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Slip on a subduction megathrust can be seismic or aseismic, with
the two modes of slip complementing each other in time and space
to accommodate the long-term plate motions. Although slip is
almost purely aseismic at depths greater than about 40km,
heterogeneous surface strain'"® suggests that both modes of slip
occur at shallower depths, with aseismic slip resulting from steady
or transient creep in the interseismic and postseismic periods®'.
Thus, active faults seem to comprise areas that slip mostly during
earthquakes, and areas that mostly slip aseismically. The size,
location and frequency of earthquakes that a megathrust can
generate thus depend on where and when aseismic creep is taking
place, and what fraction of the long-term slip rate it accounts for.
Here we address this issue by focusing on the central Peru mega-
thrust. We show that the Pisco earthquake, with moment mag-
nitude M,, = 8.0, ruptured two asperities within a patch that had
remained locked in the interseismic period, and triggered aseismic
frictional afterslip on two adjacent patches. The most prominent
patch of afterslip coincides with the subducting Nazca ridge, an
area also characterized by low interseismic coupling, which seems
to have repeatedly acted as a barrier to seismic rupture propaga-
tion in the past. The seismogenic portion of the megathrust thus
appears to be composed of interfingering rate-weakening and rate-
strengthening patches. The rate-strengthening patches contribute
to a high proportion of aseismic slip, and determine the extent and
frequency of large interplate earthquakes. Aseismic slip accounts
for as much as 50-70% of the slip budget on the seismogenic
portion of the megathrust in central Peru, and the return period
of earthquakes with M,, = 8.0 in the Pisco area is estimated to be
250 years.

Imaging the patchwork made by areas of faults that mostly slip
during earthquakes (governed by a rate-weakening friction law) and
areas that mostly slip aseismically (governed by a rate-strengthening
friction law)'?, and then estimating the fraction of slip that is taken up
by earthquakes is challenging for a number of reasons. First, the pattern
may not be spatially stationary. Second, areas that seem to remain
locked in the interseismic period may include rate-strengthening
patches lying in the stress shadow of locked rate-weakening patches
that would not creep much®. Finally, interplate earthquakes might
rupture rate-weakening patches only partially, or could propagate into
adjacent rate-strengthening areas. Thus, a detailed understanding of
the physics governing the spatio-temporal distribution of slip along
megathrusts remains elusive. Here we address this issue using geodetic
observations of postseismic deformation following the M, = 8.0
Pisco earthquake of 2007, the co-seismic source model of which is well

constrained from InSAR (interferometric synthetic aperture radar)
data, teleseismic data and tsunami modelling", and for which geo-
detic measurements of interseismic strain were acquired before the
earthquake'*".

The earthquake occurred on 15 August 2007, and generated a
tsunami which reached an elevation of up to 10 m in the epicentral
area”. The earthquake ruptured the subduction interface along
which the Nazca plate subducts beneath the South American plate
at about 6cmyr™ ' (Fig. 1). Similar interplate M > 8.0 earthquakes
have occurred offshore South and Central Peru in 1604, 1687, 1746
and 1868'°. The 2007 earthquake ruptured the same segment as broke
in 1746. The rupture initiated north of Pisco and propagated towards
the south, producing up to 8 m of slip parallel to the Nazca—South
America plate convergence. The co-seismic model of the earth-
quake' shows that it broke two distinct asperities 60 seconds apart.

