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Motion of continental slivers and creeping
subduction in the northern Andes

J-M. Nocquet1*, J.C. ViIIegas-Lanza1'2, M. Chlieh'3, P. A. Mothes?, F. Rolandone>, P. Jarrin?,
D. Cisneros®, A. Alvarado?, L. Audin’, F. Bondoux8, X. Martin', Y. Font"4, M. Régnier', M. Vallée'’,
T. Tran', C. Beauval’, J. M. Maguifia Mendoza®, W. Martinez'®, H. Tavera? and H. Yepes*’

Along the western margin of South America, plate convergence
is accommodated by slip on the subduction interface and
deformation of the overriding continent™S. In Chile'*, Bolivia®,
Ecuador and Colombia®’, continental deformation occurs
mostly through the motion of discrete domains, hundreds to
thousands of kilometres in scale. These continental slivers
are wedged between the Nazca and stable South American
plates. Here we use geodetic data to identify another large
continental sliver in Peru that is about 300-400 km wide and
1,500 km long, which we call the Inca Sliver. We show that
movement of the slivers parallel to the subduction trench is
controlled by the obliquity of plate convergence and is linked
to prominent features of the Andes Mountains. For example,
the Altiplano is located at the boundary of converging slivers
at the concave bend of the central Andes, and the extending
Gulf of Guayaquil is located at the boundary of diverging slivers
at the convex bend of the northern Andes. Motion of a few
large continental slivers therefore controls the present-day
deformation of nearly the entire Andes mountain range. We
also show that a 1,000-km-long section of the plate interface
in northern Peru and southern Ecuador slips predominantly
aseismically, a behaviour that contrasts with the highly seismic
neighbouring segments. The primary characteristics of this
low-coupled segment are shared by ~20% of the subduction
zones in the eastern Pacific Rim.

Along the western margin of South America, rapid convergence
(~60-70mmyr~') of the oceanic Nazca Plate towards South
America has produced three of the ten largest subduction
earthquakes since 1900. Almost its entire length has been ruptured
by M > 8 megathrust earthquakes since the 1500s (ref. 8).
Contrasting with this observation, north of the 1746 M, ~ 8.6
Lima earthquake® and south of the 1906 M,, 8.8 Ecuador-Colombia
event'’, no M > 8 megathrust earthquake has occurred at least
since the Spanish conquest of the Inca Empire in 1532 (Fig. 1a). The
only noteworthy historical events occurred in 1619, when the city
of Trujillo was destroyed, and in 1912 in the Piura area, but their
attribution to subduction events remains uncertain’. Among the
four events with magnitude larger than 7 recorded by seismometers
in this region, the 1960 M, 7.6 and 1996 M, 7.5 earthquakes

