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In this study, we present a velocity model for the area of the 2007 Pisco-Peru earthquake (Mw = 8.0) obtained using a double-
difference tomography algorithm that considers aftershocks acquired for 6 months. The studied area is particularly interesting
because it lies on the northern edge of the Nazca Ridge, in which the subduction of a large bathymetric structure is the origin of
geomorphological features of the central coast of Peru. Relocated seismicity is used to infer the geometry of the subduction slab
on the northern flank of the Nazca Ridge. The results prove that the geometry is continuous but convex because of the
subduction of the ridge, thereby explaining the high uplift rates observed in this area. Our inferred distribution of seismicity

agrees with both the coseismic and postseismic slip distributions.

1. Introduction

The Pisco earthquake occurred on 15 August 2007. It was
the largest event Mw 8.0 [1, 2] that occurred in central
Peru since the 1974 earthquake in Lima (Mw 8.1). This
event caused casualties (up to 600) and damaged 80% of
the buildings in the area [3]. The rupture of the Pisco
earthquake is limited to the north by the 1974 (Mw 8.1)
Lima earthquake and to the south by the 1996 (Mw 7.7)
Nazca earthquake. It has filled a seismic gap previously
identified by Tavera and Bernal [4]. The Pisco earthquake
is the largest event in the Pisco area since the 1746 great
earthquake [5].

This event was notable in many aspects. (i) The rupture
consisted of the breakage of two distinct asperities separated
temporally by 60s of seismic quiescence. Many arguments
suggest that the apparent arrest of rupture between the two
subevents is due to the propagation of rupture within a creep-
ing patch [1, 6]. (ii) The largest aftershock following the Pisco
earthquake was only Mw 6.4, which is quite an unusual fea-
ture in terms of the size of this event. Bath’s law (Bath, [7])
indicated that the difference in magnitude between a main

event and its largest aftershock should be close to 1.2. How-
ever, in the case of the 2007 Pisco earthquake, this difference
is 1.6. As discussed in [1], this discrepancy might disappear
considering that the rupture sequence is composed of two
distinct events with low magnitude. (iii) The rupture initiated
north of the Nazca Ridge and propagated southwards until
reaching the northern edge of the Nazca Ridge where it
stopped abruptly. Most of the following postseismic slip
was located on this site [6, 8]. This scenario suggests that
the Nazca Ridge acts as a barrier for seismic rupture propaga-
tion, which is consistent with the low level of seismic cou-
pling, inferred by the inversion of interseismic GPS
velocities [6, 9]. This finding is in agreement with the fact
that historical earthquake has propagated through the Nazca
Ridge [5].

The Pisco earthquake was followed by a large number
of aftershocks: in the first 45 days, about 4500 aftershocks
with Mw > 3 were recorded by the Instituto Geofisico del
Peru (IGP). An accurate location of those aftershocks has
not been possible because of the lack of a good velocity
model for the area. To improve this situation, 3 months
after the event, we have installed 10 seismic stations for
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FIGURE 1: Main tectonic structures of the study area (Ica). The gray zone delimits the coastal mountain range, whereas the light green area
delimits the sedimentary area consisting of a longitudinal valley and flatlands. Sloped lines indicate the western mountain range. The fault
systems are perpendicular and parallel to the coastlines. The triangles correspond to the seismic stations of our network from December
2007 to May 2008. The dashed white lines indicate the projection of the Nazca Ridge under the study area (South America plates),
adapted from [22]. The dashed black lines indicate the rupture area of the 1974 and 1996 earthquakes. Stars correspond to the location of

the Pisco earthquake (main event) and the largest aftershock.

a total duration of 6 months in the rupture area. This
temporary network was complemented by four permanent
stations of the IGP network (QUI, PAR, GUA, and ZAM).
The aftershocks recorded by this network of 14 stations
(Figure 1) were used to infer a 3D seismic velocity model
of the area and relocalization of those events, using a
double-difference tomography [10]. Thus, we can accu-
rately determine the geometry of the subduction slab in
the vicinity of the Nazca Ridge, as well as the heterogene-
ity of the subduction slab to the south of the area of rup-
ture. The role of this megastructure on the mechanics of
the seismic cycle in this area will be further discussed.

