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Abstract We investigate the stress field that the Nazca slab experiences during subduction beneath the
South American plate by determining the focal mechanisms of moderate subduction-related earthquakes
continuously from 20- to 120-km depth and inverting for the stress directions of four slab regions. Our
results show the sharp termination of the coupling zone, which is characterized by compressional stresses,
uplift of the overlying mountain range, and likely the activation of preexisting slab structures. Beyond
and below this zone slab pull is the dominant stress. Near the slab surface, we also find signatures of the
activation of inherited structures. Deeper in the slab, fault orientations are more likely controlled by the
stress field alone. Along the subduction pathway, we find indication for an increase of the absolute slab pull
component of the stress field that correlates with an increase in event rate and the occurrence possibility
of M> 7 intermediate depth earthquakes.

Plain Language Summary We investigated the sense of movement and the orientation
of ruptures of moderate earthquakes that occur in the part of the Nazca tectonic plate which sinks below
the South American tectonic plate. We aim to better understand why and how tectonic plates sink into
the Earth. Our research shows that the earthquakes on top of the Nazca plate to about 50-km depth occur,
because both plates partially stick together in their movement against each other. Below 50-km depth, the
sticking together ends and the deepest part of the Nazca plate pulls on the shallower part, likely because
there it is heavier. We discovered that the pulling becomes stronger below 100-km depth, and we think that
this is one aspect of why at this depth there are more and potentially very strong earthquakes. Our research
also shows that ruptures that were mapped on the ocean floor are likely still there when the tectonic plate
sinks into the Earth but that they do not reach deeper than approximately 12 km into the plate. With this
knowledge we can start to estimate how heavy the plate is at which depth, where the pulling starts, and
what contributes to it.

1. Introduction

In the Central Andean subduction zone around 21∘S the Nazca plate subducts beneath the South Ameri-
can Plate with a velocity of 67 mm/year in a direction of N77∘E (Angermann et al., 1999; Figure 1). Upon
subduction the plate bends and develops bend faults in the outer rise region (Ranero et al., 2003, 2005). At
depth, the slab unbends to subduct at a constant dip of ∼ 20∘ to a depth of about 120 km (Sippl et al., 2018;
Wölbern et al., 2009; Yuan et al., 2000). Slab-related seismicity has the form of three slab-parallel planes (Bloch
et al., 2014). The upper plane traces the plate interface, while the middle plane is located close to the oceanic
Moho and the lower plane ∼30 km below in the oceanic mantle (Figure 1). The two lower planes merge in
a strong seismicity cluster below the magmatic arc at ∼100-km depth, which forms a narrow double seis-
mic zone (Comte & Suarez, 1994; Rietbrock & Waldhauser, 2004) and can produce M7–8 intermediate depth
earthquakes (Delouis & Legrand, 2007; Kausel & Campos, 1992; Peyrat et al., 2006). It has been hypothesized
that the strong seismicity cluster is the locus of major slab devolatilization (e.g., Oncken et al., 1999). In agree-
ment with this hypothesis, active source seismic data revealed a prominent reflective structure above the
cluster that likely represents a conduit through which fluids rise toward the surface, causing melting and arc
volcanism (Oncken et al., 2003; Yoon et al., 2008). Furthermore, beyond the strong cluster the slab becomes
transparent in receiver function images (Wölbern et al., 2009; Yuan et al., 2000) and the deeper seismicity indi-
cates a steepening of the slab (Sippl et al., 2018). Both observations may be explained with a density increase
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Figure 1. The study area in northern Chile, including seismic networks. (top) Map view with Peru-Chile trench (jagged
line), convergence vector (Angermann et al., 1999), rupture areas of the 2014 Iquique (Schurr et al., 2014) and the 2007
Tocopilla (Schurr et al., 2012) megathrust earthquakes (orange patches), temporary short-period seismic network (blue
triangles, FDSN code: 8F; Wigger et al., 2016), permanent broadband seismic network (blue squares, FDSN code: CX;
GFZ, and IPGP, 2006), seismic profile (dashed line; Lüth, 2000; Oncken et al., 1999; Yoon et al., 2008). (bottom) E-W profile
with seismicity (color coded by regions discussed in the text; events that are outlined orange red occur within ∼12 km
below the plate interface; Bloch et al., 2014). Slab 1.0 model of the slab surface (black line toward the trench; Hayes
et al., 2012) and negative receiver function signature of the slab Moho (black line toward the arc; Yuan et al., 2000).

that would be due to the eclogitization of oceanic crust and/or the deserpentinization of the oceanic mantle
at the depth of the seismicity cluster.

