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Permanent deformation caused by subduction
earthquakes in northern Chile
A. Baker1, R. W. Allmendinger1*, L. A. Owen2 and J. A. Rech3

Earthquakes are accompanied by coseismic and post-seismic rebound: blocks of crust on either side of the fault spring back to
their initial, undeformed configuration. This rebound is well documented by space geodetic data, such as the Global Positioning
System. Thus, all earthquake-induced deformation of the crust is considered non-permanent and is modelled as an elastic or
visco-elastic process. Here, however, we show that earthquakes larger than magnitude 7 in northern Chile caused the crust
to deform permanently. We identify millimetre- to metre-scale tension cracks in the crust of the Atacama Desert and use
cosmogenic nuclides to date the timing of crack formation. The cracks were formed by between 2,000 and 9,000 individual
plate-boundary earthquakes that occurred in the past 0.8–1 million years. We show that up to 10% of the horizontal deformation
generated during the earthquakes, recorded by Global Positioning System data and previously assumed to be recoverable, is
permanent. Our data set provides a record of permanent strain in the shallow crust of the South American Plate. Although
deformation of the deep crust may be predominantly elastic, we conclude that modelling of the earthquake cycle should also
include a significant plastic component.

The elastic rebound concept for earthquakes was first
introduced by Harry Fielding Reid1 in his study of the
1906 San Francisco earthquake and has dominated our

understanding of the seismic cycle ever since, although we now
know that some of the rebound occurs over months to decades
following a major earthquake and thus can have a significant
viscoelastic component2,3. The earthquake cycle along subduction
zones is likewise commonly interpreted in terms of elastic rebound
although, because of the orientation of the fault plane, coseismic
vertical displacements are opposite to interseismic displacements
as shown by numerous Global Positioning System (GPS) studies.
In either case, the deformation of the rocks on either side of the
fault that produced the earthquake is considered to be immediately
or eventually recoverable and thus non-permanent. Sea level is
a sensitive indicator of permanent vertical uplift4; however, the
horizontal strains associated with co- and post-seismic deformation
from a single event are small (of the order of 10−5–10−6 at
distances of tens of kilometres from the earthquake fault) and
any permanent deformation would normally be exceedingly
difficult to detect in the geological record. The hyperarid Atacama
Desert of northern Chile (Fig. 1) may be the only place in the
world where such permanent deformation can be preserved and
identified. The subtle and delicate features produced during major
plate-boundary earthquakes are preserved in geomorphic surfaces
that routinely yield Pliocene and Miocene terrestrial cosmogenic
nuclide (TCN) ages5–8.

The Nazca–South America subducting plate boundary is
responsible for some of the largest earthquakes over the past 100
years, including the 1960 Valdivia (Mw 9.5) and the 2010 Maule
(Mw 8.8) earthquake. In northernmost Chile, a Mw 8.1 earthquake
affected the Antofagasta region in 1995, and in southern Peru, the
Arequipa region was struck by a Mw 8.5 event in 2001 (refs 9–
11). The region between these two areas, known as the Iquique
Gap (Fig. 1), has not had a major earthquake since the great
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earthquakes of 1868 and 1877 (refs 12–14). The southern part of
the Iquique Gap did experience the Mw 7.7 Tocopilla earthquake
in 2007, which released less than 5% of the moment accumulated
since 1877 (refs 15,16).

Geodetically measured rates of convergence between Nazca and
South America are about 63mmyr−1 along an azimuth of 079◦
(refs 17,18). Thus, on average about 6m of convergence occurs
every century and, depending on the degree towhich the subduction
zone is locked along the seismic coupling interface, as much as 8m
of convergence have accrued since the last major earthquake in
the Iquique Gap. This amount of slip is similar to that calculated
previously19 for an average Iquique earthquake (Fig. 1), based on
the distribution and orientation of co/post-seismic cracks. These
features are common in the Coastal Cordillera, which overlies the
down-dip tip of the coupling zone.

