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Abstract Earthquake moment tensors in eastern Pacific (ePac) slabs typically show downdip tensional
(DT) axes, whereas in the western Pacific (wPac), they typically show downdip compressional (DC) axes
or have mixed orientations indicative of unbending. Prevailing conceptual models emphasize uniform
stress/deformation modes, that is, bulk slab stretching or shortening, as the dominant control on
intermediate depth seismic expression. In contrast, we propose that a diversity of seismic expression,
including DT- and DC-dominated regions, is consistent with expectations of flexural strain accumulation,
based on systemic differences in slab geometry. Our analysis reveals two largely unrecognized features of
ePac intraslab seismicity. First, earthquake clusters consistent with slab unbending are present in ePac
slabs, albeit at much shallower depths than typical of wPac slabs. Second, intermediate depth ePac DT
seismicity is strongly localized to the upper half of zones undergoing curvature increase, such as flat slab
segments. Our study highlights how the seismic expression of slab flexure is impacted by the relative
contribution of brittle and ductile deformation. The strongly asymmetric temperature structure that is
preserved in sinking slabs means that seismicity disproportionately records the deformation regime in the
colder part of the slab, above the neutral plane of bending. The expression of in-plane stress may be
discernible in terms of a systematic modifying effect on the seismic expression of flexure.

1. Introduction

Inclined zones of earthquakes extending to depths of up to 700 km beneath volcanic arcs delineate the
geometry of subducting slabs and provide a unique insight into plate tectonics and mantle convection
(e.g., Elsasser, 1969; McKenzie, 1969). To the extent that rupture mechanisms of these subduction related
earthquakes are thought to reflect the force balance in subducting slabs, they have been used to provide
key insights into the basic mechanisms of plate tectonics. The force system in slabs includes buoyancy
forces due to thermal and metamorphic density contrasts, flexural stress associated with slab bending
and unbending, and resistance arising from slip along the subduction interface and deeper mantle pene-
tration (e.g., Fujita & Kanamori, 1981; House & Jacob, 1982; Isacks & Molnar, 1971; Sleep, 1979).

Intermediate depth earthquakes have traditionally been defined as those in the approximately 70- to
300-km depth range, where the subducting slab is mainly detached from the overriding plate
(Gutenberg & Richter, 1954). The classic studies of (Isacks & Molnar, 1969; 1971) showed that either
the least or most extensive moment tensor eigenvectors tend to be aligned in the slab downdip direction,
consistent with the slab acting as a stress guide in a weaker mantle (Figures 1d and 1h, Elsasser, 1969).
They also identified that the coseismic deformation patterns at intermediate depths correlate with broader
seismic distribution in the slab. Slabs segments with no deep earthquakes, or significant gaps between
intermediate and deep earthquakes, usually exhibit downdip tension/stretching referenced herein as
“DT” (Figure 1h). In contrast, slabs with deep and continuous seismicity tend to be dominated by down-
dip compression/shortening, referenced as “DC” (Figure 1d). Based on these spatial relationships, Isacks
and Molnar (1971) helped to establish the prevailing paradigm that slab earthquake orientations mainly
reflect a uniaxial, or uniform, deformation mode in the slab reference frame. The enduring nature of
these insights is exemplified in a quote from a recent study, “slabs seem to be stretching as gravity acting
on excess mass in the slabs pulls them down, like dangling springs hanging from and attached to litho-
sphere above” (Molnar & Bendick, 2019).
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Figure 1. Schematic illustration of key geometrical/mechanical concepts motivating our analysis of the seismic
expression of subducting slabs. Left side: typical west Pacific style subduction geometry as represented for example

by Tonga. Right side: typical eastern Pacific style subduction geometry as represented for example by Chile. (a and e) Top
panel: slab midplane curvature (dashed) and curvature gradient (solid). (a and e) Bottom panel: geometric strain rate.
Box in (e) shows areas enlarged in (f)-(h). (b and f) Stress distribution for a elasto-plasto-viscous rheology deforming
by geometric bending. (c and g) Stress distribution for a purely elastic rheology deforming by geometric bending.

(d and h) Stress distribution for for a elasto-visco-plastic rheology deforming in response to uniform downdip
compression (left) and extension (right). Insets show schematic differential stress profiles across the slab, as marked
by solid black line with positive values implying extension.

The correlations identified by Isacks and Molnar (1971), which relate to the seismicity patterns in individual
slab segments, also expose contrasts between eastern Pacific (ePac) slabs and western Pacific (wPac) slabs. In
ePac slabs such as Chile, intermediate depth focal mechanisms are strongly dominated by DT earthquakes,
whereas wPac slabs such as Tonga tend to be dominated by DC events. DT regimes are often attributed to
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uniform stretching due to slab pull (Bailey et al., 2009; Bloch et al., 2018; Isacks & Molnar, 1971; Rietbrock &
Waldhauser, 2004), while DC regimes have been attributed to the propagation of compressional stress along
the slab from interactions between the deep parts of the slab and the transition zone (Figures 1d and 1h
Billen et al., 2003; Fujita & Kanamori, 1981; Gurnis et al., 2000).

In detail, it has long been recognized that slab seismicity patterns are more complex than either strictly
DC or DT, leading to the proposition that other deformation modes such as flexure are expressed in
some slabs, e.g. northern Japan, Kuriles, Tonga, northern Marianas, and eastern Aleutians. In these cases,
intermediate depth focal mechanisms exhibit a systematic polarity switch, suggesting that while the upper
part of the slab is in DC, the lower part is in DT (Engdahl & Scholz, 1977, Hasegawa et al., 1978;
Kawakatsu, 1986b; 1986a; Kita et al., 2010; Samowitz & Forsyth, 1981; Sleep, 1979; Tsukahara, 1980;
Wang, 2002). Such double seismic zones (DSZs) are consistent with unbending in the presence of dehy-
dration embrittlement.

However, because some DSZs continue beyond the expected depths of unbending and others have an
opposite polarity to that expected from slab unbending (Comte et al., 1999), additional sources of stress
have been argued to play a significant role in localizing DSZ seismicity (Brudzinski et al., 2007; Fujita
& Kanamori, 1981). Some studies have focused on DSZs as an expression of metamorphic/dehydration
phenomena, often without explicit consideration of the associated rupture mechanisms or sources of
deviatoric stress (e.g., Peacock, 2001). Indeed, metamorphic and fluid processes have long been seen as key
to intermediate depth earthquake nucleation (e.g., Isacks & Molnar, 1971) and have dominated discus-
sions of slab seismicity in recent decades (Chen et al., 2019; Faccenda, 2014; Green & Houston, 1995;
Hacker et al., 2003; Kirby et al., 2013; Peacock, 2001; Seno & Yamanaka, 2013; Tsujimori et al., 2006).

Even allowing for the strong weakening role played by dehydration, the concept that some slabs undergo
appreciable rates of stretching (107*°s™*, e.g., Kawakatsu, 1986a) implies high deviatoric stresses. This is
because uniform stretching involves not only the deformation of a shallow, brittle part of the slab but also
the deeper, ductile slab core (e.g., Capitanio et al., 2009). Conrad and Lithgow-Bertelloni (2004) argued that
in order to produce bulk stretching rates in the order of 107> s™", the effective tensional stress magnitudes
may be as much as 500 MPa, assuming effective slab viscosity several hundred times higher than typical
upper mantle. While uncertainties in slab rheology mean such stress estimates are speculative, they are
not implausible given the thermal and compositional buoyancy forces in subducting slabs are of order
10°Nm™.

In this study, we argue that strain accompanying geometric bending (Figures 1a and 1e) provides an impor-
tant control on the seismic moment release in many Pacific margin slab settings, albeit in ways that are sub-
tly obscured by the rheological transition from brittle to ductile deformation. We show, firstly, that
earthquakes due to slab unbending are much more widespread than previously recognized, occurring in
both ePac as well as wPac slabs. An important difference is that in ePac slabs the unbending takes place
at much shallower depths than in wPac slabs. Hence, most ePac unbending earthquakes have strong spatial
overlap with the megathrust zone and so have been largely overlooked in previous analyses. In section 2, we
describe a procedure to filter megathrust earthquakes from global catalogs, which helps reveal the
characteristic ePac shallow unbending signature.