At shallow depth, convergence along the locked plate boundary accumulates strain that is periodically
released in megathrust earthquakes. Recently, the Mw8.1, 2014 Iquique earthquake (Hayes et al., 2014; Ruiz
et al., 2014; Schurr et al., 2014) ruptured the segment north of the study area, between ∼ 19.0∘S and 20.5∘S
and the Mw7.7, 2007 Tocopilla earthquake (Delouis et al., 2009; Schurr et al., 2012) ruptured the segment to
the south, between ∼ 22∘S and 23∘S (Figure 1). The segment within the study area and south of it, reaching at
least from 20.5∘S to∼ 22∘S, has not been activated since the ML8.6, 1877 Iquique earthquake (Comte & Pardo,
1991). Based on Global Positioning System (GPS) measurements of the interseismic surface strain field, it has
been suggested that the study area is located at a seismotectonic barrier that may limit the rupture length of
a forthcoming megathrust earthquake (Métois et al., 2013).
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Focal mechanisms of subduction related earthquakes in this tectonically highly active region have so far only
been inferred from the analysis of P wave first motion polarities. Above ∼50-km depth, some of the found
mechanisms may represent slip on the plate interface (Comte et al., 1999; Delouis et al., 1996). Downdip, the
slab is under tension (Comte et al., 1999; Delouis et al., 1996; Rietbrock & Waldhauser, 2004) and it has been
hypothesized that some of the earthquakes may reactivate outer rise bend faults (Ranero et al., 2005; Rietbrock
& Waldhauser, 2004).

Here we continue to study the stresses that act on the slab by evaluating the focal mechanisms of moderate
earthquakes (2 < Ml < 5) and inverting for stress directions (e.g., Kumar et al., 2016) within the slab and at
its interface to the upper plate in the Central Andean subduction zone. We take advantage of the detailed
knowledge about the subsurface velocity structure (Husen et al., 1999; Lüth, 2000), the dense and widespread
instrumentation of the study area (Figure 1), and the accurate event locations (Bloch et al., 2014) that allow
here for the calculation of precise focal mechanisms, even for the weaker, previously undetected events. The
clear development of a triple seismic zone allows us to sample the stresses continuously along and across the
slab, from 20- to 120-km depth, in the oceanic crust and mantle. The relatively simple subduction geometry
yields an unveiled view on the underlying processes.

2. Data and Method

We used seismograms that have been recorded by the temporary short-period seismic network 8F (Wigger
et al., 2016) and the permanent broadband network CX (GFZ, and IPGP, 2006) in the time span between
March 2010 and March 2012 (Figure 1), in the late interseismic phase before the 2014 Iquique earthquake. For
152 earthquakes, we inverted for the parameters of a double couple (DC) source using the HASH algorithm
(Hardebeck & Shearer, 2002, 2003). We confirmed the focal mechanism of 10 of the strongest events down to
a magnitude Mw3.5 using the full waveform inversion algorithm RMT (Nábėlek & Xia, 1995) and inverted for
stress directions using the slick algorithm (Gephart & Forsyth, 1984; Michael, 1987).

For the inversion with HASH, we used P wave first motion polarities and P to S amplitude ratios. We determined
the P polarities on the unfiltered short period or the 1 Hz high-pass filtered broadband-integrated vertical
displacement seismograms and the maximum P and S amplitudes on the Cartesian sum trace of all three
components. We computed takeoff angles in a 2-D velocity model that was obtained using wide-angle active
source seismic data from a profile across our study area (Lüth, 2000; Figure 1). We then used HASH to invert
for the orientation of a DC source that best matches the observed radiation pattern. We assessed the stability
of the results by reperforming the inversion with takeoff angles perturbed with a standard deviation of 5∘
(supporting information S1).