We installed a continuous global positioning system network of
five stations (Fig. 1), which were in operation from 20 days after the
mainshock. The data analysed here cover the time period until day
408 after the mainshock (see Supplementary Information for details).
All horizontal displacements are trenchwards (Fig. 1). The largest
postseismic displacements are observed at the two southernmost
stations LAGU and GUAD, with about 10 cm of cumulative displace-
ment. Station LAGU shows about 5 cm of uplift, while GUAD shows
2.5cm of subsidence (see Supplementary Information), suggesting
that station LAGU is located close to, or on top of, a creeping patch
that does not extend beneath GUAD. Both localized slip on the
megathrust (afterslip) and viscous relaxation of the mantle can con-
tribute to postseismic relaxation. Here we model only the effect of
afterslip, because mantle relaxation would produce a broader-scale
deformation than seen in our data, and because afterslip is generally
thought to dominate early postseismic relaxation'’. The continuous
global positioning system time series were thus inverted for slip on
the megathrust on the basis of the theory of dislocation in an elastic
half-space'®, using a principal component analysis-based inversion
method" (see Supplementary Information for details).

We used a curved fault geometry consistent with the co-seismic
model". The dip angle increases continuously from 6° at 5 km depth
near the trench, to 30° at about 50 km depth. We tested a variety of
models in which the rake was left free and spatially variable, or fixed
to the direction of plate convergence (67°E). We also varied the
weight put on smoothing and conducted several tests to identify
the robust features needed to account for the observations. These
sensitivity tests show that the data require two high-slip patches,
labelled A and B in Fig. 2. Between days 20 and 408, nearly 40 cm
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Figure 1| Seismotectonic setting of the South Peru megathrust. Shown are
co-seismic slip, aftershocks and postseismic displacements from the

M,, = 8.0 Pisco earthquake in 2007. The focal mechanism shows the Global
Centroid Moment Tensor solution (http://www.globalcmt.org/). The 2-m
slip contour lines of the 2007 earthquake shown in cyan were derived from
the joint analysis of InSAR, teleseismic and tsunami data'’. Aftershocks (red
dots) were located from the Instituto Geofisico del Pert (IGP) local seismic
network. The rupture area of the M,,8.1, 1974 Lima earthquake was
estimated from teleseismic data®, and that of the M,,7.7, 1996 Nazca
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earthquake was derived from the joint inversion of InSAR and teleseismic
waveforms®. Grey vectors show the Nazca plate motion relative to South
America'. Black vectors show the horizontal postseismic displacements
between days 20 and 408 after the mainshock, and the blue vectors show the
modelled displacements. The time series of displacements recorded at
LAGU, with 20 uncertainties, is shown in the upper inset. The continuous
curve shows the theoretical displacements predicted from the afterslip
model shown in Fig. 2. The box in the lower inset represents the area of the
main figure panel.

Figure 2 | Fault slip derived from modelling of
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geodetic displacements between days 20 and
408 after the mainshock. The model shown here
assumes variable rake. Details regarding the
weight put on smoothing and the three principal
components selected in this model are given in
the Supplementary Information. The 2-m slip
contour lines of the 2007 earthquake are shown in
cyan". Pink contour lines show the density of
aftershocks in the first month following the
mainshock derived from the IGP catalogue.
Insets show the slip at the centres of patches A
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and B, deduced from the inversion of geodetic
measurements (blue circles). Red continuous
lines show theoretical displacements predicted
from rate-strengthening frictional sliding,
assuming that frictional stress 7 increases linearly
with the logarithm of the sliding velocity U, as
observed in laboratory experiments®. According
to this model, postseismic slip U(t) evolves as®
U(t)=Vyut; log [1+(V ™ /Vyt)t]. For patch A,
the best fitting parameters are f, =~ 2.1 years and
V* /V,=162, assuming a value for the long-
term velocity of the order of the convergence rate
(that is, Vi, = 62 mm yrfl; ref. 14). For patch B,
we found t, = 1.2 years and V* /V;,;=90, making
the same assumptions as for patch A.
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of slip occurred on patch A, and about 20 cm on patch B. We com-
pared the time evolution of slip deduced from the inversion of the
geodetic data with that predicted from a rate-strengthening frictional
sliding law, which assumes that the frictional stress T increases line-
arly with the logarithm of the sliding velocity U (ref. 20). The model
fits the estimated postseismic slip remarkably well, yielding relaxa-
tion times t, of about 1.2 and 2.1 years for patches A and B (Fig. 2).
According to this law, the ratio V*/ Vp1, where V) is the long-term
slip rate and V" is the sliding velocity on the fault directly after the
earthquake, depends on the rheological parameter A=dt/dlog U
(positive for rate-strengthening friction) and on the static
Coulomb stress change induced by the mainshock (ACFF)*, accord-
ing to the relation:

ACFF=Alog (VT /Vy)

We estimated the co-seismic Coulomb stress change based on the
source model of the mainshock'?, and inferred A = 0.20—-0.59 MPa at
the centre of asperity A and A= 0.22-0.67 MPa at the centre of
asperity B. These values are comparable to the 0.1-1 MPa range of
estimates derived from other postseismic observations in various
tectonic settings'***.

Our afterslip model amounts to a cumulative slip-potency (average
slip X fault area) between 20 and 408 days of 3.45 X 10° m’. Assuming
a shear modulus of 50 GPa, this corresponds to a moment of
1.73 X 10*°N'm, equivalent to M, = 7.5, representing 14% of the
co-seismic moment released. The sensitivity tests given in the
Supplementary Information yield a lower bound of 9.0 X 10" N'm
and an upper bound of 3.0 X 10*° N m, corresponding to 7-28% of
the co-seismic moment. Using the frictional afterslip model to estimate
the cumulative moment during the first 20 days, we estimate that after-
slip over the first 408 days released a geodetic moment of
333X 10°°Nm (M, =7.6), representing about 28% of the co-seismic
moment (the sensitivity tests yield a range of possible values between
22% and 41%). Given that the cumulative moment released by all
aftershocks with M, >4 reported in the National Earthquake
Information Center (NEIC) catalogue over the same period of time
amounts to only 1.3 X 10" N'm, about 90% of the observed postseis-
mic deformation was aseismic. The 28% ratio of aseismic to seismic
slip potency associated with the Pisco earthquake is comparable to
similar estimations from a year of postseismic relaxation along other
M,, > 8 megathrust earthquakes'"*.

Data from a local seismic network also shows a clear spatial cor-
relation between the distribution of aftershocks and the location of
postseismic slip (Fig. 2), consistent with the notion that aftershocks
are driven by afterslip'?*?>*?¢?7_ Because the GPS stations were
deployed 20 days after the mainshock, we could not test conclusively
that the two processes are characterized by the same relaxation times.

Our modelling results show that the post- and co-seismic slip dis-
tributions complement each other (the small overlap might simply
reflect the spatial smoothing employed in the inversion). This obser-
vation is consistent with the view that the shallow portion of the mega-
thrust is paved with areas that are rate-weakening, within which
earthquakes can nucleate and propagate, and areas that are rate-
strengthening, within which slip is mostly aseismic. We therefore specu-
late that the two sub-events during the Pisco earthquake could reflect
the effect of the intervening rate-strengthening patch (labelled B).
Strikingly, the prominent aseismic patch (labelled A) coincides with
the northern side of the Nazca ridge, where the 2007 rupture stopped.
A number of M> 8 earthquakes have occurred, either north (1687,
1746) or south (1604, 1868) of Pisco in the past', but none seem to
have ruptured across that particular patch of the megathrust. Therefore,
we infer that this patch is a permanent barrier characterized by rate-
strengthening friction, plausibly related to the subduction of the Nazca
ridge. The intrinsically creeping character of the Peru megathrust in the
area where the Nazca ridge subducts beneath the fore-arc is also visible
from the pattern of interseismic strain. Modelling of the interseismic
geodetic data recorded before the Pisco earthquake does indeed show
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low interseismic coupling in this area, while the rupture areas of the
2007 Pisco and 1974 Lima earthquakes coincide with higher coupling
(Fig. 3 and Supplementary Information). The morphology of the fore-
arc, characterized by an interruption of the fore-arc basins and a
narrower distance from the trench to the coastline, probably also reflect
the effects of the Nazca ridge.