We also show that ePac intermediate depth seismicity is conspicuously clustered in the upper parts of
curvature-increasing zones associated with full or partial slab flattening. In such zones, we speculate that
seismicity is mainly restricted to the cold, upper half of the slabs, where they evidence downdip stretching,
and that the associated shortening in the lower half of the slab is largely accommodated aseismically.
Crucially, while the larger earthquakes reported in the global catalogs tend to show uniform intermediate
depth DT seismicity, microseismic studies in Chile have revealed oppositely polarized DSZs (Comte &
Suarez, 1994), consistent with flexure. For geometric bending to be expressed so prominently, strain rates
associated with flexure (Figures 1b and 1f) must be comparable to, or exceed, those associated with uniform
stretching modes due to, for example, slab pull (Figures 1d and 1h). This is consistent with the notion that
slab buoyancy is largely supported by drag in the upper mantle. Variations in the uncompensated slab pull
component will impact the relative location of the bending neutral plane with respect to the brittle ductile
transition. This effect can have a strong impact on seismic expression, variously enhancing or impeding
seismicity beneath the neutral plane.
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2. Terminology, Methods, and Manuscript Structure

In seismology, the term “intermediate depth” typically refers to subduction related earthquakes with hypo-
central depths in the range of 70-300 km. We argue that the restriction to events deeper than about 70 km
has imposed somewhat arbitrary limitations on analyses of subduction related seismicity. Here, we use
the term “slab” or “intraslab” earthquakes to refer to all earthquakes within the subducting lithosphere from
the onset of bending near the outer rise to the deepest limit of seismicity at ~700 km. However, our analysis
focuses only on earthquakes shallower than 300 km. This is because uncertainties in slab geometry as well as
earthquake hypocenters increase with depth. In addition, slab earthquake activity rates are typically very
low at depths of around 300 km (e.g., Vassiliou et al., 1984). As a consequence, our methods are not well sui-
ted to depths beyond a few hundred kilometers. Importantly, we assume no intrinsic distinction between
earthquakes with hypocentral depths above and below 70 km. We still occasionally refer to the intermediate
depth range, as this remains a familiar specification of a particular depth range.

We also consider the term “outer rise” earthquakes is something of a misnomer because earthquakes that
result from the bending of the incoming plate are concentrated in the outer trench slope and often extend
landward of the trench to regions of the slab beneath the shallow part of the forearc. Hence, we will refer
to the region where the incoming plate experiences increasing curvature as the “outer bending zone” (or
OBZ). Downdip of the OBZ, after passing through peak curvature, slabs invariably straighten in a zone of
unbending which we term the primary unbending zone (or PUZ). These regions are labeled in Figure 1a.

In discussing contributions to the slab deformation rate, we emphasize the distinction between flexural and
uniform modes (see Figure 1). We use the terms flexure and bending somewhat interchangeably, in keeping
with historical developments in the literature. Flexural strain is associated with changes in curvature.
Curvature is considered positive when the slab curvature is concave down. Material may respond to a change
in curvature in a number of ways, for instance by simple bending, or by flexural slip. While flexural slip has
been discussed in relation to slab seismicity (Romeo & Alvarez-Gémez, 2018), our study focuses on simple
bending, in which cross sections orthogonal to the plate are assumed to remain planar. In this case, the total
strain is proportional to the curvature and is characterized by antisymmetry across the neutral plane.
Regions where curvature is increasing, for example, are associated with downdip extension above and com-
pression below the neutral plane. Arguments that bending/unbending is a controlling factor stem primarily
from the observation polarity switches in earthquake moment tensors in DSZs. In contrast, for a “uniform”
mode of slab deformation, involving either bulk slab stretching or shortening in the downdip direction, such
polarity switches are precluded.

Strain rates associated with changes in curvature can be separated into a time-dependent and advective com-
ponent. Where the morphology of the slab is changing in time, for instance a reduction in the curvature
radius associated with slab steepening, there is a time-dependent component of the curvature rate.
However, even if the morphology is stationary, bending still occurs where material passes through finite cur-
vature gradients. This component of the curvature rate is often referred to as advective (Buffett &
Becker, 2012; Ribe, 2010) or kinematic (e.g., Kawakatsu, 1986a). Here, we use the term “geometric bending”
to emphasize the association between the bending rate and the downdip curvature gradient.

It is important to note that bending is a description of strain and implies no specific constitutive behavior. In
particular, the reader should be wary of thinking in terms of elastic sheet mechanics. If slabs behaved as per-
fectly elastic sheets, stress would vary systematically with the total curvature (e.g., Figures 1c and 1g), and in
the process of unbending, the plate would simply return to an undisturbed elastic state. The occurrence of
intermediate depth seismicity, along with a range of other observations, provides a strong argument that this
is not the case (Billen et al., 2003; Chapple & Forsyth, 1979; Goetze & Evans, 1979; Sleep, 2012).

In describing the relationships between between slab geometry and seismicity, we refer frequently to the slab
midplane. We use this term in relation to both observed slab geometries (sections 3 and 5) and the analysis of
a numerical model (section 4). The notion of a midplane serves as a proxy for the neutral plane of bending,
which plays a key role in determining the way deformation responds to changes in curvature. The estimation
and applicability of the midplane is discussed in more detail in the supporting information S1.

The term “seismic expression” refers to the spatial distribution of hypocenters along with the associated
moment tensors. The signature of flexural and uniform dynamic modes is very different (e.g., Figure 1),
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and we would expect the seismic expression to reflect this to some degree. In addition to the dynamic state of
the slab, the seismic expression is obviously very dependant on the relative contribution of brittle and ductile
deformation.

Our analysis primarily focuses on relationships between earthquake data and slab geometry, and so is lim-
ited by uncertainties in both. A detailed outline of our methods is provided in the supporting information S1,
which covers our treatment of earthquake data, and numerical methods. We combine the global CMT
(Ekstrom et al., 2012) and ISC-EHB (Engdahl et al., 1998) catalogs, to improve depth uncertainties and relate
them using the either the Slab1 (Hayes et al., 2012) or Slab2 (Hayes et al., 2018) models, as discussed in the
supporting information S1. A novel step is our filtering of shallow intraslab earthquakes from those on the
subduction interface, as briefly described below.

“Megathrust” earthquakes on the subduction interface constitute a very significant proportion of the overall
seismic activity in the shallow part of subduction zones. Although megathrust seismicity does not overlap
spatially with intermediate depth earthquakes sensu stricto(>70 km), filtering of potential megathrust events
is extremely important in terms of identifying intraslab seismicity at shallow depths beneath the forearc
wedge. Even with comparatively accurate ISC-EHB depths, we cannot unambiguously discriminate intra-
slab from megathrust events on hypocenter data alone. The filtering procedure we use defines the strike
and rake of the reference megathrust rupture tensor (v, assuming a pure double-couple mechanism.
A similarity condition (y) for a given earthquake with (M") is referenced to the tensor dot product (:) of
the normalized moment tensors:

s )

f.
My .Mf;
vt || M|

We assume an event is a megathrust rupture if it has a hypocentral depth less than 70 km and is within 20
km of the relevant slab surface model and a similarity condition of y> 0.75. Further details are provided in
the supporting information S1.

The manuscript is structured as follows. Section 3 provides a summary of the seismic expression and mor-
phology of representative Pacific margin slab sections, highlighting key features that motivate our analysis.
Section 4 summarizes insights of slab dynamics drawn from a numerical subduction model in which flexural
modes dominate the strain rate field. Drawing on the modeling insights, section 5 revisits the observations
presented in section 3 to examine the specific relation between seismicity and curvature gradients needed to
assess the role played by geometric bending. In section 6, we summarize the main findings and explore some
of the broader issues that stem from them.

3. Comparative Seismology and Geometry of the Pacific Slabs

In this section, we compare three wPac slab segments (Figure 2) in Tonga, Japan, and the Kuriles and three
ePac slab segments (Figure 4) in Chile, Peru, and Central America, using trench perpendicular transects to
provide a regional overview of both slab geometry and seismicity. While deep (>300 km) seismicity is por-
trayed in some of the accompanying figures, our analysis is restricted to earthquakes shallower than 300
km. In our representations (e.g., Figure 2a), colored points show earthquakes designated as intraslab events,
while earthquakes that lie more that 20 km above the projected slab surface, in the slab normal direction, are
shown as small black points. Because the along-strike slab morphology tends to more variability with depth,
the deviation in hypocenters from a “region-average” slab geometry increases with depth. This accounts, for
instance, for the large number of outliers in Tonga at depths >300 km. However, the “region-average” slab
geometries generally provide a consistent fit to slab seismicity at depths less than 300 km for most of the
regions described here. There are some complexities in the case of the ePac slabs, discussed in more detail
later.