Co/post-seismic cracks
The forearc of northern Chile and southern Peru preserves an
extensive suite of cracks that are particularly well preserved in the
saline soils that characterize the Atacama Desert19–22. These cracks
have a variety of morphologies and origins; we report here on
those that are known or inferred to be due to the seismic cycle
based on: in mine excavations they have been observed cut at
least 10m into the Mesozoic basement rocks rather than being
restricted solely to the saline soils; individual cracks have a relatively
straight surface trace that can be tracked for hundreds of metres
up to a few kilometres in the case of particularly large cracks; they
are unrelated to local surface slopes and down-slope motion; the
cracks exhibit systematic orientations over 500 km or more parallel
to the Coastal Cordillera19; and the cracks have been observed to
have formed during earthquakes20,21,23,24 (see photographs in the
Supplementary Information). We observed and measured cracks
that probably formed during the 2007 Tocopilla earthquake in
the course of our study.
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Figure 1 | Location of the study area, Punta de Lobos, in northern Chile.
The barbed line is the Peru–Chile Trench. Contours show best fitting,
long-term rupture segment for the Iquique Gap from ref. 19; numbers
indicate slip magnitude in metres. Co/post-seismic GPS vectors for the
1995 Antofagasta earthquake (stations shown with circles) and the 2007
Tocopilla earthquake (triangles) shown at the same scale15,36. Filled station
symbols indicate that the vector was used in the strain calculation in Fig. 5.
Inset map shows the location, with the Iquique Gap bounded by the 2001
Mw 8.5 Arequipa earthquake to the north and the 1995 Mw 8.1 Antofagasta
earthquake to the south.

The exact cause of earthquake-related cracking remains un-
certain. The approximate north–south strike of most cracks19 is
consistent with static coseismic rebound of the upper plate. On
the other hand, the common, although not exclusive association
of the dense regions of cracking with forearc fault scarps and
other topographic features indicates focusing during dynamic wave
propagation25. In an ideal world, cracks formed by the latter mech-
anism would tend to close up resulting in little or no permanent
strain. In the real world, however, there is abundant evidence,
especially when seen in cross-section, that rock clasts fall into
the cracks while open. Such clasts may act to prop open the
cracks, creating much larger permanent surface strains than might
otherwise be observed. We do not have sufficient temporal reso-
lution to distinguish between cracks formed during the coseismic
elastic rebound and those formed during the post-seismic recovery;
from a geological perspective, the more important distinction
is whether the deformation is permanent or recoverable (either
immediately or over time).

Crack strain and strain rate
On a set of alluvial fan surfaces in the Coastal Cordillera at Punta de
Lobos (Fig. 1), wemeasured∼7 km of scan lines over 5 surfaces (see
Supplementary Information for details). Crack strain is calculated
and reported here as a one-dimensional (1D) extension:

e=
lf− li
li
=

6Wh

lf−6Wh

where lf and li are the final and initial lengths, respectively,
and 6Wh is the sum of the crack widths along the transect
as determined above. Crack strain clearly varies with alluvial
fan surface age, with the oldest surfaces recording as much as
3.5% extension and the youngest surfaces registering less than
1% extension (Fig. 2).

Sufficient quartz clasts were available on three separate surfaces
to determine their exposure ages from TCNs using 10Be and 26Al
(see Supplementary Information for complete details). The oldest
surface (S1) has an average age of 0.98± 0.18Myr for all 10Be
and 26Al ages; the intermediate surface (S2) has an average age
of 0.35± 0.13Myr; and the youngest surface (S5) an average age
of 0.16± 0.08Myr. 10Be and 26Al ages for pebbles and sediment
in the active channels and quartz pebbles on the pediment and
bedrock range from ∼0.07 to 0.30Myr suggesting that inheritance
levels for cosmogenic nuclides of clasts and sediment on alluvial fan
surfaces are of that order.