displayed abnormally long source duration, slow rupture velocity,
enhanced long-period source spectrum and both induced relatively
large tsunamis''?>. Both events have been categorized as tsunami
earthquakes, rupturing the shallow, weaker material of the
accretionary prism. In the absence of direct measurements, several
behaviours are plausible to explain the observed seismic gap: a first
endmember view is that the subduction interface is freely slipping,
with no potential to generate great earthquakes. In contrast, a
second possible model is that this interface is significantly locked
and great earthquakes may have recurrence time greater than
500 yr. If the latter hypothesis is true, a total length of 1,200 km and
a convergence rate of ~60mmyr~' would imply an overall seismic
moment deficit equivalent to a M, > 9 earthquake, if released in
a single event. Of course, intermediate scenarios are also possible,
but even a single 300-km-long segment being significantly coupled
would still leave the potential for a M, >8 earthquake to occur
in the future. Quantitatively assessing the seismic potential of this
segment of the subduction is therefore essential not only for Peru
and Ecuador but also for the whole circum-Pacific zone, because
of the associated tsunami hazard. Besides the hazard associated
with the subduction megathrust, significant crustal seismicity
also takes place in the Andean domain. For instance, Ecuador has
experienced at least 28 damaging crustal earthquakes since 1541
(ref. 13). Among them, the 1797 Riobamba event is one of the
largest crustal earthquakes ever documented in the Andes with a
magnitude recently estimated of between 7.5 and 7.9 (ref. 13).
Here, we use global positioning system (GPS) data to quantify
the surface deformation in the northern Andes using a network
of 100 sites, from Lima in central Peru (latitude 12° S) to Bogota
in Colombia (Latitude 4.6° N; Fig. 1b). With respect to stable
South America, the velocity field shows a diverging pattern, with
velocities directed east to northeastwards in Ecuador and Colombia,
and directed southeastwards in northern Peru. Superimposed on
this general pattern, larger velocities whose magnitude decreases
with increasing distance from the trench indicate areas of strong
interseismic coupling in central Peru and northern Ecuador. A more
detailed analysis reveals that the southern Ecuadorian Andes and
northern Peru moves coherently 5-6 mmyr~' southeastwards, with
negligible internal deformation (Fig. 2a). In central Peru, south
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Figure 1| Major subduction earthquake ruptures and GPS velocity field along the Ecuador/northern Peru margin. a, Rupture areas of major past
earthquakes. Red ellipses indicate large earthquakes (M., > 7.7) since 1900 (ref. 8). Hatched ellipses indicate the approximated rupture areas of great
(M, > 8.5) earthquakes®'©. Blue ellipses indicate tsunami earthquakes®™'2. b, GPS velocity field with respect to stable South America. Red and orange
arrows denote continuous and campaign sites, respectively. €, Kinematic sketch showing the motion of the NAS and Inca Sliver. SOAM, South America

Plate. Numbers are velocities in mmyr~".

of latitude 9° S, the geodetic velocity field is dominated by the
contribution of high interseismic coupling along the subduction
interface, which masks the smaller signal of the sliver motion.
Nonetheless, sites located far away from the trench and as far
south as Ayacucho (74.2° W, 13.2° S) and Cuzco (72° W, 13.5° S)
show <2mmyr™ residual velocities with respect to northern Peru,
indicating that the sliver also encompasses these southern areas.
Furthermore, subduction event slip vectors show a systematic
anticlockwise rotation with respect to the Nazca/South America
convergence all along the Peruvian subduction (Supplementary
Fig. 1). Independently from the geodetic data, this further suggests
that the trench-parallel motion of the sliver encompasses the whole
Peruvian margin and extends as far south as the Bolivian Andes. As
the possible limit of the sliver roughly matches the extent of the Inca
Empire, we propose the name Inca Sliver for the continental domain
wedged between the Nazca Plate and stable South America in Peru
and southern Ecuador (Figs 1c and 2a).

North of the Gulf of Guayaquil, previous studies have identified
a large sliver (North Andean Sliver, NAS) encompassing the Andes
and its western margin from Ecuador to western Venezuela®’.
We find that a rigid block motion of 7.5-9.5mmyr~" towards
the northeast explains the kinematics from central Ecuador to
Colombia. Dense GPS measurements allow us to define the
NAS eastern boundary in Ecuador. The limit includes the Gulf
of Guayaquil, obliquely cuts the Andean Cordillera and then
runs along the eastern front of the Eastern Cordillera (Figs 1c
and 2b). The boundary outlined by GPS results correlates with

288

previously described active faults™, the location of major historical
earthquakes” and the style of faulting of recent earthquakes
(Fig. 2b). GPS velocities are also consistent with previously
proposed Holocene slip rates''® suggesting that the motion of
the sliver is accommodated by a small number of major faults.
Less information is available for past earthquakes and active
faults that could be associated with the eastern boundary of the
Inca Sliver. Nonetheless, ~20 shallow thrust and transpressive
crustal earthquakes with magnitude between 5.5 and 7.0 have
occurred along the proposed boundary since 1960'”'. Although
internal deformation of both slivers probably exists at some
level, the sliver boundaries delimit strips of localized deformation
accommodating rapid (4- 10mmyr~') motion and define areas of
high seismic hazards.