2. Data and Method

2.1. Data. Our seismic network operated from December
2007 to May 2008. The 10 stations of the temporary network
were three-component short-period seismometers L-22
(2.0Hz) and L-4 (1.0 Hz) with Geostar 16-bit digitizers. The
four permanent stations of the IGP network were one-com-
ponent, short-period Kinemetrics (KMI-SS1) together with
a 16-bit digital recorder ACQ. During our survey period of
6 months, more than 3000 aftershocks (with 1.0 < ML < 5.0

) were recorded by at least three seismic stations (Figure 2).
Those events were initially located using HIPO inverse [11]
considering a 1D velocity model routinely used by IGP
([12]; Lindo et al., [13]). This velocity model was adjusted
from 220 events recorded by a temporary network and the
inversion of arrival time.

An initial hypocenter location for the inversion was
reduced to 880 events for this study. Many of the excluded
events that did not meet the selection criteria considered in
this study are as follows: (i) the events need to be recorded
by at least four seismic stations, (ii) the root mean square
(rms) between the predicted and observed arrival times needs
to be less than 0.8s, (iii) the condition factor (the ratio
between the highest and the lowest elements of the matrix
of partial derivatives) must be less than 100 to ensure the sta-
bility of the inversion, and (iv) at least two arrival times for
the S wave at different stations are needed to strengthen the
vertical localization of the seismic events. The goal of the
selection criteria is to eliminate aftershocks with large mis-
takes in its parameters, so they do not affect the inversion
process. Differential times were calculated for event pairs
separated by less than 10km for all stations less than
200 km from the particular cluster centroid. The use of such
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FIGURE 2: Aftershock distribution map for the Pisco earthquake registered from December 2007 to May 2008. The large red star corresponds
to the main event epicenter, whereas the small star corresponds to the large aftershock. (a) Preliminary aftershock distribution map using the
1D velocity model [12] and its respective seismic profile A-A’. (b) Relocated aftershock distribution map using the 3D velocity model
(TomoDD), and its respective seismic profile B-B’. The map presents the 15km grid that was used on the inversion process to obtain the

3D velocity model and aftershock relocation.

a maximum distance criterion reduces the total number of
event pairs, but it is justified because the correlation between
arrival times from different events typically decreases rapidly
with increasing interevent separation.

These derived differential times were weighted based on
the quality of the arrival time measurements. Catalog-based
differential times (CTDT) were also calculated between
closely spaced events from manually selected P and S phase
times. Absolute arrival times and the differential times
(CTDT) were simultaneously inverted using a double-
difference tomography—TomoDD ([10]) in an iterative
least-squares procedure, which uses the LSQR method [14].

2.2. TomoDD Algorithm. To infer the regional velocity model
and precisely relocate the aftershocks, we used the TomoDD
algorithm. This method was developed by [10] based on the
HypoDD software of [15]. Unlike other tomography inver-
sion methods, TomoDD uses both the absolute and relative
arrival times of the P and S waves, ensuring high accuracy
in the determination of the hypocentral parameters.
TomoDD is based on the underlying idea that the hypocen-

tral distance between a pair of events is smaller than the
event-station distance. TomoDD minimizes the residual
between the observed and predicted arrival times considering
each pair of events for a given station, iteratively solving for
the relative position vector between hypocenters. The
TomoDD algorithm uses a pseudobending ray-tracing the-
ory to compute the ray path between events and stations
[16]. The inversion procedure uses a variable weighting pro-
cedure. The first inversion is performed by placing a large
weight (1.0) on the absolute arrival times and a small weight
(0.1) on the relative arrival times. The obtained model serves
as input to a second inversion, in which the relative arrival
times have now a large weight (1.0) and absolute arrival times
are time penalized (0.1). The resulting model will serve as
input to the final step of the inversion. The absolute arrival
times and the differential times (CTDT) are combined and
simultaneously inverted using TomoDD [10] in an iterative
least-squares procedure, which utilizes the LSQR method [14].