We confirmed 10 of the mechanisms by inverting the full waveform (supporting information S2). To do so,
we computed elastodynamic Green’s functions (Bouchon, 1981) using a 1-D velocity model that was gen-
erated from arrival time inversion of the aftershock sequence of the Mw8.0, 1995 Antofagasta earthquake
(Husen et al., 1999). We used the source parameters of the HASH solution as a starting source mechanism and
performed an interactive full waveform inversion of the restituted displacement seismograms, which were
band-pass filtered between 2 and 20 s for stronger events and 0.5 and 5 s for weaker events. The filter bands
were individually chosen so as to minimize the influence of unmodeled structure, noise, and microseisms
on the seismograms. For the fixed far-field source time function we always used a simple pulse-like triangle
function with half duration of 0.2 s. For a specific magnitude and frequency band the source duration should
most probably be below the applied short-period filter corner and therefore not influence the seismograms.
We tested the source time function to perform well for the range of observed magnitudes. We constrained
the moment tensor not to contain a volumetric component. We note that the compensated linear vector
dipole component of the moment tensor (e.g., Jost & Herrmann, 1989) increases, the further the hypocenter
is located away from ∼50-km depth and 70∘W, which is the region for which the 1-D velocity model of Husen
et al. (1999) has been optimized and where it therefore should approximate the real subsurface structure best.
In a suite of synthetic tests Schurr and Nábėlek (1999) showed that the compensated linear vector dipole com-
ponent may become artificially large when unmodeled subsurface structures are present. We therefore only
interpreted the DC component of the moment tensors.

We inspected the resulting focal mechanisms for robustness, uniqueness, and coherence with the data. Based
on these categories, we assigned three different qualities: (A) RMT moment tensor which is consistent with the
starting model, (B) HASH focal mechanism with a well covered focal sphere and internally consistent polarities
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Figure 2. Topographic map view of the study area showing focal mechanisms of earthquakes within the subducting
Nazca slab or along the plate boundary. Large focal mechanisms with thick outlines and P/T axes are constrained by full
waveform inversion (all P/T axes in Figure 3). Color code as is Figure 1. Salmon red line indicates the region on the plate
interface where interface thrust events (outlined in salmon red) occur.

and P/S amplitude ratios, and (C) HASH focal mechanism where the type of faulting (normal, reverse, or
strike-slip) is constrained but where either the focal sphere is only poorly covered or some of the observations
are inconsistent. The overall pattern of the stress field remains stable, independent of whether we include (B)
or (C) quality focal mechanisms (supporting information S3). Focal mechanisms that could not be resolved or
were ambiguous were not considered.

We separated the found focal mechanisms into four regions guided by the structure of the subducting slab
(Figure 1, profile): The upper two planes of seismicity (purple in Figures 1–3), the lower plane of seismicity
(green), a transitional zone beyond the downdip end of interface seismicity (brown), and the strong seis-
micity cluster (orange, depth > 100 km). For each region we inverted for the orientation of the principal
stresses (𝜎1 ≥ 𝜎2 ≥ 𝜎3) and the shape parameter Φ = 𝜎2−𝜎3

𝜎1−𝜎3
using the slick algorithm. We deter-

mined the 95% confidence limits of all parameters by bootstrapping (Gephart & Forsyth, 1984; Michael,
1987). We assumed that all absolute stresses are compressive and that compressive stresses are positive
(supporting information S4).

3. Results

The DC part of the moment tensors plotted as beach balls are shown in Figure 2, the corresponding P, N, and
T axes distributions and the orientation of the principal stresses in Figure 3.

