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Abstract We document interactions between intermediate depth and interplate seismicity in the North
Chile subduction zone, over a 25 year period (1990–2015). We show that the 2005 Mw 7.8 Tarapaca slab-pull
earthquake was followed by 9 years of enhanced deep and shallow seismicity, together with the decrease
of eastward average GPS velocities and associated interplate coupling, eventually leading to the 2014
Mw 8.1 Iquique megathrust earthquake. In contrast, megathrust ruptures (e.g., Mw 8.0 Antofagasta in
1995, or Mw 8.1 Iquique in 2014) initiate several years of silent background seismicity in the studied area,
both at shallow and intermediate depths. The plunge of a rigid slab into a viscous asthenospheric
mantle could explain the observed synchronization between deep and shallow seismicity and their
long-term interactions.

1. Introduction

Mechanisms leading to large megathrust earthquakes are still not well understood and described. Recent
studies showed that a triggering link exists between intermediate depth seismicity and the occurrence of
megathrust earthquakes. For example, Lay et al. (2017) showed, from a detailed analysis of source parameters
using teleseismic body wave modeling, that the 2016 Mw 7.9 Solomon Islands earthquake was a compound
event initiating as a compressional intraslab rupture that coseismically triggered a plate boundary thrust.
More intriguing, Bouchon et al. (2016) have observed that precursory seismicity, down to magnitude M=1, at
shallow and intermediate depths, occurred synchronously before recent megathrust earthquakes (e.g., Mw 8.8
Maule, Chile, 2010, Mw 9.1 Tohoku-Oki, Japan, 2011, and Mw 8.2 Iquique, Chile, 2014). The reduced magnitude
of this precursory seismicity makes direct triggering unlikely, but rather suggests a wider slab deforma-
tion or plunge leading to the megathrust rupture. These studies all focus on a preearthquake period that is
relatively short in time. Although addressing a time span for deep-shallow seismicity interactions longer than
direct coseismic triggering, the latter study remains focused on the 2–3 months preceding the megathrust
rupture. However, it has been shown that megathrust earthquakes can be preceded by a long (several months
to years) preparation phase (Bouchon et al., 2013; Mavrommatis et al., 2014; Socquet et al., 2017; Yokota &
Koketsu, 2015), but interaction between such long precursors and deep processes has not been evidenced
so far. Durand et al. (2014) have described seismicity interplay lasting up to 4 years distributed over a wide
area in Greece. The authors proposed that an intermediate-depth earthquake started a broad deformation
of the slab which led to a large interface earthquake and stretched the overriding plate over far distances.
However, until now, no study exists that analyzes the interactions at the decadal scale between deep and
shallow subduction earthquakes and their relationship with the megathrust earthquake cycle.

As North Chile subduction undergoes an important seismic activity at intermediate depths (Figure 1) and
at the same time is a well-known seismic gap (Béjar-Pizarro et al., 2013; Comte & Pardo, 1991; Métois et al.,
2016) with different earthquakes occurring in neighboring parts of the thrust, it represents an excellent case
to study this inherent influence and interaction between deep and shallow seismicity. On 13 June 2005, the
Mw 7.8 Tarapaca slab-pull earthquake occurred at 100 km depth (Delouis & Legrand, 2007; Peyrat et al., 2006;
Peyrat & Favreau, 2010). Nine years later, on 1 April 2014, the Mw 8.1 Iquique megathrust earthquake broke
the subduction interface in the same latitude range (Duputel et al., 2015; Hayes et al., 2014; Lay et al., 2014;
Ruiz et al., 2014; Schurr et al., 2014; Yagi et al., 2014), following an important foreshock seismic activity (Kato
et al., 2016; Meng et al., 2015; Ruiz et al., 2014; Schurr et al., 2014) associated with a slow slip on the subduction
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Figure 1. (a) Seismotectonic context of North Chile-South Peru subduction zone. Historical and instrumental rupture
areas are color coded as a function of their date of occurrence. Dates and magnitudes of all earthquakes M> 7.0 in
the area are indicated in squared boxes. Yellow stars and focal mechanisms indicate the epicenters of Mw 7.8 Tarapaca
slab-pull earthquake in 2005 (Duputel et al., 2007) and Mw 8.1 Iquique megathrust earthquake in 2014 (Duputel et al.,
2015). The 1990–2016 seismicity (M ≥ 4.0) from the International Seismological Centre (ISC) (2017) is color coded
by depth and scaled by magnitude. The black line indicates the location of the profile represented in Figure 1b.
(b) Trench-perpendicular profile showing the slab interface from Slab 1.0 (Hayes et al., 2012). Earthquake hypocenters
and hemispheric projection of the focal mechanisms are shown in yellow. Also 6 months of aftershocks for each
earthquake are plotted, color coded by depth and scaled by magnitude. Tarapaca earthquake fault plane is indicated
with a black line above its hypocenter star. (c) Seismicity histogram at depth between 19∘S and 21∘S, taking into
account 10 km to separate each segment.