We represent the orientation of slab earthquake moment tensors by projecting the T-axis onto
trench-perpendicular vertical sections (e.g., Figure 3). The T-axis projections are not scaled by magnitude,
so their projected length reflects the difference in azimuth of moment tensor eigenvectors with respect to
the trench normal direction. We note T-axes necessarily lie within the quadrant with the smallest stress
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Figure 2. Overview of western Pacific margin slab segments analyzed in this study: (a) Tonga; (b) Kuriles; (c) Japan.
Colored points show intraslab seismicity which is consistent with best available slab geometry model (e.g., Slab1 for
wPac slabs). Earthquakes lying more than 20 km above the slab surface, shown as small black points, are considered
upper plate events, outliers (presumably due to depth error), or regions where our slab models do not properly resolve the
local slab morphology, and so along with earthquakes identified as likely megathrust ruptures (not shown) are excluded
from our analysis. Left hand panels show slab earthquakes in map view. Right hand panels shows projection of the
earthquakes on a trench-parallel cross section: the solid black line shows the region-averaged slab surface model; the
gray region shows the lateral variation in slab surface model across the domain; the dashed black line shows the slab
midplane (an orthogonal translation of the slab surface, as discussed in the supporting information S1); the red dashed
line shows the Slab2 model for Tonga, which shows less consistency with the earthquake hypocenters (ISC-EHB catalog).
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Figure 3. wPac trench-perpendicular projection of CMT T-axes (ISC-EHB hypocenters) on a vertical cross sections, along
the nearest trench normal azimuthal lines shown Figure 2, with data aggregated across the entire domain: (a) Tonga;
(b) Kuriles; (c) Japan; (d) Japan showing events prior to 2011. The origin of the horizontal axis represents the trench
location. The T-axes are plotted as projections of uniform-length vectors, with the length variation in the plotted
T-axes reflecting the magnitude of the projected component of the vector. T-axes are colored according to the
orientation relative to the slab midplane (shown with dashed black line): red represents earthquakes with a DC sense,
blue with a DT sense.

eigenvector and are commonly assumed to represent the orientation of most extensive coseismic strain
release (Bailey et al., 2009; Isacks & Molnar, 1971; Yang et al., 2017). The color of the T-axes represents
the angle relative to the local slab orientation. Red colors are DC events; blue are DT events.

Seismicity associated with the OBZ is clearly evident in each of the wPac regions, with the onset of charac-
teristic normal faulting events at distances of around 50 km seaward of the trench in Tonga and 100 km in
Japan and the Kuriles. In all cases, this DT seismicity appears to continue, in a largely continuous manner,
landward of the trench, up to about 50 km in the case of Tonga. As discussed later, this suggests that the cur-
vature of the slab continues to increase downdip from the trench. This morphological property is corrobo-
rated in the Slabl model, which represents a surface fit to the seismicity (discussed in more detail in
section 5). Yet it runs counter to typical models of elastic or elastic-plastic plate flexure (Caldwell et al., 1976),
where unbending occurs before the trench, even when the influence of yielding is carefully considered
(Chapple & Forsyth, 1979). Deeper DC events in the OBZ are generally viewed having a reciprocal flexural
origin to DT ones, reflecting shortening beneath the neutral plane (Chapple & Forsyth, 1979; Craig
et al., 2014). Based on the data sets used in this study, only Tonga exhibits an unambiguous record of deep
DC events in the OBZ. The onset of these events is virtually coincident with the shallower DT events, at
around 50 km from the trench. In the Kuriles and Japan, the number of potential DC events is very low com-
pared with the OBZ normal faulting events. Nevertheless, DC OBZ events are documented in both regions
(Craiget al., 2014), as evidenced by a recent (25 March 2020) Mw 7.5 earthquake, with a hypocenter at 55-km
depth located almost directly under the Kuriles trench (depth based on USGS finite fault model).

Historically, the role of unbending in slab seismicity has mainly been discussed in relation to the Kuriles,
Japan, Tonga, Aleutians, and northern Marianas (Engdahl & Scholz, 1977, Hasegawa et al., 1978;
Kawakatsu, 1986b; 1986a; Samowitz & Forsyth, 1981; Tsukahara, 1980; Wang, 2002). The key feature of
these regions is the DSZs with a characteristic “polarity” switch in moment tensor between an upper band
dominated by DC events and a lower band dominated by DT events. This distribution is very clear in the
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Figure 4. Overview of eastern Pacific margin slab segments analyzed in this study: (a) Chile; (b) Peru; (c) Central
America See Figure 2 caption for details of figure organization and preparation. The black points represent earth-
quakes that lie more the 20 km above the slab surface model. For Chile, these mainly represent the relatively small
number of earthquakes that occur in close proximity to the Pampean flat slab in the south, where the slab morphology is
quite different to northern Chile. In (b), the Pucallpa Nest earthquakes are indicated by open circles (as discussed in the
main text).
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Figure 5. ePac slab profile sections: (a) Chile; (b) Peru; (c) north Chile (Arica region); (d) Central America. See Figure 3 caption for details of figure organization

and preparation.

Kuriles slab (Figure 3b) where a clear offset in the locus of DC and DT events occurs at depths between 70
and 200 km. The polarity switch is also evident in both Tonga and Japan, although in both cases, the relative
proportion of lower plane DT to upper plane DC events is lower than in the Kuriles (e.g., Kawakatsu, 1986b).
Importantly, while the PUZ in both Tonga and Japan is dominated by DC events, neither are exclusively DC,
and in both regions DT events are systematically further from the slab surface (Figures 3a and 3b). As we
discuss below this is contrary to the expectation of uniform slab shortening proposed in previous studies
(e.g., Fujita & Kanamori, 1981; Isacks & Molnar, 1971; Richter, 1979).

In Japan, a polarized DSZ is clearly evident in the PUZ at depths between 60 and 200 km. Compared with the
Kuriles, lower plane DT events are more clustered and occur further downdip than the upper plane DC
events. The great Tohoku megathrust event in 2011 occurred during the catalog interval considered here,
resulting in a large cluster of extensional earthquakes in the shallow part of forearc (labeled in Figure 3c
Imanishi et al., 2012). The Tohoku Earthquake also had a significant effect on the intraslab seismicity rate.
For example, a comparison of Figures 3c and 3d suggests that OBZ activity rates following the Tohoku
Earthquake have been substantially elevated, consistent with a positive static stress change. Interestingly,
the number of unbending (PUZ) events did not increase to the same extent. In particular, very few additional
lower plate (DT) events occurred since 2011. This suggests that stress changes following the megathrust rup-
ture were less significant in the deeper part of the slab than in the shallower parts. These observations rein-
force the notion that even when geometric bending strain accumulation is expected, its seismic expression is
quite variable and can be impacted over timescales of at least a decade by associated large megathrust rup-
tures. Despite the changes in seismicity rates since 2011, the basic aspects of the seismic expression are
similar to earlier events.

The along-strike morphology of ePac slabs tends to be more variable than wPac slabs and includes promi-
nent flat slab segments in Chile (Pampean), Peru, and Mexico. An important consequence is that ePac slabs
commonly exhibit additional zones of bending and unbending downdip from the PUZ. An issue in charac-
terizing ePac seismicity relates to the relatively low rates of OBZ and PUZ seismicity. Resolving their seismic
expression requires aggregating earthquakes over significant distances along-strike (~1,000 km). Because
the slab morphology is relatively coherent at shallow depths, the analysis of aggregated earthquakes in
the OBZ and PUZ is typically quite straightforward. However, with increasing downdip distance, this coher-
ence degrades, and the deeper seismic expression of ePac slabs tends to be less well resolved compared to
wPac slabs. These issues are most significant in Chile in the vicinity of the Pampean flat slab where the
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Juan Fernandez Ridge subducts beneath the Andes (Figure 4a). However, here we treat the entire region as a
single extended domain because: (a) the Pampean flat slab is relatively narrow and has low intermediate
depth seismicity rates compared to the northern part of the Chile slab (i.e., the north Chile seismic belt,
shown in Figure 4a) and (b) OBZ and PUZ seismicity rates are generally low but much more uniformly
distributed, and so the extended domain provides a well-resolved view of OBZ and PUZ seismicity.

Compared with wPac settings, ePac OBZ seismicity tends to be clustered much closer to the trench and with
fewer recorded events. In Peru, OBZ events are located within about 10 km, with a locus of activity slightly
landward, of the trench (Figure 5a). In the PUZ, clusters of earthquakes occur about 100 km inboard of the
trench in Chile and 150 km in Peru (Figures 5a and 5b). In both cases, a band of dominantly DC events over-
lies a smaller band of DT events. As discussed in section 5, these events occur in regions where inferred rates
of PUZ unbending are highest. The relatively shallow depth of ePac PUZ seismicity means it partly underlies
the megathrust zone, and so filtering megathrust events is critical to their resolution. While the significance
of ePac DC events in terms of a putative unbending DSZ was noted as long ago as 1976 (e.g., Barazangi &
Isacks, 1976), it has largely been overlooked, and other studies have argued for alternative explanations such
as slab push (Lemoine et al., 2002) and flexural slip (Romeo & Alvarez-Gémez, 2018).

