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Abstract. Giant subduction earthquakes are known to oc-1 Introduction

cur in areas not previously identified as prone to high seis-

mic risk. This highlights the need to better identify subduc-

tion zone segments potentially dominated by relatively longEarthquake supercycles (Sieh et al., 2008) occur on
(up to 1000yr and more) recurrence times of giant earth-timescales of up to or beyond 1000 yr (Gutscher and West-
guakes. We construct a model for the geometry of subducbProok, 2009), defying prediction using traditional methods
tion coupling zones and combine it with global geophysical (Stein et al., 2012). For instance, no instrumentally recorded
data sets to demonstrate that the occurrence of great (ma§'eat (moment magnitudéfy, > 8) subduction zone earth-
nitude > 8) subduction earthquakes is strongly biased to-duake has occurred along the Cascadia margin (Fig. 1), but
wards regions associated with intersections of oceanic fracthere is evidence for 13 events in the last 7500 yr with aver-
ture zones and subduction zones. We use a computation&9€ repeat times of 600yr, including a magnitude 9 event
recommendation technology, a type of information filtering ©n 26 January 1700 (Goldfinger et al., 2003). There are
system technique widely used in searching, sorting, classilmany other regions with a history of great subduction earth-
fying, and filtering very large, statistically skewed data setsduakes and “supercycle” recurrence (Gutscher and West-
on the Internet, to demonstrate a robust association and rul@rook, 2009). These regions are not adequately represented
out a random effect. Fracture zone—subduction zone intersed? traditional earthquake hazard maps, leading to a failure to
tion regions, representing only 25 % of the global subductionPredict locations of giant earthquakes based on these maps
coupling zone, are linked with 13 of the 15 largest (magni- (Steinetal., 2011, 2012). Digital earthquake catalogues com-
tude My > 8.6) and half of the 50 largest (magnitudf, > bined with the characteristics of regional fault systems do not
8.4) earthquakes. In contrast, subducting volcanic ridges andllow reliable differentiation of regional risk levels if earth-
chains are only biased towards smaller earthquakes (magnfiuake cycles are up to an order of magnitude longer than the
tude< 8). The associations captured by our statistical anal-~ 100 yr time span covered by these catalogues. An alterna-
ysis can be conceptually related to physical differences pelive method to forecast long-term seismicity is based on the
tween subducting fracture zones and volcanic chains/ridgegglobal strain rate map (Bird et al., 2010), but regional dif-
Fracture zones are characterised by laterally continuous, ugérentiation between high-risk and low-risk areas for great
lifted ridges that represent normal ocean crust with a highe@rthquakes is poor. This problem has given rise to the use
degree of structural integrity, causing strong, persistent cou®f probabilistic methods such as Monte Carlo methodologies
pling in the subduction interface. Smaller volcanic ridges and(Parsons, 2008) to fit wide ranges of distribution parameters
chains have a relatively fragile heterogeneous internal struct© short paleoseismic series. Lay and Kanamori (1981) de-
ture and are separated from the underlying ocean crust byeloped a conceptual model in which major subduction zone
a detachment interface, resulting in weak coupling and relafarthquakes are driven by strong coupling between the down-

tively small earthquakes, providing a conceptual basis for thed0ing and overriding plates, driven by the subduction of as-
observed dichotomy. perities, i.e. aseismic ridges on the downgoing plate which

cause strong coupling at the plate interface. Here we combine
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Fig. 1. Data sets used in this study superimposed on the ETOPO1 global relief model (Amante et al., 2009), on a Robinson projected map:
subduction coupling zones (blue bands) (see text for coupling zone model description), oceanic fracture zones (dark gray) and oceanic
volcanic chains and aseismic ridges (pink) (Matthews et al., 2011), intersection points of fracture zones with subduction zones (yellow
squares), intersection points of the volcanic chains and ridges with subduction zones (green squares), largest 15 instrumentally recordec
earthquakesM\y > 8.6) (red stars), largest 50 earthquak&g(> 8.4) (light blue circles), and all other significant earthquakes (small beige
circles) (NGDC/WDC, 2011). Inv FZ, Investigator Fracture Zone, Krus FZ, Krusenstern Fracture Zone, Phil Sz, Philippine Subduction Zone,
Mar SZ, Marianas Subduction Zone, SW-P SZ, Southwest Pacific Subduction Zone, Jap SZ, Japan Subduction Zone, Kam SZ, Kamchatka
Japan Subduction Zone, Aleu SZ, Aleutian Subduction Zone, Cas SZ, Cascadia Subduction Zone, C-Am SZ, Central America Subduction
Zone, S-Am SZ, South America Subduction Zone, L-An SZ, Lesser Antilles Subduction Zone.