Both slivers have a width of 300-400km and a total length of
>1,500km. Their motions dominate the present-day kinematics
for about half of the length of the Andean Cordillera, from
south of the Caribbean Plate to the central Andes. The separation
between the two slivers occurs across the Gulf of Guayaquil,
located close to the apex of the convex bend of the South
America subduction zone, where the sense of the convergence
obliquity changes as a consequence of the change of orientation
of the trench. The sense of the trench-parallel component of each
sliver motion is consistent with the obliquity of the convergence,
indicating active strain partitioning along this portion of the plate
boundary. Kinematic triangles show ~6mmyr™' of left-lateral and
~4.5mmyr~" of right-lateral trench-parallel motion in Ecuador and
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Figure 2 | North Andean Sliver and Inca Sliver boundaries. a, Blue and red arrows are velocities with respect to the North Andean Sliver (NAS) and the
Inca Sliver, respectively. Green arrows are velocities in the sub-Andean domain with respect to stable South America. Error ellipses are 95% confidence
level. Squares indicate GPS with <1mmyr~" velocities. Black focal mechanisms are from the Global CMT catalogue (http://www.globalcmt.org) and blue
focal mechanisms from refs 17,18. The green rectangle indicates the area shown in b. b, Velocity field along the boundary of the NAS. All velocities are now
with respect to the NAS. Yellow stars show the major historical earthquakes in Ecuador with their dates'.

Peru, respectively, leading to a similar percentage of partitioning
(~20-25%) for the two domains (Supplementary Fig. 2). Trench-
normal motion also seems to be slightly partitioned and results in a
thrusting component accommodated along the eastern front of the
Andes and to a lesser extent in the sub-Andean domain.

Previous studies have identified sliver motion in the central
and southern Andes, with pure arc-parallel motion for the Chiloé
Forearc Sliver' in southern Chile and an additional trench-normal
component for the Central Andes Sliver**®. All proposed slivers
in Chile show a northwards, left-lateral trench-parallel component
of motion'™ consistent with the sense of the plate convergence
obliquity. Our results therefore support a view of strain partitioning
nearly throughout the entire Nazca/South America plate boundary
zone, with a first-order organization controlled by the plate
convergence obliquity. Sliver motion further provides an obvious
link to prominent features of the Andes. The Altiplano in the central
Andes is located at the boundary zone between the Central Andes
Sliver in northern Chile and the Inca Sliver in Peru. Converging
trench-parallel component of sliver motion in the concave bend of
the Central Andes induces crustal thickening and growth of the
Altiplano, whereas diverging sliver motion occurs in the convex
bend of the northern Andes inducing crustal thinning and opening
of the Gulf of Guayaquil. This observation departs from the classical
view of the Andes evolution, usually seen as a two-dimensional
process involving progressive thickening of the crust and widening
of the mountain range. In contrast, our results indicate that
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trench-parallel transportation of the continental lithosphere driven
by the convergence obliquity exerts a major control on the widescale
deformation of the Andes, at least for their recent evolution.
Residual velocities with respect to the two slivers (Fig. 2a)
reflect the interseismic elastic strain induced by coupling along the
subduction interface. Our modelling results provide a simple view of
the seismic cycles in Peru and Ecuador. High interseismic coupling
in central Peru and in northern Ecuador correlates with rupture
areas of the great 1746 (ref. 9) and 1906 (ref. 10) earthquakes. In
these regions, elastic strain is released through great earthquakes,
sometimes alternating with sequences of smaller (M, 7.5-8.2)
events®'?. Conversely, along a ~1,000-km-long segment from
latitude 10° S to 3° S, all models show weak to negligible interplate
coupling. This subduction segment must therefore accommodate
the Nazca/South America convergence predominantly through
aseismic creep along the interface, explaining the lack of great
subduction earthquakes over the past five centuries®”. As the
coastline is located about 200 km away from the trench south of the
Piura Peninsula (Fig. 1), GPS data are insensitive to coupling in the
upper shallowest portion of the plate interface. As a consequence,
GPS data do not exclude the possibility of significant coupling along
a shallow (<15-20 km depth) 60-km-wide strip close to the trench
(Fig. 3¢). Historically, tsunami earthquakes''> have occurred in this
weakly coupled segment, possibly releasing stresses accumulated in
the very shallow part of the plate interface. This model also possibly
holds for central Ecuador, where denser measurements along a
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Figure 3 | Spatial distribution of interseismic coupling along the subduction plate interface. a, Model showing no interseismic coupling between 10° S and
3° S. Dashed lines are depth contours of the subduction interface every 10 km. Coupling level is indicated by the colour scale. Green arrows are the model
predicted velocities. The misfit (wrms, weighted root mean square) to the observed velocities (grey arrows) for this model is 0.9 mmyr~". b, Model shown
in a, together with the rupture areas of large and great earthquakes®'°. Blue ellipses indicate tsunami earthquakes. ¢, Same as b for an alternative model
also permitted by GPS data showing interseismic coupling close to the trench. The misfit for this model is wrms=1.0mmyr~".

