed at Agu will be helpful in determining whether
pore-pressure triggering is a plausible explanation for tectonic swarms.

7. Conclusions

We relocate 155 well-recorded earthquakes induced by annual increases in water level in the Agu
reservoir with a hypocentral precision of 10 m. We observe clear migration with depth on a single fault
structure. The average rate of seismicity migration to increasing depth is between 15.5 and 17.5m/day.
The rate is highest during the period of maximum seismicity (32 -57.5 m/day) and then gradually
decreases until the maximum depth is reached. The maximum depth of seismicity then gradually returns
to the preceding depth at an average rate of about 15 m/day. Our observations are consistent with
triggering by pore-pressure diffusion within a heterogeneous fault zone with an average hydraulic
diffusivity of ~0.06 m*/s and fracture permeability of ~6x10"'® m”. The resolution of temporal and
spatially varying migration across a fault structure can be used to constrain modelling of fluid-induced
seismicity, and investigate whether tectonic swarms are compatible with detailed observations of pore-
pressure diffusion triggering.
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Figure Captions

Figure 1. Location of the Agu reservoir in NE Brazil. The inset shows the location of Brazil in South
America, approximate location of the study area is indicated by the black dot. (after do Nascimento
et al., 2004).

Figure 2. Map showing the Agu reservoir (shaded area), station locations (black triangles), and the
earthquakes used in this study. The earthquakes fall within the largest seismicity cluster located by
do Nascimento et al., (2004). They were recorded between 11 November 1994 and 10 January 1996
and sampled at 200 samples/s. The earthquake locations and error bars are those of do Nascimento et
al., (2004). The box outlines the areca shown in Figure 4.

Figure 3. Example of four events clustered at master station BASQ. The high quality seismograms
reveal the rigidity and low attenuation of the subsurface rock; this is especially important for pick
accuracy and cross correlation. The seismograms are aligned on the refined picks (solid vertical
lines), also shown are original picks by do Nascimento et al. (2004) (dashed vertical lines).
Clustering of events is based on waveform similarity around P-picks only; events within the same
cluster may have different t-t, as shown in the seismograms, and so this cluster may be further
divided into two sub-clusters.

Figure 4. Original and Relocated Earthquake Hypocentres. The original locations, with error bars (do
Nascimento et al., 2004) are shown (a) in map view, and (b) in cross section. The relocated
earthquakes, following waveform cross correlation are shown, with their much-reduced error bars,
(c) in map view and (d) in cross section. The shaded area in the maps is the Au reservoir.

Figure 5 Spatio-temporal migration of seismicity in depth and along strike of the fault (positive to NW,
0 at 5.81603° S, 36.8965° W) in time intervals since water peak (day 0). The panels do not all
represent the same length of time. Stars indicate seismicity following the 1994 peak in reservoir
water level, and circles indicate seismicity following the 1995 water peak. The black symbols are for
earthquakes within the time interval, and the grey symbols indicate seismicity from the previous
time intervals, e.g. in panel (a) the black symbols are seismicity from the 60-120 day interval and the
grey symbols refer to the seismicity from 0-60 day interval. Panel (b) shows the onset of high
seismicity following the water peak, and (b) the time of peak seismicity. The seismicity continues,
extending to increasing depths in panels (c) through (e). In panel (e) the deepest events delineate two
possible structures: stars for the post 1994 water peak and circles for the post 1995 water peak; the
deepest black circles are the earliest events (in this time interval) and get progressively shallower
with time; this trend is not clearly observed for the post 1994 water peak (stars). Panel (f) shows the
shallowing trend of the seismicity with time as the rate decays.

Figure 6. Spatio-temporal migration of seismicity in depth and time since water peak. (a) The reservoir
water depth following both the 1994 (solid line) and 1995 (dashed line) peaks is shown; 0 is the time
of the peaks. The 1995 peak appears at day 324 in the 1994 curve, and the 1996 peak at day 332 in
the 1995 curve. (b) Variation of seismicity with depth and time for the full duration of the study
(same as in a). Stars indicate seismicity post 1994 water peak and circles indicate seismicity post
1995 water peak. Line fits indicate rate of migration of maximum depth of seismicity: dotted line
shows rate of migration before onset of maximum seismicity, dashed line shows rate of migration
when seismicity starts to decrease and the solid line shows migration rate obtained by do
Nascimento et al., (2004). All lines pass through the origin, consistent with constant diffusion from
the surface at time of maximum water level. (c) The period of maximum seismicity (symbols as in
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(b)). Line fits indicate the range of rates of seismicity migration in depth: dashed line shows higher
bound of seismic migration rate (days 120-140) and solid line shows lower bound of migration rate
during period of maximum seismicity.
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