The P wave and S wave velocities derived by Dorbath [12]
were used to form the initial velocity model for the travel
time calculations. We used their velocities for building a finer
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F1GURE 3: Evolution of the (Vp) velocity model and relocated hypocenters through the inversion TomoDD, obtained for the vertical cross-
sections Y =—-60km (al, a2), Y =-90km (b1, b2), and Y =-120km (c1, c2) perpendicular to the trench axis, located to the north, center,
and south of the Paracas Peninsula. Left: Velocity model obtained after the first iteration. Right: Final velocity model obtained after 30
iterations (last). DWS =50 (derivative weight sum) roughly defines the limit between the high- and low-resolution areas (dashed gray
line); the tendency of hypocenter locations is shown by the dashed white lines, and the red star corresponds to the main event epicenter.

grid (Figure 2) to encompass our aftershock zone. According,
the checkerboard test, the best compromise between accu-
racy and fineness of the inversion grid had a minimum grid
spacing of 15km along the x- and y-axes in the section of
the inversion volume with the highest ray path coverage. Fol-
lowing 30 iterations of the inversion procedure, the rms of
the CTDT decreased to 70%.

Figure 2 shows the relocated events projected onto a
depth cross-section with a strike of N45E. More than 60%
of the relocated events occur above 30 km depth and its spa-
tial distribution. The high relative precision of the relocated
aftershocks reveals details of the slab geometry. As a by-prod-
uct, we also obtained information about the influence of the
Nazca dorsal in the vicinity of the main event and after-
shocks, as well as the geomorphology of the slab structure
in this region.

3. Results

The algorithm application allows obtaining the 3D seismic
velocity structure and relocated aftershocks, then detailed
results from each sections.

Figure 3 corresponds to the vertical cross-sections Y = —
60km, Y =-90km, and Y =-120km, traced perpendicular
to the trench, located to the north, central, and south of the

Paracas Peninsula (for its orientation and location, see
Figure 2(b)), through the relocated hypocenters with the
velocity model obtained by TomoDD, after typically 30 iter-
ations, which obtained the final model as observed in
Figure 3. This first model (Figure 3(al), (b1), and (c1)) shows
low velocities in the upper part of the model and final
model as observed in Figure 3((a2), (b2), and (c2)), where
the upper part of the model shows particularly low veloc-
ities (Vp < 7 km/sec), up to a depth of 20 km according to the
cross-section (a2), located to the north of the projection of
the Nazca Ridge and high velocities (Vp > 7 km/seg) upon
the projection of Nazca Ridge. In the cross-sections (b2)
and (c2), the replicas are distributed following a vertical trend
unlike that observed in (a2) that shows a concentration of
aftershocks. The white curves in Figure 3 correspond to the
isocontour 50 of the derivative weight sum (DWS) [17].
The DWS =50 isocontour roughly defines the limit between
high- and low-resolution areas.

Figure 3 shows the seismic velocities in the area of the
Pisco earthquake, and relocated aftershocks are shown (dia-
monds). Aftershocks occurred mainly like a swarm between
depths of 10 and 30km. According to this result, the base
of the Moho corresponds roughly to a depth of 20 km, where
most aftershocks seem to stand in areas of high P wave veloc-
ities. Such a feature would be expected of seismic events to
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subduction in the Peru region.

occur in the slab; however, these aftershocks show an appar-
ent seismic spread at depths less than 45km probably
because of a flexure of the slab rather than of the presence
of a wide deformation zone.

3.1. Geometry of the Slab in the Vicinity of the Nazca Ridge.
The relocated aftershocks are used to map the fault geometry
of the slab near the northern edge of the Nazca Ridge. Start-

ing from the 12 sections perpendicular to the trench taken
and considering the tendency of the depth distribution of
the aftershocks, we can define the geometry of the slab. The
contour (blue lines) of the final geometry, separated by a
depth of 10 km, is shown in Figure 4(a).

The most striking feature of this geometry of the slab
is continuous; although it is convex near the trench, its
edge is aligned with the 3km bathymetry contour of the
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Nazca Ridge [18] (dashed line on Figure 1). The flexure
decreases with increasing distance from the trench, sup-
porting the hypothesis that the subduction of the Nazca
Ridge is causing this geometric change [19] (Figure 4(b)).

The inferred geometry is supported mostly by the two
earthquake clusters near the Pisco epicenter and near the
Nazca Ridge. The latter is more superficial than the first.
Given that both centers of each cluster stand roughly at
the same distance from the trench, the geometry of the
subduction plane presents lateral changes on both sides
of the Nazca Ridge.