The earthquakes of the upper two planes have mostly reverse faulting mechanisms. A group of them is charac-
terized by shallow thrust on a ∼ 20∘E dipping plane. This group very likely represents seismic slip on the plate
interface (interface thrust, outlined salmon red in Figure 2 and IT in Figure 3). The group is well constrained by
two quality (A) focal mechanisms. The other reverse faulting events in the upper seismicity planes have nodal
planes that dip significantly steeper than the plate interface. 𝜎1 is oriented near horizontal in convergence
direction and 𝜎3 near vertical.
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Figure 3. Lower hemisphere stereographic projections of the P, N, and T axes (first three columns, shaded areas indicate clustering of axes discussed in the text.
IT: interface thrust. DE: downdip extension. NW and NNE: direction of mapped outer rise bend faults; Ranero et al., 2005), polar histogram of the P or T axes
orientation in the profile plane (fourth column, bin width 15∘ , concentric lines at intervals of two events, all color coded by region as in Figure 1), and stress
directions (last column, error ellipsoids indicate 95% confidence region; dark and light fill indicate compressive and extensive relative stresses. Stress directions
and Phi are tabled in the supporting information, where Phi is the greek capital letter.) C: Downdip convergence direction. Black line: Slab plane.

An abrupt change in faulting style occurs at the downdip end of seismicity along the plate interface at
69.85∘W, 21.30∘S, 55-km depth (Figures 2 and 4). At this point, a typical interface thrust event occurs less than
5 km west of a normal faulting event. Both results are of quality (A). The downdip termination of thrust events
can be accurately traced in map view. It approximately follows the eastern flank of the trench-parallel Coastal
Cordillera (Figure 2).

Beyond and below the thrust zone, that is, in the lower band, in the transitional zone, and in the strong cluster,
𝜎1 rotates to slab normal and seismicity becomes dominated by normal faulting. 𝜎3 is directed approximately
slab parallel in convergence direction (C in Figure 3) and 𝜎2 strike parallel (Figures 3 and 4). A general trend
exists along the subduction pathway: Starting in the lower band, faulting styles are more heterogeneous and
Φ is low (supporting information S4) indicating that the magnitudes of 𝜎2 and 𝜎3 are similar. Accordingly the
directions of 𝜎2 and 𝜎3 have a large uncertainty in the slab plane. T axes scatter broadly ±30∘ around the slab
plane and have an azimuth that loosely follows the convergence direction (DE in Figure 3). Further downdip,
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Figure 4. (top) Exaggerated average elevation in the study area. (bottom) Profile view of the seismicity distribution, color coded by faulting style (Frohlich, 1992)
as thrust (green), normal (red), strike-slip (light blue), or odd faults (gray). Projection of the P axes for thrust faults (green arrows), T axes for normal faults
(red arrows) or both for strike-slip and odd faults (thin streaks). Direction of 𝜎1 (light green bars) and 𝜎3 (light red bars). Slab 1.0 model (Hayes et al., 2012).
Receiver function Moho (Yuan et al., 2000). Inset: Interpretational sketch of the activated structures and schematic relative main stress components (see section 5
for details).

in the transitional zone, the T axes pattern is similar, but Φ becomes larger and the 𝜎2 and 𝜎3 directions
are better defined (Figure 3). Finally, in the strong cluster, the 𝜎3 direction aligns sharply with the downdip
convergence direction and T axes align with the slab plane (Figures 3 and 4).

In the normal faulting regime a second trend exists across the slab. Earthquakes that occur at a perpendicular
separation distance ≤12 km from the slab surface (outlined orange red in Figures 1–3) tend to have their T
axes oriented away from the 𝜎3 direction (but in the slab plane) and the N axes close to horizontal. In contrast
to that, earthquakes ≥12 km from the slab surface have T axes that tend to follow the 𝜎3 direction and N axes
that may be oriented more vertically.

4. Interpretation

The sharp separation between the compressional and the extensional regime occurs at the downdip end of
interface seismicity (Figure 4), indicating that this line is the downdip end of interplate coupling. Updip of this
line, the upper part of the slab is in compression, which we interpret in the sense that both plates converge,
collisional forces act on the subducting plate and affect the entire oceanic crust: The plate interface is interseis-
mically coupled, the continent acts as a backstop, and stress becomes transferred to the overriding plate. Slip
deficit along the plate interface accumulates only until the downdip end of seismic coupling, limiting the max-
imum extent of a complete megathrust rupture and therefore the maximum earthquake magnitude. Uplift of
the Coastal Cordillera and seismicity in the continental crust likely happen in response to these stresses. The
interface thrust earthquakes represent localized decoupling events that activate the plate interface. These
events occur in the deepest part of the seismogenic zone, which is not fully coupled and likely characterized
by heterogeneous frictional properties (Lay et al., 2012; Schurr et al., 2012).