Downdip from the PUZ, the morphology of the Chile and Peru slabs deviates substantially. Peru has a very
long (~300 km) flat slab region, followed by a second zone of steepening along the distal hinge of the flat slab
section. The peak in curvature occurs at around 600 km from the trench. The “regional-average” slab mor-
phology for Chile (Figure 5a) does not contain a prominent flat slab sensu stricto. However, a subtle upward
deflection beginning at around 200 km from the trench is indicative of partial flattening. Despite its subtle
form, the implied curvature gradient is significant, consistent with high rates of geometric bending.

In both Chile and Peru, slab seismicity at classic “intermediate depths” is dominated by DT events. In Peru,
DT seismicity is distributed throughout the flat slab, becoming more frequent toward the distal hinge, with an
average depth of ~120km and a slight concave up distribution when projected on slab normal sections
(see Figure S6). A cluster of earthquakes known as the Pucallpa seismic nest (Figure 5c) is located proximal
to a localized depression in the slab along the distal hinge of flat slab (Gutscher et al., 2000; Wagner &
Okal, 2019). In Chile, the DT events are clustered in two zones. The first overlaps with the zone of partial slab
flattening, between 200 and 350 km from the trench, centered at a depth of ~110 km (as depicted by red
points in Figure 4a). The second cluster is more diffuse, concentrated between 400 and 500 km from the
trench and depths of 150-300km (displaying as blue points in Figure 4a). As most evident in
trench-parallel section (see Figure S6), the shallower zone forms a subhorizontal band best developed in
the north (labeled “north Chile seismic belt”) but clearly present in parts of the slab further south. The deeper
second zone forms a steeply oriented band shallowing to the south (highlighted with a red dashed line in
Figure S6). The clustering of these deeper earthquakes is indicative of deformation with strong lateral varia-
bility. Our study, which focuses on flexural deformation in the 2D trench perpendicular plane, is unable to
determine any meaningful geometric correlations when such clear along-strike (or 3D) variations are
present.

The projections of seismicity onto the “regional average” slab model highlights the limitations of existing
slab models for Peru. For all other slabs, the locus of intermediate depth seismicity occurs in the upper
20-30 kms of slab, at or above the slab midplane, consistent with the expectation that seismicity is concen-
trated in the cooler parts of the slab (Emmerson & McKenzie, 2007). For Peru, intermediate depth seismicity
projects at a significantly deeper level relative to the slab models, mostly below the midplane. We suspect this
reflects systemic errors in the slab models for Peru, as for example identified by Rosenbaum et al. (2019),
with the Slab2 model around 20-30 km too shallow.

The Central American Slab is the most seismically incoherent of the slabs sections described here, presum-
ably because morphological variability blurs the patterns of aggregated seismicity, even at shallow depths
(Figure 5¢). Hypocenter locations exhibit substantial scatter at all depths and less pronounced downdip clus-
tering than is evident in Chile or Peru. Based on the region-averaged geometry, the Central America slab is
characterized by two distinct zones of steepening (Figure 5c). After bending through the OBZ, the slab
unbends fully at about 100-km distance from the trench, before steepening again with a second peak in cur-
vature at about 175 km. Unlike the other ePac slabs, there is no distinct reduction in dip angle between the
peaks in positive curvature (we note that a little further north beneath Mexico, there is a prominent flat slab,
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which shows many similarities to the Peruvian flat slab in terms of relationships between seismicity and geo-
metry as discussed in detail by Sandiford, Moresi, Sandiford, & Yang, 2019). The majority of earthquakes in
this segment of the Central American Slab have DT mechanisms and are concentrated at a distance of about
130 km from the trench in a zone of curvature increase where, similar to the outer rise, flexural stretching of
the upper part of the slab is expected. While several DC events (red axes in Figure 5¢) could potentially indi-
cate unbending in the PUZ, there is no clear spatial separation between DC events and the more numerous
DT earthquakes. Moreover, Figure 5c shows that the principal axes of the DC events are not preferentially
aligned with the slab dip direction, as is expected for flexural unbending, and may reflect a more prominent
role for out of plane bending or that the variations in slab morphology are significant and poorly represented
by the region-average geometry.

4. Insights From Numerical Modeling

In this section, we describe results of a numerical subduction model, which provides insight into the relative
contribution of different modes of slab deformation, as well as the geometric controls on flexural deforma-
tion. The setup is comparable to recent studies, where flow is driven entirely by the thermal density contrast
of the plate slab, which develops as a naturally evolving thermal boundary layer at the surface (Agrusta
et al., 2017; Garel et al., 2014). The model setup is described in detail in the supporting information S1
(see also Sandiford & Moresi, 2019). Mantle rheology (including oceanic lithosphere) is prescribed by a com-
posite flow law including linear high-temperature creep and a scalar viscoplasticity designed to capture both
psuedo-brittle as well as distributed plastic deformation within the slab. We assume the stored elastic stress
component is relaxed over relatively short time/length scales and can be neglected.

An important feature of the model is the evolution of partial slab flattening. This morphological evolution is
concomitant with a overall reduction in subduction velocity between 10 and 25 million years and a shift to
intense shortening of the upper plate. Indeed, this shared set of features has been discussed in a number of
recent modeling studies, in terms of interplay between the sinking/retreating slab and the structure of the
compensating return flow (Faccenna et al., 2017; Yang et al., 2019). In particular, the dynamics exhibited
in 2D models, where the trench is capable of retreat but toroidal flow is absent, bears a close resemblance
to Chilean-type subduction systems, consistent with the idea that the central Andean orocline represents
a stagnation point for upper mantle toroidal flow (Russo & Silver, 1994).

Figure 6 shows the downdip component of the strain rate () at two time intervals, with the top panels in
each figure showing the normalized value of curvature and curvature gradient evaluated along the slab mid-
plane. The fact that flexural deformation dominates the strain rate field is evident in the strong polarization,
with zones of shortening (red) on one side of the slab always accompanied by similarly elevated stretching
(blue) on the other side. Despite the flow being driven by the thermal buoyancy contrast of the slab, the fact
that the slab strain rates are polarized rather than uniform implies that the slab pull force is substantially
compensated by drag in the mantle. This subduction style is often referred to as the Stokes regime
(Capitanio et al., 2007; Ribe, 2010; Schellart, 2004). The stress in the subducting plate at 10 myr is shown
in the inset in Figure 6. The peak stress of order 10 MPa is an order of magnitude lower would be than
anticipated if a significant component of the buoyancy deficit were transmitted to the trailing surface plate
(i.e., when the slab pull factor is ~0.5, e.g., Conrad & Lithgow-Bertelloni, 2004).

The model also highlights the strong geometric control on deformation rates for slabs in the Stokes regime.
For a slab that deforms by pure bending, the distribution of strain rate in the downdip direction (¢;) is a func-
tion of the curvature rate multiplied by distance from the midplane (Kawakatsu, 1986a; Ribe, 2001;
Tsukahara, 1980):

€ L 6_K+u6_K )
s = o T e T

D
where s refers to a unit vector along the slab midplane, y is the distance perpendicular to the midplane, D

is the material derivative following s, K is the curvature, and u, is the velocity component parallel to the

midplane. The term usg is sometimes referred to as the advective or kinematic bending rate, but we use
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Figure 6. Strain rate distribution in numerical model at 10 and 25Myr. For each figure, the main panel shows the
downdip strain rate component in the slab (¢,) resolved parallel to the slab midplane. We show only the strong
interior part of the slab: the subduction interface zone, upper plate, and parts of the mantle above the 1100°C isotherm
and have been masked. +ve values (blue) show zones of downdip extension; —ve values (red) are shortening.

Solid black lines show isotherms as labeled. Dashed black line is the slab midplane. Shaded green region represents the
subduction interface. Inset in the panel at time 10 Myr shows the temperature and stress (horizontal component) profile
in the plate at 300 km to the LHS of the trench. The upper panels show the curvature and curvature gradient of slab
midplane, plotted along the same horizontal axes as the main panels (distance from trench).

the term geometric bending rate to emphasize the fact that it is the present day slab geometry that con-
strains the time-independent component of the bending rate.