The change in slab geometry explains the difference
between the tendencies observed along the sections perpen-
dicular to the trench axis. As shown in Figure 3, aftershocks
are more scattered along section (a2) (Y = -60km) than in
sections (b2) (Y =-90km) and (c2) (Y =120km). If the
geometry of the plane is changing at the level of sections
(a2) and (b2), then the cross-section is no longer perpen-
dicular to the actual plane of the subduction. Aftershocks
are now projected along a plane oblique to the slab geom-
etry, inducing a higher scattering of the aftershocks along
section (a2).

The shape in the slab plane is not symmetric with the
respect to the ridge axis. This result is unsurprising because
the tectonics of the area are not symmetric: north of it is
influenced by the recent passage of the Nazca Ridge, whereas
the subduction south of the ridge has not yet been affected.

Our results show a peculiar feature; specifically, the slab
geometry appears smoother south of the ridge than north
of it.

4. Discussions

Figure 5 shows the coseismic and postseismic slip distribu-
tions together with the spatial distribution of the aftershocks.
The coseismic model is from [1], and it was obtained consid-
ering the teleseismic data, InSAR data, tsunami data, and
field measurements. The postseismic model is from Perfettini
et al. [6] and was obtained considering postseismic continu-
ous GPS measurements. Both models are well constrained
and consistent with each other. Postseismic slip is located
on the edge of coseismic slip and is higher near the areas of
maximum coseismic slip (ie., in the southern edge of
rupture).

Our distribution of aftershocks is consistent with the
coseismic model proposed by Sladen et al. [1] because the
aftershocks are concentrated on the border of regions of high
coseismic slip. Our aftershock distribution is also consistent
with the idea that after slip drives aftershocks ([20], 2007;
Savage and Yu, 2008; [21]) because most of the seismicity is
located in the vicinity of postseismic patches. The density
of aftershocks and the postseismic slip distribution both
show two peaks: one near the hypocenter and another in
the continuation of the Nazca Ridge, south of the domain.
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Another intriguing feature discussed in Sladen et al. [1]
and Perfettini et al. [6] is that peak aftershock activity is not
located between the two asperities, where some of the maxi-
mum coseismic stresses must have been reached. As dis-
cussed by these authors, the existence of postseismic slip in
this area may suggest the existence of a creeping patch link-
ing the two seismic asperities. This narrow patch (a few tens
of kilometers) may have slowed down the rupture, explaining
the time delay between the two subevents and the slow
apparent rupture velocity < 1.5km/seg [1]. If the interas-
perity region slipped during the main event, it released a
significant amount of stress and is less likely to produce
aftershocks, being consistent with the decreasing of after-
shocks in this region. One should not rule out the alterna-
tive scenario, which is that the Pisco event consists of two
separate ruptures: the second one is dynamically triggered,
with a certain delay, by the first event. However, in this
case, the region connecting the two coseismic asperities
should be a site of high aftershock production because it
is caught between two large ruptures. The fact that the
aftershock activity is moderate favors the scenario of a
creeping band.

5. Conclusions

The velocity 3D model in the area of the 2007, Mw = 8.0,
Pisco (Peru) earthquake obtained using TomoDD and the
relocation of aftershocks acquired during 6 months using a
10 temporary seismic station network have permitted us to
determine high- and low-velocity zones, as well as to define
better the slab geometry. The studied area is particularly
interesting because it lies on the northern edge of the Nazca
Ridge, a large subduction structure responsible for many geo-
morphological features of the central coast of Peru.

Relocated seismicity allows us to infer the geometry of the
subduction slab on the northern flank of the Nazca Ridge. In
the north of the Paracas Peninsula and at the northern limit
of the Nazca Ridge projection, the Moho base corresponds
roughly to a depth of 20 km, with typical P wave velocities
of 5.5-6.5 km/s, respectively. These values are in contrast to
what was observed in the south of the Paracas Peninsula
where the Moho corresponds roughly to a depth between
20 and 30km, with an increase in P wave velocities
(8 km/s). We show that the geometry of the slab is continu-
ous in its subduction process, but it shows a convexity on
the northwest side of this structure, due to the subduction
of the Nazca Ridge. The subduction starts under the trench
and dips at 30° approximately up to a depth of 60km.
Finally, the distribution of aftershock coincides with the
coseismic and postseismic slip distributions, a fact that
favors the presence of a progressive alignment of the after-
shock in this area.

Data Availability

The data used in this study are available from the corre-
sponding author upon request.
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