The dating of the surfaces, albeit with considerable uncertainty
inherent in the technique, allows us to determine not just strain
but strain rate (Fig. 3). Within the limits of error (discussed
in the Supplementary Information), the strain rate seems to be
relatively constant at about 1.2–1.5× 10−15 s−1 for 0.8–1 million
years. If we assume that, on average, there is a major plate-
boundary earthquake in the Iquique Gap every 150± 50 years13,
then the Punta de Lobos fan complex records between 2,000
and 9,000 individual events and the surface extension for each
event, on average, is 7.1 ± 2.3×10−6. If we double the recurrence
interval to 300 ± 50 years, the average per event strain would
be 14.2± 2.3× 10−6.

Comparison to GPS co/post-seismic strain
As the Iquique segment in which Punta de Lobos is located has not
had a major earthquake since 1877, we must compare the per event
strain calculated above to the GPS record of recent earthquakes in
other parts of the margin. Furthermore, our crack strain measure
is 1D and therefore we should compare it to horizontal strain
along a GPS transect in the direction of maximum extension.
Three recent earthquakes along the Nazca–South America plate
boundary that were well captured by GPS networks include the
2010 Mw 8.8Maule (Fig. 4), 1995 Mw 8.1 Antofagasta and 2007
Mw 7.7 Tocopilla events (Fig. 1). As expected, the maximum
co/post-seismic extensions, measured in the 50 km immediately
east of the coast, vary with magnitude of the earthquake: 4.8±
0.65 × 10−5 for Maule, 7.7 ± 1.9 × 10−6 for Antofagasta and
2.2±0.89×10−6 for Tocopilla (see the Supplementary Information
for calculation of strain for each event). These geodetically
measured strains are very similar to the average per event strains
calculated for the Punta de Lobos data based on 150 and 300 year
recurrence intervals (Fig. 5).

Implications for coseismic deformation
If the crack strain we have documented were homogeneous over
the entire Coastal Cordillera, it would suggest that a very high
proportion of the rebound seen in GPS networks (12–27% for
a Maule-sized event and nearly 100% for an Antofagasta-sized
event) is actually due to permanent deformation and is not
elastic or viscoelastic. However, there are two reasons why this is
probably not the case: the crack strain in the Coastal Cordillera
is probably not homogeneous; and we cannot rule out the effect
of tectonic processes other than plate-boundary seismicity that
might contribute to the strain measured at Punta de Lobos. We
briefly examine both possibilities, below, ignoring Tocopilla as it is
considerably smaller than an average 150 or 300 year event.

To determine theminimumamount that permanent crack strain
at Punta de Lobos might contribute to the total coseismic rebound,
it is necessary to compare changes in length rather than strain
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Figure 2 | Surface cracks at Punta de Lobos. Detail of Google Earth image showing differing crack densities in the oldest and youngest dated surface, and
two representative scan line plots showing incremental and cumulative strain as well as elevation variation along the scan line. a, One of the scan lines
from the S5 surface (<0.2 Myr). b, A scan line from the S1 surface (∼0.9 Myr). Similar plots for the remainder of the scan line data for Punta de Lobos can
be found in the Supplementary Information.
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Figure 3 | Strain rate due to surface cracks at Punta de Lobos. Strain from
scan line measurements of crack apertures on fan surfaces as a function of
TCN surface exposure ages. 1σ error bars are described in Supplementary
Tables S1 and S2. Slopes were calculated using a least-squares best fit that
was constrained to go through the origin; the corrected strain rate uses the
ages and errors that have been corrected for possible inherited TCN values
whereas the uncorrected strain rate uses the raw TCN ages and errors
without any inheritance correction as described in the Supplementary
Information. Note the linear nature of the relationships, suggesting a
consistent strain rate for the last∼800–1,000 kyr.

magnitudes because the length scales are different. The average
length change across 50 km perpendicular to the coast for Maule
was 2.6m and for Antofagasta was about 40 cm. The Punta de
Lobos fan complex is 1,250m wide so the 150 year event would
produce 8.9mm and the 300 year event 1.78 cm of length change. If
cracking occurred only at Punta de Lobos and nowhere else in the
region, then the absolute minimum permanent component would
be 0.37–0.74% of GPS measured deformation for a Maule-sized
event, and 2.3–4.6% of an Antofagasta-sized event (in all cases the
two figures are for the 150 and 300 year events).