K
Figure 6 shows that the curvature gradient (aa—s) correlates strongly with the downdip strain rate in the model

(€ss), with both tending to zero as the local curvature amplitude maximizes as expected when geometry is a
dominant control on the both the total bending rate and the overall slab deformation rate. At 10 Myr, a
rather typical slab morphology is characterized by plate bending outboard of the trench (OBZ) with unbend-
ing in the PUZ centered at around 70-km depth. At 25 Myr, an upward deflection at intermediate depths
produces a secondary positive curvature gradient zone characterized by extension in the upper part of the
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slab above a zone of shortening in the lower half bearing a marked similarity to the partial flattening of the
Nazca Slab in northern Chile (Figure 4a).

Because the brittle ductile transition in lithospheric mantle is thought to occur at a potential temperature
near 600°C (Emmerson & McKenzie, 2007), the distribution of slab temperature is key to understanding
the seismic expression of slab deformation. In our model, the gradual reduction in subduction velocity
between 10 and 25 myr means the maximum depth of the 600°C isotherm reduces from about 300 km to less
than 150 km over that time interval. We note that because the modeled 600°C isotherm encloses the upper
half of each bending region, we expect the seismic strain release would be strongly asymmetric and mainly
restricted to part of the slab above neutral plane. For a given slab, the degree of seismic asymmetry will likely
be sensitive to its thermal structure, as well as variations in the level of in-plane stress (Craig et al., 2014).

5. Seismicity-Geometry Relationships

In this section, we explore the relationship between geometric bending and the seismic expression of each of
the Pacific margin slabs discussed in section 3. Within each slab region, the relative variation in the geo-
metric bending rate is associated with downdip curvature gradient of the neutral plane, in accord with
Equation 2. We calculate curvature gradient using the estimated slab midplane as a proxy for the neutral
plane, as described in the supporting information S1. To visualize these relationships, we project the earth-
quake T-axes in a slab midplane coordinate system, with distance from the hypocenter to the midplane
shown on the vertical axis and distance along the midplane relative to the trench on the horizontal. As in
the earlier figures, the T-axes are projections on to a trench normal plane; in this case, they are additionally
rotated so that the angle relative to the midplane is preserved.

Figure 7 shows seismicity geometry relationships for the wPac regions. The curvature gradient profiles asso-
ciated with wPac slabs show a relatively symmetric positive peak, with a half-wavelength of between 150 and
200 km. Peak curvature (zero gradient) occurs at a considerable distance (50-100 km) downdip from the
trench. Beyond this, the downdip gradient changes sign and thereafter tends to decay monotonically as
the slab fully straightens in the mid-upper mantle.

In wPac slabs, OBZ earthquakes tend to cluster either near the peak in positive curvature gradient (e.g.,
Kuriles) or between the peak in curvature gradient and the peak in curvature (e.g., Japan and Tonga), but
not at the peak in curvature. A key feature of all wPac slabs is the shift from dominant DT earthquakes to
dominant DC earthquakes in the upper slab accompanying the transition from OBZ to PUZ where the cur-
vature gradient switches sign. This statement neglects the shallow normal earthquakes landward of the
Japan Trench, as these are assumed to originate in the forearc (as labeled in Figure 7c). Nevertheless, there
are some obvious differences in the seismic expression. For example, in the Kuriles, the OBZ-PUZ transition
is marked by a zone of relatively intense seismicity, where T-axes orientation is somewhat disorganized,
before the characteristic polarized unbending DSZ emerges. In this transitional region, many of the DC T-
axes are slightly counter-clockwise rotated from the slab orthogonal/vertical. This may indicate the presence
of unidentified megathrust events. In Tonga, the transition in T-axis polarity is sharper and coincides
remarkably closely with the change in sign of the curvature gradient. In Japan, the transition to negative cur-
vature gradient coincides with the onset of upper plane DC seismicity, whereas lower plane DT events only
appear a further 100-km downdip. Whereas Tonga shows a much higher proportion of upper plane DC to
lower plane DT events, the Kuriles is characterized by a more symmetrical distribution.

The seismicity-geometry relationships for ePac slabs are shown in Figure 8. As noted in section 3, compared
with wPac slabs, there are far fewer OBZ ePac earthquakes. As in wPac slabs, they tend to cluster between
the peak in curvature gradient and the peak in curvature, rather than coinciding with peak curvature.
In Peru, OBZ earthquakes occur beneath the trench itself.

Importantly, the Peru and Chile projections highlight the key and hitherto largely overlooked point that the
OBZ-PUZ transition, at the point where the curvature gradient switches sign, marks a switch from dominant
upper plane DT earthquake to DC earthquakes, just like wPac slabs. Moreover, Figures 8a and 8c show that
the ePac PUZ DC events are clustered in zones where unbending rates are highest (i.e., at maxima in the
absolute curvature gradient). The key insight is that despite occurring at shallower depths than in the
wPac, the distributions of PUZ earthquakes in all but the Central American Slab are consistent with a
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coordinate system, with distance from the hypocenter to the midplane on the vertical axis, and distance along the midplane relative to the trench on the
horizontal axis. The T-axes have been rotated so that the angle relative to the midplane is preserved. The length variation in the plotted T-axes reflects the

magnitude of the projected component of the vector. The blue solid line shows the value of the curvature gradient plotted against the distance along the midplane.
The red dashed line shows the reflection of the curvature gradient about the midplane. Together, these lines show parts of the slab that are expected to be
stretching (blue half) and shortening (red half), due to the geometric component of the bending rate. For each regions, the bottom panel includes a histogram
showing the relative variation in number of slab earthquakes as a function of distance along the midplane with the solid and dashed lines showing the absolute
value of the midplane curvature and the curvature gradient.
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Figure 8. Summary of ePac slab seismicity-geometry relationships. (a) Chile, (b) Peru, and (c) Central America. See

caption to Figure 7 for further details.
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common mechanism. The Central America is the exception, with the zone of normal faulting (DT) continu-
ing in the landward direction past the point when the curvature gradient changes sign. These patterns
clearly do not fit with the systematic variation with geometric bending observed elsewhere.

Whereas the wPac slabs unbend monotonically, the ePac slabs typically exhibit additional zones of positive
(and negative) curvature gradients. In northern Chile, a zone of positive curvature gradient occurs at about
200-km downdip from the trench (Figure 8a), corresponding to the partially flattened slab, which is expected
to induce flexural extension in the upper half of the slab. This zone has a strong spatial overlap with the belt
of DT seismicity along the Chile slab at approximately 100-km depth, the most active expression being the
north Chile seismic belt (see Figures 4a and S6). The full downdip seismic expression is most spectacularly
revealed in Chile, where a remarkable set of transitions from upper plane DT (OBZ) to DC (PUZ) and then
back to DT quakes is evident where the slab is partially flattened. In each case, the transition correlates with
a change in sign of the curvature gradient and minima in seismic activity rates.

There are several caveats in relating the intermediate depth earthquake belt in Chile with flexural deforma-
tion. The first is the near absence of deeper DC events in the CMT catalog, as would be expected by the posi-
tive bending rate. Ultimately, we argue that this is simply the result of predominately ductile deformation
beneath the neutral plane. This interpretation is elaborated in section 6. Nevertheless, there is fragmentary
evidence in the seismic record that shortening underlying the neutral plane can lead to seismic rupture. In a
regional study of microseismicity, Comte et al. (1999) resolved DC events which were systematically deeper
that the DT events, a pattern they referred to as an "oppositely polarized” DSZ. Araujo and Suarez (1994) dis-
cuss a well-located DC event at a depth of 152 km, around 35 km below the cluster of DT events. They posit
that this "inverted” DSZ may be linked to the flexural stresses induced by the change in dip. A second issue is
a small number of DT events that project well below the inferred midplane and would seem to be more con-
sistent with uniform downdip stretching of the slab. Given the lateral variability in Chile slab morphology,
we suspect that these anomalously deep DT events are mislocated when projected onto our “regional-
average” projection. To test this, Figure 5d shows a section covering a narrower region within the north
Chile seismic belt. For this smaller region, in which such projection uncertainties are significantly reduced,
a very high proportion of hypocenter locations projects in the upper ~20 km of the slab, consistent with DT
seismicity being localized in a rather narrow region, consistent with the brittle strain regime being mainly
restricted to depths above the neutral plane.

While the distribution of seismic activity rates across the Peru flat slab matches the general form of the cur-
vature gradients (Figure 8b), as noted earlier, the projection places the majority of these events beneath the
slab midplane of the Slab2 model. There is no record of deeper DC events in this region, and so the signifi-
cance of this distribution remains uncertain. However, as noted, the locus of Peruvian intermediate depth
seismicity is much further below the projected slab surface than for Chile, as well as the other slabs analyzed
here. This suggests systematic errors in the Slab2 model for the Peruvian flat slab, with the model surface
likely in error by 20-30 km, and likely underestimating the extent of flattening, which may even lead to
negative dip angle at ~500 km from the trench.