coastline located 50-80km from the trench enable us to resolve
local, intermediate to high interseismic coupling in the shallowest
20 km of the subduction interface.

The southern Ecuador-northern Peru subduction zone exhibits
a fundamentally different mode of stress accumulation and release
compared with its neighbouring segments. Previous geodetic studies
in southern Peru and Chile have led to a view of highly coupled
asperities of variable size, usually separated by narrower zones of low
interseismic coupling®*'®. Here, the area of predominantly creeping
zone is a continuous ~1,000-km-long segment, representing
15-20% of the total length of the Nazca/South America subduction
zone. Possible shallow (<20km) interseismic coupling, very weak
to zero coupling at the usual seismogenic depths (20-45km), a
lack of great earthquakes, the occurrence of moderate size tsunami
earthquakes, and sliver motion are the primary characteristic of this
subduction zone. How frequent such a category of subduction zone
is globally still remains to be evaluated, but the Shumagin Islands®
segment of the Alaska-Aleutian Arc, the Central America® 2,
Hikurangi*, Java®?* and Ryukyu” subduction zones share most
or all of the same characteristics. Along the eastern side of the
Pacific Rim, of the ~13,000km of subduction from Chile to
the central Aleutians almost continuously studied by geodesy,
the predominantly creeping segments in the Shumagin Islands
(~450km; ref. 20), Central America (~1,200km; refs 21-23) and
northern Peru/southern Ecuador (~1,000km) represent as much
as ~20% of the subduction length. Low-coupled subduction zone
sections might therefore be a common feature. As elastic strain
does not accumulate over a wide seismogenic zone, low-coupled
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subduction zones are unlikely to produce great M, ~ 9 earthquakes,
for which rupture along the megathrust typically occurs from
depths of 45 to 50 km up to the trench. Moderate to large tsunami
earthquakes can occur in these zones, but they are unlikely to be
sources of trans-Pacific tsunamis.

Methods

GPS. We derived a horizontal velocity field of 130 sites from GPS data, including
65 sites recorded in survey mode since 1994 for Ecuador and since 2008 for Peru
and 35 continuous GPS sites in Peru, Ecuador and Colombia. The velocity field
(Supplementary Table 1) is expressed with respect to a reference frame realized
using 20 GPS sites sampling the stable South America Plate. All velocity
uncertainties account for time-correlated noise (Supplementary Information).