interface that initiated up to 8 months before the mainshock (Socquet et al., 2017). Here we use both geode-
tic and seismological data available in the area to characterize the evolution of deformation and seismicity
several years before the occurrence of the megathrust and explore the relation between deep and shallow
processes, by focusing on the area affected by Tarapaca slab-pull (Mw 7.8, 2005) and Iquique megathrust
(Mw 8.1, 2014) earthquakes.

2. Data, Methods, and Results
2.1. GPS Data, Processing, and Average Velocities
GPS data from different networks in South Peru and North Chile (IPOC, LIA “Montessus de Ballore”, CAnTO,
ISTerre, IGP, and CSN) were processed in double difference using GAMIT 10.5 software (Herring et al., 2015).
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Figure 2. (a) Map of average GPS velocities before (black arrows) and after (green arrows) Tarapaca earthquake 2005. The first period covers 1 day after Arequipa
earthquake (2001 Mw 8.4) until 1 day before Tarapaca earthquake. The second period covers 1 day after Tarapaca earthquake up to the swarm activity seen in
August 2013, preceding Iquique earthquake. Pink inverted triangles symbolize the location of GPS stations with their respective names at side. The 1990–2016
ISC seismicity is color coded by depth and scaled by magnitude (M≥4.7, completeness magnitude). The box shows the target zone where the seismicity is
studied. Yellow stars indicate the epicenter of Tarapaca and Iquique earthquakes. (b) East component displacement time series of UAPE station, detrended
using 2001.44–2005.45 period as reference. Green dashed line shows the coseismically offset projection of the first period trend. Vertical lines point out an
earthquake or swarm occurrence: continuous lines represent events that occurred in the study area and dashed events outside it. (c, d) The time evolution of
shallow (z≤40 km) and deep (z≥80 km) seismicity, respectively. Blue (red) and light blue (orange) are the cumulative number of events for ISC catalog
and background seismicity, respectively (M≥4.7). Green lines show the seismicity trend in the period one (as in Figure 2b and dashed lines show the trend
projected to the second period.

The results were mapped into the ITRF 2008 (Altamimi et al., 2011) (see supporting information for details
Boehm et al., 2006).

To calculate the average interseismic velocities, the date of the Tarapaca earthquake is taken as the origin
date(13 June 2005). The period preceding the earthquake covers from 1 day after the Arequipa earthquake
(Mw 8.4, 23 June 2001 Perfettini et al., 2005) until the day before the Tarapaca earthquake. The period following
the Tarapaca earthquake starts 1 day after it and ends at the beginning of August 2013, in order to avoid
the 8 month precursory phase preceding Iquique earthquake (Socquet et al., 2017). A simple model taking
into account the position xR at a given reference time tR, the velocity v, and one displacement step for each
large earthquake H (Heaviside function), at a given time tj , is inverted to calculate the velocities, following
the Trajectory Model principle (Bevis & Brown, 2014) (equation (1). This model does not consider afterslip or
viscoelastic relaxation, due to the fact that there are no clear postseismic signal visible on the GPS time series
because of the earthquake depth (100 km) (Figure 2b).

x(t) = xR + v
(

t − tR

)
+

nj∑
j=1

bjH
(

t − tj

)
(1)