In Figure 8b, a group of slightly deeper earthquakes include the Pucallpa seismic nest cluster at the distal
edge of the domain at distances >650km from the trench, in a region of negative curvature gradient
(Figure 8b). These events are proximal to a relative localized lateral perturbation of the slab morphology,
at the landward edge of the flat slab (Gutscher et al., 2000; Wagner & Okal, 2019). This suggests that the role
of out of plane slab deformation may be significant in this region. Out of plane deformation, along with
time-dependent modes of deformation (i.e. changes in slab geometry that are occurring in an upper plate
reference frame) can be expected to contribute to the slab strain rate field in ways that obscure the simple
2d geometric correlations explored here.

6. Discussion

In view of the many sources of uncertainty, attempting to elucidate the contribution of geometric bending
from the seismic expression of deforming slabs represents a significant challenge. As discussed earlier, the
sources of uncertainty include the earthquake hypocenters, slab geometry models, the impact of out of plane
bending and other modes of deformation, and finally the confounding effects of temperature and meta-
morphism in promoting or impeding brittle deformation. Despite these limitations, we have shown that
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in at least five of the six regions described, the seismic expression is remarkably consistent with the expecta-
tions of flexural strain accumulation. Whereas the prevailing conceptual models sees contrasting intermedi-
ate depth seismic expression as a consequence of fundamental differences in the slab force balance, our
framework suggests that they are largely explicable in terms of differences in geometry. This is a significant
finding with many ramifications, some of which we discuss more fully below. In so doing, we are not claim-
ing that flexure via geometric bending is the only source of stress responsible for slab seismicity. This is
clearly not the case. However, the recognition that geometric bending plays significant provides important
constraints on slab dynamics from the perspective of slab strength and stress state, in particular.

6.1. Seismicity Related to Unbending

In reference to Japan, Kawakatsu (1986a) argued that peak rates of geometric unbending were likely to be
higher than uniform stretching due to slab pull. Yet it is only in a few regions, northern Japan, Kuriles
and Aleutians, where unbending has been recognized as a dominant control on slab seismicity. In particular,
with the exception of Isacks and Barazangi (1977), the role of unbending has seldom been discussed in the
context of ePac slabs (to the best of our knowledge). In this study, we have shown that earthquakes consis-
tent with unbending are present in all the wPac and ePac margin slabs, excepting Central America where DC
earthquakes seem absent in the putative PUZ. We note, however, that along other sections of the Middle
America Trench, DC earthquakes characteristic of unbending are present such as in the Mexican flat slab
region (Sandiford et al., 2019). In most cases, the PUZ is expressed as a polarized DSZ, with DC earthquakes
occurring at shallower levels than a dominantly DT band. These polarized DSZs are consistent with the seis-
mic expression of shortening/extension either side of the neutral plane. However, the proportion of DT
earthquakes relative to DC in the PUZ is quite variable, as exemplified in the difference between Tonga
and Kuriles (Figures 3a and 3b). We discuss this variability in the following sections.

A number of factors make the seismic expression of unbending in ePac slabs less obvious than in wPac slabs.
ePac PUZs are shallower than the normal intermediate depth specification (>70 km) and have often been
ignored in studies that follow this somewhat arbitrary designation. Moreover, the close proximity of ePac
PUZ events to the megathrust means that filtering the intraslab earthquakes from the interplate is essential.
Finally, at the magnitude range of the CMT catalog, resolving the seismic expression of ePac PUZ requires
aggregating seismicity over significant distances.

Despite the challenges in resolving the shallow slab seismicity, we are confident that the DSZs we have
linked with ePac unbending are robust features. First, we have shown that in Peru and Chile, the DSZs have
the correct polarity and are located precisely where the slab models predict peak rates of curvature reduction
(e.g., Figure 8). Second, we are confident that DSZs do comprise intraslab events, rather than grossly mislo-
cated and atypical megathrust or upper plate ruptures. Indeed, the occurrence of isolated DC earthquakes in
the unbending zone in the Nazca Plate has been discussed by a number of previous studies. Lemoine
et al. (2002) described these as “slab push earthquakes” to distinguish them from what they regarded as
the more typical “slab pull” DT earthquakes. Isacks and Barazangi (1977) suggested that DC earthquakes
in Peru are related to unbending, an interpretation that our study supports. Fuenzalida et al. (2013) provide
high-resolution aftershock solutions following a medium-size DC event in the unbending zone of the Chile
slab (Mw 6.1 Michilla Earthquake, 16 December 2007). The aftershock sequence delineates a near-vertical
fault plane between about 40 and 50 km depth (likely crossing the slab moho). This orientation is consistent
with reactivation of a landward-dipping outer rise normal fault plane and provides an important insight into
the rupture character of a shallow DC unbending event. The identification of a compelling unbending signal
in the Nazca Plate in Chile and Peru extends the applicability of Kawakatsu's argument that peak rates of
geometric unbending should exceed the background rate of uniform stretching due to slab pull.

6.2. Geometric Bending and Contrasting Seismic Expression

In the wPac slab regions we have considered, inferred rates of unbending decay monotonically as slabs
straighten in the mid-upper mantle, consistent with a gradual falloff in seismicity rates with depth.
Whereas wPac slab morphologies represent a “textbook” view of subduction, ePac slabs are generally more
complicated with alternating fully and partially flattened slab sections (Engdahl et al., 1998; Hayes
et al., 2018; Isacks & Barazangi, 1977). We argue that these systematic geometric differences are the key con-
trol on the contrasting seismic expression of ePac and wPac slabs at intermediate depths. Analysis of the

SANDIFORD ET AL.

17 of 25

85UGD1 7 SUOWILLOD BRSO 3|qedldde aus Aq pausenob a8 3Pl YO ‘8SN 4O S3InJ 10} ARIq1T BUIIUO 8|1 UO (SUORIPUD-PUE-SWULIRYW0D" AB| I ARe1q 1 [ou1|UO//:SdNY) SUORIPUOD PUe SWS | 8U388S *[£202/50/70] U0 Aelqi aulluo AB|IM Nisd 8Ue1yo0D Aq 7685000 16T0Z/620T 0T/I0p/W00 A8 |mAseiq putjuo'sandnbe//sdny woiy papeojumod ‘8 ‘0202 ‘v6T6v6T



A~y
.
I Tectonics 10.1029/2019TC005894
ADVANCING EARTH
AND SPACE SCIENCE
o <-- West Pacific East Pacific --> 0
—— Kuriles S —— Central Am.
. 5079 —=- Honshu —-== Peru 50 -
c | —-- Tonga —-= Chile L I
g 100 - 100 <
= 150 1 . Y 150
] g N prv]
2 200 pras N F200 &
a -~ N
250 A g v, 250
7’
- . \
300 +Z : . 4 : : : : . : . : — . 3+ 300
600 500 400 300 200 100 0 -100 -100 0 100 200 300 400 500 600 700 800
Distance from trench (km) Distance from trench
f a
1 [
E E
] ()
—_ —_
S >
-~ -
C_, ©
c L-052
=] =
O 4 (@]
- " -1.0
Scaled distance Scaled distance
le-11 1e-10 10
—~ 4 K K —_
o — 5 Slabl — 5 Slab2 o
£ 2 05 £
g r 0.0 g
—_ —_
(o] [o)]
2 F-05 2
=] =]
O -4+ (®]
-1.0

Scaled distance Scaled distance

Figure 9. Comparison of characteristic features of wPac (left) and ePac (right) slab geometries. Upper panel shows slab profiles, middle panel shows curvatures,
and lower panels show curvature gradients. The geometric rate of bending is governed by the curvature gradient. In the lower two panels (either side),

we have scaled the horizontal distance (distance along the midplane) so that the transition from the OBZ to the PUZ lies at the same point (i.e., the first zero
crossing of the curvature gradient is equal for the ePac and wPac groups, respectively). The color is indicative of the anticipated sense of deformation above the
neutral plane: blue, extension; red, shortening.

downdip curvature gradient shows that the Nazca Plate fully unbends at depths of around 60 km. Beyond
this, additional zones of bending are associated with full or partial slab flattening. The majority of ePac
DT seismicity is conspicuously clustered in curvature-increasing zones. We summarize these systematic
geometric differences between wPac and ePac in Figure 9.