However, it is unreasonable to assume that cracking occurs
only on the Punta de Lobos fan as extensive crack development is
present throughout the greater region22, although we lack similar
age control elsewhere. If we assume that 10% of the region has a
crack strain equivalent to Punta de Lobos, then the proportion of
the total GPS strain that was due to permanent cracking would be
1.5–3% for aMaule-sized event and 9–18% for anAntofagasta-sized
event (although Antofagasta was almost certainly not a 300 year
event and thus 18% is probably unreasonable).

It is also likely that some of the cracking is due to upper-
plate faulting. Nearby east-striking reverse faults such as at
Chuculay probably form during the interseismic part of the
subduction earthquake cycle and have extensive cracks, which
were not included in this study20,26. The Punta de Lobos fan
complex is located next to a steep, north-striking eponymous
normal fault. The post-seismic earthquake activity at Pichilemu
(Fig. 4) following the 2010 Maule earthquake27–29 shows that
normal faulting can form co/post-seismically and affects the deeper
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Figure 4 | Co/post-seismic GPS data for the 2010 Maule earthquake.
Individual vectors from ref. 37 (circle station symbols) and ref. 38 (triangle
symbols). Stations used in the strain analysis (Fig. 5 and Supplementary
Fig. S9) are filled black with heavy arrow; others are hollow. Also shown is a
composite focal mechanism for the Pichilemu normal fault aftershock
sequence constructed by summing the moment tensors29. Dots show
individual P (solid) and T (hollow) axes; larger dots are the Mw 6.9 and 7.0
main shocks. Lower hemisphere projection is centred on the Pichilemu
structure.

levels of the forearc crust, not just the surface. If the Punta de
Lobos normal fault and the many other normal faults in the
Coastal Cordillera20,23,30–33 also move co/post-seismically to plate-
boundary earthquakes, then their heaves would have to be added
to the crack strain in accounting for total permanent co/post-
seismic deformation.

Permanent forearc extension during each subduction earth-
quake requires either that the upper plate stretches with time or
there is permanent shortening during some part of the seismic
cycle. We suggest that two processes are at play: first, some of the
permanent extension is counteracted by thrust fault reactivation
of forearc normal faults20,34, most likely during the interseismic
part of the cycle. Although we cannot estimate the total shortening
due to thrust reactivation, the morphology and fault dips alone
suggest that it is significantly smaller than the normal fault zones
in which they occur. Second, co/post-seismic extension contributes
to the stretching and break-up of the northern Chile forearc, which
will facilitate subsequent subduction erosion of the margin31,35.
If the plate boundary is fully locked during the interseismic
period, then subduction erosion could happen only during the
co/post-seismic phase.

We conclude that between ∼1.5 and 10% of the 1D, horizontal
GPS-recorded coseismic strain is probably permanent. Whereas
coseismic rebound may well be predominantly elastic at deeper
levels in the crust, both the cracks and the GPS stations on
which the geodetic coseismic strain estimates are based measure
surface strains. This rate of permanent forearc deformation has
persisted for nearly 1Myr over 400–500 km of margin length,
produced by 2,000 to 9,000 individual earthquake cycles. This
study complements those documenting permanent vertical uplift
of the forearc4. Together, they suggest that co/post-seismic rebound
includes a significant plastic component and thus highlight the need
to re-evaluate the use of purely elastic or viscoelastic modelling of
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Figure 5 | Strain magnitude from cracks and co/post-seismic GPS data.
Comparison of 2D co/post-seismic extensional strains from GPS and field
measurements of co/post-seismic cracks. The GPS strains were measured
from the 1D coseismic displacement gradients in the 50 km immediately
east of the coastline. GPS strain calculated from data in refs 15,36–38. The
crack strain and associated errors are calculated for a 150- and 300-year
average recurrence interval as discussed in the text. The calculation of
errors and GPS strain is described in the Supplementary Information.

GPS data for determining slip magnitudes, interseismic coupling
models and other indirectly measured parameters of major
subduction zone earthquakes.
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