These velocities are calculated for nine stations that have enough data before and after Tarapaca earth-
quake (Figure 2a, see supporting information for further details on position time series, velocities and errors).
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The eastward velocity of UAPE cGPS coastal station decelerates by 4 mm/yr after the occurrence of Tarapaca
earthquake (Figure 2b). A similar change in velocity affects most of the cGPS stations within the study area.
Coastal stations in this region (IQQE and AEDA) decelerate by 2 to 4 mm/yr, while inland stations (FBAQ, PICC,
and COLL) decelarate by ∼6 mm/yr (Figure 2a and see supporting information for further details on the veloc-
ity values). In comparison, stations located away from the study area (e.g., UTAR and PMEJ) do not exhibit
such a change in the average velocity (Figure 2a). We hypothesize that this change in velocity is due to a
partial decoupling of the slip interface at depth; we thus aim at searching for futher evidences of this in the
seismicity.

2.2. Catalog and Background Seismicity
The ISC event catalog (International Seismological Centre, 2017) from 1990 to 2017 is used to analyze raw and
background seismicity. The area analyzed covers the latitude range between 11∘S–25∘S, and the longitude
range 80∘W–66∘W (Figure 1a). We make use of a method developed by Ogata and Katsura (1993) and Daniel
et al. (2008) to compute the catalog completeness magnitude. Because IPOC seismic network was installed
in 2007 in Northern Chile, two different periods are considered: from 1990 to 2006 and from 2007 to 2017.
Our approach assumes that both periods are characterized by the same b value, thus allowing for a better
resolved magnitude of completeness (one for each period). The calculated completeness magnitudes are
Mc =4.5 for the first period and Mc =4.0 for the second period (in the whole South Peru-North Chile area con-
sidered on which the declustering has been done). We have fixed Mc = 4.5 for the whole period 1990–2017
(see supporting information for further details).

An epidemic-type aftershock sequence (ETAS) model is performed to decluster the catalog and estimate the
background seismicity (Marsan et al., 2013, 2017). The number of earthquakes (𝜆) per unit of area (x and y)
and unit of time (t) is modeled as the sum of two contributions:

𝜆(x, y, t) = 𝜇(x, y, t) + 𝜈(x, y, t) , (2)

where 𝜈(x, y, t)accounts for triggered earthquakes by a previous one (i.e., aftershocks) and𝜇 is the background
seismicity rate (i.e., not triggered by a previous event). The parameters x and y represent the location and
t the time of occurrence of each event.

The aftershock rate 𝜈(x, y, t) is obtained using

𝜈(x, y, t) =
∑
i|ti<t

𝜈i(x, y, t) , (3)

where ti is the occurrence time of the ith earthquake; 𝜈i(x, y, t) is computed as

𝜈i(x, y, t) =
𝜅(mi)

(t + c − ti)p
⋅

(𝛾 − 1)L(mi)𝛾−1

2𝜋
(
(x − xi)2 + (y − y2) + L(mi)2

)(𝛾−1)∕2
(4)

That is, the product of the Omori-Utsu law with a power spatial density, with c, 𝛾 , and p constants. L(m) =
L0 × 100.5(m−4.7) is the characteristic length in kilometer (Elst & Shaw, 2015; Utsu & Seki, 1955) and 𝜅(m) is the
productivity law, with 𝛼 constant (Ogata, 1988).

Parameters 𝛼, p, c, L0, and 𝛾 are here imposed a priori to realistic values: 𝛼 = 2, p = 1, c = 10−3 days, 𝛾 = 2,
and L0 = 1.78 km. While these parameters can be optimized given the data, in presence or not of a time- and
space-varying background rate (Reverso et al., 2015), it is easier and generally sufficient to impose fixed values
(see Marsan et al., 2017, for a discussion on this in the context of the northeast Japanese subduction zone).
A parameter exploration is performed in the supporting information to evaluate how the results of our analysis
depend on this choice. In contrast, parameters 𝜅 and 𝜇(x, y, t) are inverted. The background rate 𝜇(x, y, t) is
calculated as