With regard to the aseismic/seismic slip budget, the modelling of
the interseismic deformation implies that 41-62% of the long-term
interplate slip results from aseismic slip in the interseismic period
(Fig. 3 and Supplementary Information). The remaining fraction of
slip released during the earthquake cycle must result from transient
seismic or aseismic slip. Assuming that the ratio between the
moments released by afterslip and by seismic slip is about 28%, as
estimated above, aseismic slip would contribute between 50% and
70% of the total slip (see Supplementary Information). This might
still be an underestimate, because the possibility of spontaneous
aseismic transients is ignored.

The interseismic coupling model suggests a moment deficit accu-
mulation rate of0.61 X 10" N myr ™" in the area that ruptured during
the Pisco earthquake (latitude 13°S to 15°S, depth shallower than
40km). At this rate, we estimate it would take about 250 years to
accumulate a deficit of moment equivalent to the 1.5X 10*' Nm
released by co-seismic slip and afterslip associated with the Pisco
earthquake. This estimate is close to the 261 years between the 2007
Pisco earthquake and the previous large megathrust earthquake in this
area which occurred in 1746 (ref. 16).

To conclude, the Pisco earthquake ruptured two distinct asperities
within patches that had remained locked in the interseismic period, and
triggered aseismic afterslip on adjacent patches, including one that
might actually separate the two seismic asperities. Afterslip released
the equivalent of 28% of the co-seismic moment over one year, follow-
ing a temporal evolution consistent with rate-strengthening frictional
sliding. Aseismic slip on the seismogenic portion of the Peru megathrust
between latitude 11°S and 16°S is estimated to account for a large
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Figure 3 | Comparison of interseismic coupling with the rupture areas of
recent large earthquakes. Rupture areas of the large interplate earthquakes
as in Fig. 1. Also shown is the pattern of interseismic coupling, defined as
(1 — Vi/V,,1), where V; is the interseismic slip rate, derived from modelling of
geodetic data collected between January 1993 and March 2001, all referenced
to stable South America'*'*. Data (white vectors) were corrected for
5mmyr ' of shortening across the Andes by least-squares adjustment of the
Euler pole describing the long-term motion of the fore-arc with respect to
South America. The rectangular fault model has a strike of 321° and dips 18°
to the east. The inversion procedure is described in the Supplementary
Information, and the modelled velocities are shown as light blue vectors. The
small coupling near the trench may reflect the lack of resolution there, except
in the north, where sea-bottom measurements are available'®. This model
shows that, on average over the study area, aseismic slip in the interseismic
period accounts for about 38% to 59% of interplate slip at depths shallower
than 40 km (the average interseismic coupling is between 0.41 and 0.62).
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fraction of the slip budget. The dominant afterslip patch reflects the
influence of the Nazca ridge, which seems to promote aseismic sliding
and hence a locally low interseismic coupling, a result contrary to the
common assumption that subducting bathymetric irregularities such as
seamounts or ridges ought to increase seismic coupling. This area has
repeatedly acted as a barrier to seismic rupture propagation. The mega-
thrust appears to be paved with rate-strengthening and rate-weakening
patches and the resulting pattern has a profound influence on its long-
term seismic behaviour, as well as on individual earthquakes.

METHODS SUMMARY

This study relies primarily on measurements of surface displacements from GPS
geodesy. The surface displacements are used to infer the pattern of aseismic slip
on the megathrust, based on the theory of elastic dislocations embedded in an
elastic half-space'®. The megathrust is modelled as 7 km X 7 km square disloca-
tions. The inversions are regularized by minimizing the roughness of the solution
calculated from the discrete Laplacian of the slip distribution. The time evolution
of slip is retrieved using the principal component analysis-based inversion
method of ref. 19. The time series are decomposed in principal components
and each component is inverted for slip on the megathrust. The slip model is
then obtained from linear combination of the minimum number of components
required to fit the geodetic time series within uncertainties.
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