Sliver kinematics and boundaries. We take advantage of segments with low
interseismic coupling along the subduction interface to determine the kinematics
of the slivers, idealized as non-deforming blocks. Twenty-eight GPS sites located
in the southern Ecuadorian Andes and in northern Peru show a consistent
southeastwards motion, which can be modelled by a single block, with negligible
internal deformation (weightedrootmeansquare, wrms=0.8 mmyr~', Euler pole at
—63.8° E, 22.5° N, angular velocity: 0.092°Myr™', Fig. 2a and Supplementary
Table 2). No east-west shortening is detected in the residual velocities that could
indicate an unmodelled small signal induced by weak coupling along the
subduction interface. In southern Ecuador, the easternmost GPS sites, located in
the sub-Andean thrust-and-fold belt region, together with the thrust focal
mechanisms indicating southwest-northeast-directed shortening, suggest a
boundary for this sliver along the eastern front of the subandean domain in
Ecuador (Fig. 2a). In Peru, owing to the difficulty of making measurements in the
eastern Andes and Amazonia, our velocity field provides little constraintson the
eastern boundary of the sliver. We therefore used the distribution of shallow
crustal M, > 5.5 earthquakes'”'"® to tentatively propose an eastern boundary for
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the Inca Sliver in Peru (Fig. 2a). Inspection of slip vectors for subduction events
show that, if compared with the Nazca/South America convergence direction,
they are rotated ~5° clockwise in Ecuador, whereas they are rotated anticlockwise
by the same amount in Peru (Supplementary Fig. 1). This observation provides
an independent evidence of trench-parallel motion of the forearc with opposite
sense in Ecuador and Peru and is consistent with an Inca Sliver extending until
southernmost Peru. The NAS kinematics is determined using a subset of 14 sites
located in the coastal plain of Ecuador north of the Gulf of Guayaquil, in the
Andean Cordillera of central Ecuador and southern Colombia. The chosen subset
of sites samples the NAS over a distance of >1,000km with no detectable internal
deformation (Supplementary Table 3, wrms=0.8 mmyr~", Euler pole at —83.4° E,
15.2° N, angular velocity: 0.287° Myr ). A sharp velocity gradient of 7mmyr
accommodated over a distance of ~50km (Fig. 2b) allows us to define the
eastern boundary of the NAS that matches the active faults system of
Chingual-Cosanga-Pallatanga—Puna'*. In northern Ecuador, sites located in the
sub-Andean domain show a residual ~3mmyr~" motion with respect to stable
South America (Fig. 1b).

Interseismic coupling modelling. We model the spatial distribution of
interseismic coupling using the virtual back-slip approach in a semi-infinite
homogeneous elastic half-space. The input data set consists of the horizontal
velocities corrected for the sliver motion previously determined. Sites located
close to the NAS/Inca Sliver boundaries are probably impacted by the elastic
effects of major crustal faults (Fig. 2b) and so were excluded from the inversion.
The subduction interface is divided into 1,024 quasi-equilateral triangular
subfaults with an average edge length of 30 km, following the Slab1.0 (ref. 29)
geometry subduction interface, except in the Lima area, where short-scale
variations have been simplified. We fixed the rake and the convergence velocity to
be consistent with the Nazca Plate motion relative to the slivers. Our inversion
scheme follows a linear Bayesian formulation®, which enables us to explore the
range of possible models, by varying an a priori model (from null to fully coupled
plate interface), damping and smoothing parameters through a model covariance
matrix (Supplementary Information and Supplementary Figs 3 and 4). All models
show high coupling in central Peru ending at latitude 10°- 11° S, very low to null
coupling between 10° S and 3° S, and shallow and laterally heterogeneous
coupling north of 3° S. The main variation among models is the amount of
coupling close to the trench between 7° S and 10° S where GPS sites are located
more than 200 km away from the trench. Secondary differences are the size of
highly coupled areas and in general the amount of coupling close to the trench.
For the purpose of illustration in the main text, we used a L-curve
(Supplementary Fig. 5) to choose the smoothest model that still correctly explains
the GPS data (Fig. 3a,b). Furthermore, we show an alternative model with
shallow interseismic coupling also permitted by the GPS data (Fig. 3c).
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