𝜇(x, y, t) =
∑

i

𝜇
(

xi, yi, ti

)
𝜆
(

xi, yi, ti

) e−
√
(x−xi)2+(y−yi)2∕𝓁e−|t−ti|∕𝜏 × 1

2𝜋𝓁2ai
(5)
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Figure 3. (a, b) The time evolution of normalized background seismicity rate calculated for different periods of reference (from 1 day rate to 2 years rate),
for shallow (z ≤ 40 km) and deep (z ≥ 80 km) seismicity. Continuous (dashed) lines indicate the time of occurrence of earthquakes into (outside) the study
area. Blue (red) are shallow interplate (intermediate depth intraplate) earthquakes. Interactions between shallow and deep seismicity: (c) Normalized cumulative
number of events for shallow (blue) and deep (in red) in the study area (Mc = 4.0). (d) Synchronization coefficients defined to identify interactions between
deep-shallow seismicity. They are color coded by time for 1.0 value (positive interaction) and grey for 0 value (no interaction). (e) Map view of shallow-deep
seismicity interaction identified between 14 June 2005 and 1 January 2014, color coded by time. Coupling map is from Métois et al. (2016). Tarapaca and
Iquique ruptures (Delouis and Legrand, 2007; Duputel et al., 2015) and 8 month of preseismic slip (Socquet et al., 2017) are plotted and color coded by time.

where 𝓁 and 𝜏 are two smoothing parameters for space and time. The parameter ai is defined as ai =
2𝜏−𝜏

(
e−

ts−ti
𝜏 − e−

te−ti
𝜏

)
. Parameters ts and te represent the starting and ending time of the catalog. Parameter

𝜅 is computed as

𝜅 =

∑
i 1 − 𝜇(xi ,yi ,ti)

𝜆(xi ,yi ,ti)∑
i e𝛼mi

(
ln
(

te + c − ti

)
− ln c

) (6)

We have used a smoothing length𝓁 of 100 km and smoothing duration 𝜏 of 100 days to preserve the potential
accelerations in the catalog (Marsan et al., 2017).

We perform the declustering for the whole area (Figure 1a) and eventually focus on the region affected by the
two mainshocks (box in Figure 2a) This smaller area is characterized by a slightly larger Mc of 4.7 compared
to the whole area on which the declustering has been performed (see supporting information S1 for further
details). Thus, the seismicity with magnitude over 4.7 is selected from the regional declustered catalog to
perform the analysis on the specific zone.

We separated shallow (z ≤ 40 km) and deep (z ≥ 80 km) background seismicity (Figures 2c and 2d).This depth
selection has been made to better separate deep and shallow events by avoiding the seismicity between 40
and 80 km at depth, that is, a depth range with very little seismicity (Figure 1c). It is obvious from Figure 2d
that the declustering mostly removes the aftershocks following the Tarapaca earthquake. Despite this, a clear
increase both in deep and shallow background seismicity can be seen after the 2005 Tarapaca earthquake
(shallow seismicity in 2006 and deep seismicity in 2011). In order to characterize its temporal variability,
seismicity rates are calculated for reference periods ranging from 1 day to 2 years. Figures 3a and 3b offer
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a view of deep and shallow seismicity rates computed for different time windows, ranging from 1 day to
2 years, over 25 year time span. It shows that the 9 year period of increased deep and shallow seismicity fol-
lowing 2005 Tarapaca slab-pull earthquake, is followed by a period of quiescence after the occurrence of the
2014 earthquake. Similarly, the 1995 Antofagasta earthquake marks the limit between an important seismic
activity before, and no background seismicity after. It also allows one to observe that the seismicity release
does not occur steadily in the long-term, but rather through a series of pulses.