The remainder of the focal mechanisms in the coupling zone may represent the reactivation of bend faults,
as has been suggested by Ranero et al. (2005). In fact, outer rise bend faults that have been identified using
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high-resolution bathymetry off the coast of northern Chile between 22∘S and 24∘S have two dominant direc-
tions, one NNE striking and one NW striking (Ranero et al., 2005). The N axes, which are the intersections of
both nodal planes, scatter near horizontally around this set of directions (NW and NNE in Figure 3), consistent
with an activation of either of the nodal planes with slip in fault dip direction.

Below the downdip end of interplate coupling normal faulting becomes ubiquitous. The slab is under tension,
which is due to the stress field being dominated by mantle side slab pull there. The change in stress regime
occurs at the point, where also the reflectivity response of the plate interface broadens characteristically
to form a few kilometer thick reflection band (Bloch et al., 2014; Yoon et al., 2008). In northern Cascadia, a sim-
ilar structure has earlier been interpreted as representing the transition from a coupled to a creeping plate
interface (Nedimovic et al., 2003).

The sharp alignment of the 𝜎3 direction and the T axes with the downdip convergence vector in the strong
seismicity cluster likely indicates that the relative contribution of slab pull to the stress field increases below
100-km depth.

The trend of T axes being oriented away from the 𝜎3 direction nearer to the slab surface (orange red in
Figures 1–3) may indicate that the orientation of focal mechanisms there is controlled structurely, that is, by
faults and weakness zones that have variable orientations. In contrast to that, further away from the slab sur-
face, where T axes align with 𝜎3, the faulting angle is more likely controlled by the orientation of the stress
field, within an unstructured or virgin rock.

5. Discussion

The general pattern of the plate interface becoming activated in numerous small reverse faulting earthquakes
at shallow depth and slab pull becoming the dominant forcing at intermediate depth is consistently observed
in double and triple seismic zones in Japan (Igarashi et al., 2001; Kita et al., 2010), New Zealand (Reyners et al.,
1997), and Taiwan (Kao & Rau, 1999). The sharp downdip end of interface coupling has been observed in
Japan (Igarashi et al., 2001; Kita et al., 2010). In the Central Andean subduction zone it has been inferred from
the occurrence of interface aftershock seismicity (Schurr et al., 2012) and from thermal and structural mod-
eling (Oleskevich et al., 1999). Our study indicates that a similar abrupt change in stress regime as in Japan
occurs in the Central Andean forearc. The location is consistent with the probable intersection of the slab with
continental Moho, which indicates that the downdip extent of interplate coupling is likely controlled by the
change in upper plate rheology.

The observation that T axes align with the slab dip going to greater depth has been made by Delouis et al.
(1996) beyond the coupling zone. Our data show that this pattern continues also below the coupling zone
in the previously not observed lower seismicity plane. The observation that T axes align with the downdip
convergence direction deeper below the slab surface has been made by Rietbrock and Waldhauser (2004)
in the strong seismicity cluster. We can confirm that this pattern also affects the transitional part of the slab
between the coupling zone and the strong seismicity cluster. This makes us confident that these observations
are significant and probably related to slab structure and stressing in general.