If geometric bending is the dominant control for localizing DT seismicity in ePac slabs, it requires that the
lower half of the bending regions (i.e., beneath the neutral plane) is almost completely aseismic. In this light,
an important observation is that an oppositely polarized DSZ has been observed in microseismicity, near the
northern limit of our Chile study region at ~18°S (Comte & Suarez, 1994). In historical catalogs, only a single
moderate sized DC earthquake has occurred at intermediate depths in north Chile (17 January 1977, as
labeled in Figure 5). Using depth phases to precisely constrain the hypocenter, Araujo and Sudrez (1994)
placed this event about 35km beneath proximate DT seismicity, consistent with the proposed flexural
dynamic state. Indeed, these authors posit that this “inverted” DSZ may be linked to the flexural stresses
induced by the change in dip.

These cases notwithstanding, the lack of significant lower plane events in these putative ePac bending zones,
like the north Chile seismic belt, may seem at odds with the presence of lower plane events updip in the PUZ.
However, this follows a pattern that is quite consistent in most subduction settings we analyze. Specifically,
it appears that zones of increasing curvature tend to have less lower plane activity compared to zones of
decreasing curvature, or unbending. For instance, whereas OBZs tend to have only limited lower plane
DC events, PUZs often have more abundant lower plane DT events. One explanation for this is that the flex-
ural stress state is commonly modified by an in-plane component due to slab pull, acting in a sense of effec-
tive tension. This is expected to modify the relative depth of the neutral plane of bending (e.g., Craig
et al., 2014; Mueller et al., 1996). In zones of increasing curvature, where the flexural stress state in the
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upper half of the slab is tensional, the addition of in-plane tension shifts the neutral plane deeper, closer to,
or even beyond the brittle ductile transition. In zones of decreasing curvature, the opposite applies with the
neutral plane shifting toward the slab surface into colder parts of the slab, enhancing the prospect of seismic
activity beneath the neutral plane.

In this context, Tonga is somewhat anomalous in showing a more symmetric pattern in the OBZ, with
numerous lower plane earthquakes and a more asymmetric pattern in the PUZ with far fewer lower plane
earthquakes. This may suggest that, relative to other settings, the magnitude of the uniaxial stress compo-
nent due to slab pull is significantly reduced or possibly reversed, consistent with earlier ideas that Tonga
has a more compressive signal than other slab regions (Gurnis et al., 2000; Isacks & Molnar, 1971;
Nothard et al., 1996). Alternatively, a significant change in slab strength profile may also alter the depth
of the neutral plane (e.g., Craig et al., 2014).

6.3. Slab Rheology, Strain Rates, and Elasticity

At peak slab curvature, a purely elastic differential stress is predicted in the order of 10 GPa. Because this
value greatly exceeds inferred yield stresses, inelastic deformation is expected to accommodate the large pro-
portion of bending strains in slabs (Chapple & Forsyth, 1979), with brittle deformation dominating in the
cold regions (Goetze & Evans, 1979). These predictions are supported by the observation that the cumulative
strain of fault throws near the trench (Sleep, 2012), and the seismic moment of OBZ earthquakes (Chapple &
Forsyth, 1979) are close to the total strain (rate) inferred from the change in curvature. An important conse-
quence of inelastic deformation is the fact that the flexural stress state is often inverted with respect to the
sign of the slab curvature (Engdahl & Scholz, 1977). Indeed, the premise that earthquakes occur as a
response to slab unbending (where the curvature generally still remains positive) reflects the assumption
of significant inelastic deformation. When the slab yield strength is low relative to the potential elastic stres-
ses associated with curvature, the majority of strain is accommodated by inelastic deformation, and the flex-
ural stress state correlates with the bending rate rather than the curvature. When the sign of the bending rate
changes, the flexural stress profile inverts and rapidly saturates with the same polarity as the bending rate. In
this study, we have emphasized that, to first order, the orientation of seismic moment tensors correlates with
the inferred bending rate rather than total strain (i.e. curvature gradient rather than curvature). Overall, our
framework supports the conclusion of numerous previous studies suggesting that comprehensive yielding of
slabs must occur throughout the subduction hinge (Billen, 2005; Engdahl & Scholz, 1977; Chapple &
Forsyth, 1979; Goetze & Evans, 1979).

6.4. Implications for Subduction Dynamics

The sources of buoyancy that drive plate motions are often separated into density anomalies in the surface
plates (e.g., ridges and other topography) and sublithospheric sources (e.g., slabs, Coblentz et al., 1994;
Ghosh et al., 2009). In both cases, the scale of the total anomalous density contribution is relatively well
known (Afonso et al., 2007; Turcotte & Oxburgh, 1967), in comparison to uncertainties in the rheology of
plates and mantle. It is the latter that injects substantial complexity and ambiguity in terms in resolving
how much of the slab density deficit is propagated through slabs to the surface plates. Attempts to under-
stand the global distribution of plate velocities have concluded that a large fraction of slab weight must be
propagated through the slab (Conrad & Lithgow-Bertelloni, 2002; Forsyth & Uyeda, 1975; van Summeren
et al., 2012). While the presence of intermediate depth DT zones does not constrain the magnitude of stress
in slabs, the suggestion that slabs stretch uniformly is clearly compatible with the idea that stresses due to
slab pull are significant (e.g., Molnar & Bendick, 2019). With simple assumptions made about effective slab
rheology, stresses in the order of 100s of MPa have previously been estimated (Conrad & Lithgow-
Bertelloni, 2004). While the notion that slabs undergo uniform stretching seems consistent with inferences
about the forces driving plate motion, the paradox remains as to why the seismic expression of “slab pull” is
evidently not expressed in wPac slabs, which are attached to the fastest moving large plate.

Other lines of evidence suggest slab pull must be significantly smaller than inferred from plate velocity con-
siderations. Coblentz et al. (1994) argued that the intraplate stress field is largely explicable in terms of a bal-
ance between lithospheric potential energy distribution and plate-boundary resistance, implying a relatively
low degree of slab-plate coupling in plates is the norm. These results are implicit in other modeling studies,
which capture the first order features of the intraplate stress field without considering any sublithospheric

SANDIFORD ET AL.

19 of 25

85UGD1 7 SUOWILLOD BRSO 3|qedldde aus Aq pausenob a8 3Pl YO ‘8SN 4O S3InJ 10} ARIq1T BUIIUO 8|1 UO (SUORIPUD-PUE-SWULIRYW0D" AB| I ARe1q 1 [ou1|UO//:SdNY) SUORIPUOD PUe SWS | 8U388S *[£202/50/70] U0 Aelqi aulluo AB|IM Nisd 8Ue1yo0D Aq 7685000 16T0Z/620T 0T/I0p/W00 A8 |mAseiq putjuo'sandnbe//sdny woiy papeojumod ‘8 ‘0202 ‘v6T6v6T



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005894

sources (e.g., Ghosh et al., 2009). Away from trenches, earthquakes in ocean basins mainly show thrust fault-
ing (Sykes & Sbar, 1973), inconsistent with large tensional stress oriented toward subducting slabs. Based on
stress indicators in the central Indian Ocean, Sandiford et al. (2005) showed that the effective slab pull frac-
tion must be low, around 0.1 in order to account for large magnitude reverse fault mechanisms observed in
the central Indian Ocean with P-axes parallel to the Sumatran Trench, implying an average deviatoric
tensional stress no more than order 10 MPa propagated via the slab.

The dominant control of bending over stretching in slab seismic strain release is a characteristic of slabs in
the Stokes regime, where resistance to slab weight is primarily supplied by drag from the mantle (Capitanio
et al., 2009; Goes et al., 2011; Ribe, 2010). In this study, we highlight the fact that slabs in the Stokes regime-
can develop highly diverse internal deformation patterns. Indeed, relatively large magnitudes of the
curvature gradient, and therefore strain rates, can accompany relatively subtle changes in the slab
morphology, as in northern Chile.

A feature of our framework is that it obviates appeals to profound differences in the force balance (or
strength) between different slabs, such as is required in the conventional interpretation of uniform stretch-
ing in Chile, versus shortening in Tonga (e.g., Chen et al., 2004; Fujita & Kanamori, 1981; Isacks &
Molnar, 1971). In the geometric bending framework, the contrasts in ePac and wPac seismic expression
exemplified by Chile and Tonga arise as a natural consequence of different slab morphology. In the ePac,
zones of positive bending rate are associated with full or partial slab flattening. Of course, differences in slab
morphology will ultimately be an outcome of the subduction force balance. As our numerical models show,
however, slabs may evolve very different morphologies while remaining in the Stokes regime. An important
implication of our numerical model is that the evolution of force balance required to produce significant
changes in slab morphology (over millions of year periods), may be much smaller than that which would
be necessary to produce a transition from flexurally dominated to uniform mode slab deformation.