3. Discussion
3.1. A Change in Deformation and Seismicity After Tarapaca Slab-Pull Earthquake
After the 2005 Tarapaca earthquake, a significant change in the surface deformation can be observed
(Figure 2a). The reduction in eastward velocity could be related to post-seismic deformation following the
slab-pull event (e.g., poroelastic rebound e.g., Jonsson et al., 2003; Peltzer et al., 1998, afterslip e.g., Hsu et al.,
2006, or mantle’s viscoelastic relaxation e.g., Khazaradze et al., 2002; Klein et al., 2016). Given the fact that the
earthquake occurred at 100 km depth, it is likely that poroelastic rebound, which usually takes place at shallow
depths within structural complexities of the fault (Jonsson et al., 2003; Peltzer et al., 1998), does not exist or
is hardly detectable in the surface deformation field (if any occurs). Part of this velocity reduction of the sta-
tions is located far from the coast (more than 6 mm/yr after the earthquake). Given the fact that the change
in velocity affects a large area, a viscoelastic relaxation has been invoked (Bie et al., 2017), although it is not
possible to observe the associated long-term typical exponential-like transient in the GPS time series, that is
usually associated with this type of mechanism. Whatever the mechanism, such long-term changes in the sur-
face displacement rates suggest that Tarapaca intraplate earthquake had an important impact on the surface
deformation field and therefore on the amount and pattern of the interseismic compression in the upper
plate and at the plate boundary. This broad change in surface deformation generates a velocity reduc-
tion of ∼4 mm/yr at coastal stations and likely modifies the stress regime close to the plate boundary,
enhancing unclamping as well as a change in the coupling on the subduction interface. Until recently, no
slow slip events had been reported in the area. Ruiz et al. (2014) and Schurr et al. (2014) have shown a strong
transient deformation, for which the aseismic nature is debated, during the weeks preceding the occur-
rence of Iquique earthquake, and Socquet et al. (2017) showed that an 8 month aseismic slow slip preceded
the earthquake. These slow slip events have also been observed by the analysis of repetitive earthquakes.
Kato et al. (2016), Meng et al. (2015), and Yagi et al. (2014) have pointed out the occurrence of aseismic defor-
mation over the same period as Ruiz et al. (2014). Taking a longer period of time, Kato et al. (2016) have
detected an aseismic slip starting in 2008 with a continuous rate of 0.67 mm/yr until the 2013 seismic swarm.
Because the average velocity field is calculated up to the 2013 swarm (avoiding the precursory phase of
Iquique earthquake, Socquet et al., 2017), the observed reduction of coastal velocities is compatible with Kato
et al. (2016) and we interpret this behavior as a reduction of coupling on the subduction interface.

Associated with the decrease in eastward GPS velocities, an increase in seismicity rate is observable both at
deep and shallow depths during the interearthquake period, either in the whole ISC catalog or in the back-
ground seismicity (Figures 2 and 3). The background seismicity is usually considered to be a proxy of the
tectonic loading in a specific area, so that any important deviation from the average trend can be associated
with slow slip events and fluid or magmatic migrations (Marsan et al., 2017). This therefore suggests an
increase in the tectonic loading, which is compatible with the observed decrease in GPS eastward velocity
interpreted as an interplate decoupling (and therefore an increased creep on the subduction interface).
Interestingly, this increase in background seismicity rates concerns both shallow and deep earthquakes,
suggesting that a link exists between shallow and deep seismic responses.

3.2. Long-Term Interactions Between Shallow and Intraslab Seismicity
Figures 3a and 3b offer a view of the background seismicity rates over a 25 year time span, for deep and shal-
low seismicity. Before Antofagasta megathrust earthquake (Mw 8.0, 1995 Delouis et al., 1997), both deep and
shallow background activities are significant. After this earthquake, the study area entered in a silent period
until the occurrence of the Arequipa earthquake in mid-2001 in South Peru (Mw 8.4 Perfettini et al., 2005).
The Arequipa earthquake initiates the reactivation of a subtle background seismic activity that accelerates at
depth in the months preceding Tarapaca slab-pull earthquake. The Tarapaca intraslab earthquake triggers an
increase in both deep and shallow seismicity rates. At the end of 2007, in the southern part of the gap, the
Tocopilla earthquake (Mw 7.7 Béjar-Pizarro et al., 2010; Peyrat et al., 2010) triggers a burst of shallow seismicity.
Then, 4 years before Iquique megathrust earthquake, the deep seismicity rate increases, followed in August
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2013 by the increase of the shallow background seismicity rate, 8 months before the mainshock. In April
2014, Iquique megathrust earthquake ruptures a large part of the plate interface and concludes a period of
enhanced deep and shallow background seismic activity that initiated 9 years before with the occurrence of
Tarapaca slab-pull earthquake. Since the occurrence of the Iquique megathrust in April 2014 (up to now), the
background seismic activity is almost zero, at least at Mc = 4.7.