Ranero et al. (2005) argue that many intermediate depth earthquakes could occur on reactivated outer rise
bend faults, because their bathymetrically mapped strike shows a strong similarity to the one of moment ten-
sors in the corresponding trench segment at intermediate depth. Rietbrock and Waldhauser (2004) draw the
same conclusion from the subvertical alignment of fine seismic structures and subvertical nodal planes of
intermediate depth earthquakes in the Central Andes. Our data suggest that the reactivation of bend faults
is likely for seismicity down to 12 km below the slab interface (orange red in Figures 2 and 3). The focal
mechanisms whose T axes lie close to the 𝜎3 direction which are more concentrated further away from the
slab surface more likely represent spontaneous faulting of the relatively undisturbed rock in the prevailing
local stress field. Faulting of undisturbed rocks at high confining pressures would likely be assisted by meta-
morphic mineral reactions (e.g., Ferrand et al., 2017; Jung et al., 2004; Peacock, 2001; Proctor & Hirth, 2015),
which would advance in directions that are prescribed by local stresses and so could cause the observed
faulting pattern.

The proposed increase of the slab pull component below 100-km depth may indicate that the slab pull stresses
are not fully transferred to the updip part and/or that an additional stress component exists in the forearc that
opposes mantle side slab pull.
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Incomplete stress transfer is generally to be expected, because some stress drop and dissipation of elastic
energy occur evidently in every single intermediate depth earthquake or more subtle by aseismic deforma-
tion. There is also evidence for stresses that oppose slab pull: The unbending of the slab requires it to be
buoyant in the forearc region. The interpretation that the strong seismicity cluster is the locus of major slab
devolatilization corroborates this, because the updip part of the slab would need to be hydrated and therefore
may have a relatively low density. Furthermore, the alignment of the 𝜎3 direction and the T axes occurs just
before the point where the slab becomes transparent on receiver function images (Wölbern et al., 2009; Yuan
et al., 2000) and where its dip angle steepens significantly (Sippl et al., 2018). Both phenomena are thought to
be related to the metamorphic transformation of the slab material from less dense blueschist (crust) and ser-
pentinized peridotite (mantle) to denser eclogite and harzburgite. Slab buoyancy would oppose slab pull and
the densification from a buoyant to a sinking slab would manifest itself in the T axes pattern that we observe.

The increase of the slab pull component that we propose here would likely also be the cause for the increase
in event rate along the subduction pathway and the occurrence of strong intermediate depth earthquakes
in the past, like the Mw7.7, 2005 Tarapacá earthquake (Delouis & Legrand, 2007; Peyrat et al., 2006) or the
Ms8, 1950 Atacama earthquake (Kausel & Campos, 1992). They had similar source mechanisms like those that
we determined for the earthquakes in the strong cluster that are farthest away from the plate interface. Our
interpretation that these earthquakes rupture virgin or unstructured rock would be in agreement with a large
stress drop and subhorizontal fault plane that has been reported for the Tarapacá earthquake (Peyrat et al.,
2006). Similar M> 7 intermediate depth earthquakes have been reported in the subduction zone of Japan
(Suzuki & Kasahara, 1996).

6. Conclusion

We determined focal mechanisms of earthquakes that occurred within the subducting Nazca slab and on its
interface to the overriding South American plate. We could sample the slab continuously from 20- to 120-km
depth, in its crust and mantle. Focal mechanisms indicate an abrupt change in stress regime along a line that
approximately correlates with the eastern extent of the Coastal Cordillera. Updip of this line lies the coupling
zone, where compressional stresses prevail due to plate convergence and earthquakes activate the partially
coupled plate interface and likely intraplate outer rise bend faults. This line marks the maximal downdip extent
of great megathrust earthquakes, limiting their magnitude. Beyond and below the coupling zone, the stress
regime is controlled by slab pull. Along the subduction pathway we find a pronounced alignment of T axes
and the 𝜎3 direction with the slab plane and an increased dominance of normal faulting, which we interpret
in the sense that the effect of slab pull increases. The updip parts of the slab might be less affected by slab
pull, because of dissipation of elastic energy and/or due to slab buoyancy. Additionally, the tendency of T
axes to be oriented away from the 𝜎3 direction near the slab surface likely indicates that fault orientation
there is controlled by inherited structures, likely outer rise bend faults. Deeper within the subducting plate,
earthquakes more likely rupture predominantly unstructured or virgin rock, likely assisted by metamorphic
mineral reactions. In the deepest part, where strong slab pull stresses act on the potentially unstructured rock
fabric, the potential for large intermediate depth earthquakes arises.
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