Recent work suggests that the characteristic ePac/wPac morphology contrasts may be controlled by the
interplay between the sinking/retreating slab and structure of the compensating return flow which tends
to determine the upper plate kinematics (Faccenna et al., 2017; Yang et al., 2019). In the ePac margins, slab
rollback drives a large-scale poloidal return flow, in turn promoting fast trench-ward motion of South
America and compression-dominated tectonics in the overriding plate. These conditions have been argued
to favor flat slab development along the ePac margin (Manea & Gurnis, 2007; Schellart, 2017; van Hunen
et al., 2004; Yang et al., 2019). In contrast, large-scale downwelling beneath Asia, revealed by seismic ima-
ging, geodynamic models, and plate reconstructions, restrains trench-ward motion of East Asia. Along with
the greater ages of wPac slabs, this promotes steeper subduction, extension-dominated upper plate tectonics,
and less flat slab subduction episodes along the wPac margin (Yang et al., 2019).

It is important to note that the numerical model presented here is likely to represent an end member exam-
ple of subduction in the Stokes regime. The reason is that in the 2D setup, the only significant forces that
balance slab buoyancy are mantle drag, plate bending, and friction on the subduction interface. When the
mantle drag component is largest, the slabs are said to be in the Stokes regime (Ribe, 2010), which is demon-
strably the case for our model. In 3D mantle convection, slabs and plates interact with other parts of the flow
on a range of scales (Hager & O'Connell, 1979). This means that individual plates and slabs are influenced by
additional tractions, either basally or along plate boundaries, that may either amplify or resist the
slab-driven flow. When these additional forces resist motion toward the subduction zone, the compensation
of the slab buoyancy within the mantle is reduced, and larger stresses will be propagated through the sub-
duction hinge to the plate. In a 2D modeling setup, these influences may be reproduced, to a degree, when
the plate velocity is fixed by surface boundary conditions (e.g., Sleep, 1979). In this case, when the mantle
viscosity is reduced, the slab is unable to respond with a proportionate increase its sinking rate. The mantle
drag is reduced, a greater component of the slab buoyancy is propagated through the slab to the plate, and
the component of uniform stretching, relative to geometric bending, is thus increased (Sleep, 1979). An end
member in this type of setup occurs when the velocity of the surface plates is zero, and the attached slab will
predominately undergo necking in the asthenosphere.

Following the thread of the preceding paragraph, our framework provides an interesting perspective on the
dynamics of intracontinental intermediate depth seismic zones. High seismic strain rates (10~'*s™") have
been inferred in the Hindu Kush and the Vrancea Zone beneath the Carpathians (Lorinczi &
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Houseman, 2009; Molnar & Bendick, 2019). These are an order of magnitude greater than typical intermedi-
ate depth seismic strain in subducting slabs (~107**s71). The strain rates beneath the Hindu Kush and
Vrancea may indicate deformation dominated by lithospheric necking (e.g., uniform stretching; Lister
et al., 2008; Lorinczi & Houseman, 2009). Meanwhile, as we have argued, earthquakes in Pacific margin sub-
duction zones reflect rates imposed by geometric bending consistent with the observed seismic release rates
closer to 1075 s7! (Kawakatsu, 1986a; Nothard et al., 1996).

6.5. Limitations and Future Work

In investigating the potential signal of flexure in slab seismicity, we have focused on the geometric (or advec-
tive) component of the bending rate (Buffett, 2006; Ribe, 2001; 2010). The time independence allows us to
infer the relative variation in long-term bending rates from present day slab geometry. The geometric com-
ponent should be the dominant bending term for slabs in which (a) the hinge morphology is not changing
rapidly and (b) out of plane contributions to the stress/deformation are relatively minor (Buffett &
Becker, 2012). Clearly, these conditions will not be met in all slab regions, and this caveat will require careful
attention in trying to test this hypothesis in other settings. In this study, we have primarily focused on the
variation in the orientation of moment tensors with respect to slab geometry in general, especially the cur-
vature gradient. We have been more circumspect about the correlation between seismicity rates and the rela-
tive magnitude of the curvature gradient. This is primarily because seismic activity rates are not necessarily
proportional to the long term strain rate (i.e., the bending rates inferred via the curvature gradient). The
influence of metamorphic processes, and distribution of fluids, in subducting slabs is likely to influence
the rates of seismicity. For example, Boneh et al. (2019) have shown that the intermediate depth seismic
activity rate varies with the inferred amount of plate hydration in the outer rise region, with similar mechan-
isms being linked to rapid changes seismic expression along-strike (Shillington et al., 2015). Such process
may explain the very different seismic activity rates in the north Chile seismic belt, compared with the
Nazca Slab further south (e.g., Figure 4a). Another factor is the increasing role of ductile deformation as
the slab heats up from above and below. As a result, the relative amount of seismic/ductile deformation is
likely to vary in a complex manner with changes in pressure and temperature. Finally, short catalog times
also bias the relative number of earthquakes in different parts of the slab. We highlight, for instance, the
increase in OBZ seismicity in Northern Japan following the Tohoku Earthquake.

As noted in section 5, there are a number of instances where the correlation between curvature gradient and
seismic expression is ambiguous, absent, or opposite to expectations for a primary geometric bending con-
trol. We briefly discuss these below, some of which are readily explained and some not. In the ePac settings,
several clusters of seismicity are likely to be unrelated to downdip geometric bending. The Pucallpa seismic
nest in Chile appears to be spatially correlated with a relatively localized lateral perturbation of the slab mor-
phology (Gutscher et al., 2000; Wagner & Okal, 2019), and it is reasonable to assume that these features are
related. While for Chile, we demonstrate a close spatial association between the main peak in positive cur-
vature gradient (see Figure 8a) and the primary cluster of DT seismicity (the north Chile seismic belt; see
Figure 4a), the relationship is less evident at greater depths. Based on our geometric analysis, the slab would
be expected to go through an additional zone of unbending (i.e., a secondary unbending zone), where the
sign of the curvature gradient returns to negative (e.g., Figure 8a) in analogous fashion to our numerical
model, which predicts a return to downdip shortening at around 550 km from the trench (right side of lower
panel in Figure 6). Instead, the intermediate depth seismicity beneath 150 km remains dominated by DT
axes. As we have noted, this deeper cluster is unusual in that it forms a nearly continuous, steeply dipping
band that shallows toward the south (as shown in Figure S6).

The apparent absence of deep DC earthquakes associated with upper plane unbending at the expected
depth-distance range in ePac slabs, may signal the slab stress deformation state transitions from flexurally
dominated to a more prominent uniaxial component (Bloch et al., 2018). Alternatively, progressive warming
of the upper part of the slab and/or processes related to dehydration may leave it essentially aseismic at these
depths, with the consequence that the seismically active zone lies beneath the midplane. These points high-
light an important caveat in our ability to relate earthquake hypocenters accurately within a geometric fra-
mework, as seismicity still provides the best constraint on the geometry. Uncertainties in both hypocentral
locations and slab models are significant and require ongoing work.
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7. Conclusions

Our study suggests that flexural deformation plays a significant role in the seismic expression of subducting
slabs. We have analyzed the contribution of the geometric bending rate and found that in several key loca-
tions, the orientation of slab seismic moment tensors vary systematically with the anticipated sense of defor-
mation. The fact that flexure controls seismicity patterns in the OBZ is of course already widely accepted, as
is the effect of unbending in a limited number of slab settings. In terms of extending the role of
bending/unbending, our contributions are twofold. First, we show that seismicity characteristic of unbend-
ing is prevalent in ePac slabs, albeit at shallower depths than wPac slabs. We then show that geometric dif-
ferences between ePac and wPac slabs lead to additional zones of bending at intermediate depths in ePac
slabs. The majority of ePac DT seismicity is conspicuously clustered in these curvature-increasing zones,
which are associated with full or partial slab flattening. Hence, the contrasting seismic expression of ePac
and wPac slabs appears to arise due to systematic differences in slab morphology rather than differences
in in-plane stress associated with either uniform downdip extension in the former or shortening in the latter.
The observed correlation of earthquake T-axes orientations with the curvature gradient, rather than the cur-
vature, arises from the fact that a very significant proportion of flexural strain is accommodated by inelastic
deformation, of which seismic slip itself is a key component. The seismic expression of flexure is strongly
modified by the relative contribution of brittle deformation above and below the neutral plane. Within
the time frame of historical catalogs, this may range from abundant seismicity in both planes (i.e., the
Kuriles PUZ) to virtually no seismicity in the lower plane (i.e., the north Chile seismic belt). A simple qua-
litative explanation is that the depth of the neutral plane exhibits variability with respect to the thermal
structure of slabs, with the latter defining the transition from dominantly brittle to dominantly ductile
deformation.
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