Global tectonic models propose different forces leading the Earth’s convection. One primary force respon-
sible for this process is that generated by the slab subducting beneath the lithosphere. These models have
shown that a relationship exists between the “slab-pull” force and the processes occurring in the seismogenic
zone (e.g., Bilek et al., 2005; Conrad et al., 2004; Conrad & Lithgow-Bertelloni, 2002; Spence, 1987). From a local
seismotectonic point of view, models describe interactions between interplate and intraplate events. These
models depend on how far in the seismic cycle the thrust is. Prior to a thrust event, the stress regime at inter-
mediate depth exhibits tensional behavior generating preferentially slab-pull earthquakes. Conversely, after
a thrust earthquake, the stress regime changes to the opposite, generating compressional slab-push events
(e.g., Astiz & Kanamori, 1986; Astiz et al., 1988; Dmowska et al., 1988; Lay et al., 1989; Lemoine et al., 2001;
Malgrange & Madariaga, 1983). The observed period of enhanced deep and shallow seismicity after an
intraslab event and silent periods following megathrust earthquakes might be explained by such mechanical
models. Usually, previous works focus the attention in earthquake occurrence. Slab-push earthquakes in sub-
duction zones have been documented after shallower activity (Fuenzalida et al., 2013; Lemoine et al., 2001,
2002; Peyrat et al., 2010; Ruiz & Madariaga, 2011). However, the quiescent periods have been less reported.
Here we suggest that the observed arrest of slab-pull seismicity (Mc = 4.7) could be explained by a similar
mechanism. The observed increase in the seismicity (at deep and shallow depths) after the slab-pull rupture,
would be controlled by a mechanism of afterslip and decoupling on the subduction interface, while the
silent period following megathrust ruptures, by clamping of the faults cutting the slab through an increase of
compressive stress along the slab. In the shallow part, a possible mechanism could be the lack of interplate
earthquakes in the area that previously ruptured coseismically because of the large amount of stress released
during the earthquake, as it has been observed after Tohoku-anOki earthquake (Asano et al., 2011).

3.3. Synchronization of Deep and Shallow Seismicity
Another interesting feature revealed by Figures 3a and 3b is the fact that the background seismic activity is not
continuous in time, but rather occurs by bursts, both for shallow and deep events. These swarms are usually
associated with aseismic episodes (Reverso et al., 2015, 2016). The shallow bursts are associated with swarms
detected in 2006, 2008, and 2013 (see supporting information S1 for details), which may indicate the occur-
rences of SSEs, plus a few isolated background earthquakes between 2005 and 2014 that occur as a response
to tectonic loading (Figure 3). The fact that both deep and shallow bursts occur within a short time span sug-
gests some type of interaction between deep and shallow seismic activities. In order to further explore these
potential interactions, we have tried to characterize the correlation of shallow seismicity with deep seismicity.
Using the cumulative number of earthquakes for shallow (z≤40 km) and deep (z≥80 km) seismicity (Figure 3c),
we look for each shallow earthquake if a deep earthquake occurred in the 2 days preceding it (see supporting
information S1 for details in terms of time window selection, completeness magnitude, and probability of
synchronizations by chance). If so, a value 1 is assigned, otherwise this value is 0 (Figure 3d). In this part of
the work, all the seismicity over magnitude 4.0 is considered. Doing so, 16 interactions have been detected
(Figure 3d), which is 133% of the number of interactions expected to occur by pure chance (see Supporting
Information S1 for further details on the statistical significance of the observed synchronizations). The results
shown by Bouchon et al. (2016) (four synchronizations) are replicated from January to 1 April 2014. Before
that 12 additional deep and shallow seismicity synchronizations are detected. The identified interactions cor-
respond either to swarms (e.g., 2006, 2008, and 2013) or background earthquakes (e.g., 2009 and 2011). Three
areas in the shallow part of the megathrust are systematically activated, surrounding the area that ruptured
during the 2014 Iquique earthquake. We have in total 16 synchronization episodes where we can observe 24
shallow earthquakes. About 84% occurred in areas with a coupling factor between 0.3 and 0.8 (Métois et al.,
2016), i.e., areas not fully coupled (Figure 3, see supporting information S1 for details in coupling model).

The 16 episodes of deep-shallow seismicity synchronization (Figures 3d and 3e) may represent, as proposed by
Bouchon et al. (2016), a slab deformation and plunge preceding the shallow burst activity. These interactions
help to identify where the aseismic deformation is occurring. Interestingly, the shallow seismicity triggered
by these interactions is located in areas that are at the transition between high and low interseismic coupling
(Figure 3e). Moreover, these triggered seismic events are all located at the border of the areas that have been
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shown to aseismically slip during the 8 months preceding the 2014 Iquique megathrust, or within the area
that slipped coseismically (purple and pink contours, respectively, in Figure 3e (Socquet et al., 2017)). This pre-
cursory activity marks the area that started to slip in the 9 years preceding the Iquique interface earthquake,
as a response to Tarapaca slab-pull earthquake.

The observed synchronization of seismic activity at intermediate depth and on the shallow subduction inter-
face questions our understanding of the interaction mechanisms between deep and shallow processes. The
fact that Iquique earthquake megathrust occurred 9 years after the Tarapaca slab-pull earthquake, rather
pleads for a slow deformation process taking place within the slab, possibly with a transient acceleration
phases, marked by these synchronized pulses of deep and shallow seismicity, rather than a simple static trig-
gering (e.g., Coulomb stress increase) that is difficult to invoke at such spatial and temporal distances. Our
observations suggest that there exists a strong link between interplate and intraslab seismicity. The presence
of a rigid slab decoupled from the surrounding asthenospheric mantle would favor the stress migration and
aseismic deformation propagation from the slab to the subduction interface. Such decoupling would be
allowed by a low-viscosity channel, permitting transient deep rapid sliding of the slab, as it has been pro-
posed down to 70 km depth by Klein et al. (2016) to explain the postseismic GPS time series following Maule
earthquake Mw 8.8 in Chile.

4. Conclusions

This study presents clear evidence that strong interactions exist between the occurrence of intermediate
depth and shallow seismicity in subduction zones. The occurrence of the Tarapaca slab-pull earthquake ini-
tiated a 9 year period of deep-shallow seismicity interactions in a burst form, associated with a decrease of
the interplate interseismic coupling, eventually leading to the 2014 Mw 8.1 Iquique megathrust earthquake.
Moreover, megathrust ruptures (Antofagasta 1995 and Iquique 2014) initiate long periods (several years)
of silent background seismicity, both on the plate interface, probably due to decoupling associated with
postseismic afterslip (Chlieh et al., 2007; Pritchard & Simons, 2006), and at intermediate depth, probably by
clamping of the faults cutting the slab through an increase of compressive stress (e.g., Astiz et al., 1988; Astiz &
Kanamori, 1986; Dmowska et al., 1988; Lay et al., 1989). After a few years of silence, the background seismicity
resumes both at intermediate and shallow depths, and initiates a new cycle of deep shallow interactions.

If the seismogenic zone is already highly loaded, the occurrence of a large intermediate-depth intraslab earth-
quake could trigger or clock-advance a megathrust event by enhancing the occurrence of foreshocks and
preslip on the subduction interface as a response to stress migration. Conversely, if the interplate contact is not
ready to nucleate a megathrust earthquake, our results suggest that the slab deformation and plunge accom-
modated by the occurrence of a large intraslab event generate an increased activity of deep and shallow
seismicity that are most often synchronized. It changes the stress conditions in the slab, up to the shallower
depths. As a result, a decrease of interseismic coupling (i.e., acceleration of slow slip on the plate interface) may
change the average GPS velocities and increase the background seismicity rate, both processes taking place as
a series of bursts. Such a long-term interaction between slab-pull and shallow earthquakes helps understand
the mechanisms leading to a megathrust earthquake. If this were true, the occurrence of intermediate-depth
earthquakes could therefore significantly increase the probability of a possible future rupture in megathrust.
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