this conceptual approach with a quantitative analysis involv-tonic setting along the Japan Trench (Mochizuki et al., 2008)
ing an integrated set of global digital geophysical data setded to the conclusion that subducting seamounts are asso-
to investigate spatial associations between significant eartheiated with weak interplate coupling. This observation has
quakes and different types of subducting asperities. not been tested globally, but casts doubt on the idea that vol-
The effect of aseismic ridge and seamount subduction orcanic edifices on ocean crust are the most obvious candidates
seismic coupling and earthquake rupture behavior and overfor barriers that locally inhibit faulting for long periods of
riding plate deformation has been investigated at many lotime, leading to great earthquake supercycles. Oceanic frac-
calities (Das and Watts, 2009). A detailed study of the tec-ture zones represent another form of subducting asperities
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that are quite different from volcanic edifices in that they aresuited for analysing skewed earthquake magnitude distribu-
often accompanied by elevated, continuous ridges that reptions and (4) the sensitivity of the associations to the arbitrary
resent uplifted edges of normal ocean floor (Sandwell anctase (or assessing the Null hypothesis, i.e. the case in which
Schubert, 1982). Their effect on earthquake rupture has beetiere is no association) is computed; and (5) the computed
investigated regionally, for instance along South Americaassociations are expressed spatially, indicating regions fitting
(Contreras-Reyes and Carrizo, 2011; Robinson et al., 2006he hypothesis. Finally, we discuss our approach to assess the
Carena, 2011), Alaska (Das and Kostrov, 1990), Sumatraffect of convergence rates.
(Ammon et al., 2005) and the Solomon Islands (Taylor et
al., 2008), but not globally. A recent global digital fracture 2.2 Analysing shallow subduction-based earthquakes in
zone data set based on vertical gravity gradients derived from subduction coupling zones
satellite altimetry data (Matthews et al., 2011) reveals a to-
tal of 59 fracture zone—subduction zone intersections. It isThe majority of known mega-thrust earthquakes are known
striking to observe that many of these are in close proxim-to occur along subduction zones at relatively shallow depths
ity to great earthquake epicentres (Fig. 1), raising the quesat the coupling interface between the overriding and down-
tion as to whether this observation is supported by a stagoing plates. We construct a subduction coupling zone model
tistically robust association, and ultimately a physical link. by combining the Slab1.0 3-dimensional global subduction
This data set includes the Kashima Fracture Zone, whoseone model (Hayes et al., 2012) with lithospheric thick-
landward extension straddles the location of the 11 Marchness model TC1 (Artemieva, 2006) for overriding continen-
2011 Tohoku-Oki earthquake (Fig. 1). This fracture zonetal plates, as presented in Appendix C, and is henceforth re-
is well expressed in offsets of marine magnetic anomaliederred to as CouplingZonel.0. Where overriding plates are
(Nakanishi et al., 1992) and appears as a linear feature ilmceanic and not represented in TC1, we use Rychart and
the vertical gravity gradient derived from satellite altime- Shearer’s (2009) lithosphere—asthenosphere boundary model
try (Matthews et al., 2011). It is characterised by a troughto define the depth of the coupling zone. Slab geometries not
bounded by two ridges that are up to 2km above the surcovered by the Slab 1.0 model were modelled using the Re-
rounding seafloor (Nakanishi, 1993), similar to many othergionalised Upper Mantle (RUM) seismic model (Gudmunds-
major fracture zones (Sandwell and Schubert, 1982). It mayson and Sambridge, 1998). The coupling zone of remain-
be expected that the subduction of prominent fracture zonéng slabs not covered in either model was constructed with
ridges affects long-term seismic coupling and thus an ele-an extent of 150 km from their surface expression follow-
vated probability of seismicity. Fracture zones are associatethg Bird (2003) and using slab dip angles from Lallemand et
with ridges as much as 3 km above the surrounding abyssal. (2005). The reasoning behind this spatial partitioning is
seafloor (Bonatti, 1978; Sandwell and Schubert, 1982; Bonthat it forms a constrained physical boundary in which mega-
atti et al., 2005; Collete, 1986; Wessel and Haxby, 1990),thrust earthquakes are expected to originate, and is not con-
potentially leading to enhanced coupling between the downstrained by known spatial extents of pre-recorded ruptures.
going and overriding plate, and sustained for long periods ofThis is due to the long periodicities of larger events leading
time. to poor representivity in earthquake catalogs.
The NGDC (NGDC/WDC, 2011) significant earthquakes
catalog is used in this study, consisting of a monolithic

2 Quantitative methodology catalog of events skewed towards high magnitude earth-
quakes and including the most recent events. This catalogue
2.1 Overview is well suited for our analysis as it is up-to-date and com-

plete, and we are less concerned with relatively small epi-
Our analysis assesses the spatial association between shakntre location errors (Engdahl et al., 1998) because our tar-
low subduction-based earthquakes and the location of ingeted associations occur on larger spatial scales (of the or-
tersections between fracture zones or volcanic ridges/chainder of ~100km). We only used earthquakes in NGDC'’s
and subduction zones, computed as a function of earthquaki®r post-1900 events, reducing the entire data set from 5539
magnitude. The methodology is broken down as follows:to 3157 earthquakes. Earthquake magnitudes are determined
(1) a significant earthquakes catalog is filtered to include onlyusing the moment magnitude scale (McCalpin, 2009) for 761
those events constrained within the coupling zone definedvents, whereas for the remaining events we use the maxi-
at the intersection between subducting plates and the ovemum magnitude available, considering that the magnitudes
riding lithosphere; (2) a spatial data set is derived in whichof older events, determined from obsolete scales, are gener-
existing global digital fracture zone and volcanic ridge/chain ally underestimated for large magnitudes (see Appendix A).
data sets are intersected with the subduction coupling zoneEhese measures include the Richter scale, which underes-
to form a basis for the association analysis; (3) we assessmates large earthquake magnitudes; surface wave magni-
the association strengths as a function of earthquake magude, with moderate improvements over the Richter scale;
nitude using a methodology called “Top-N" analysis, well and body-wave magnitude, which is accurate only for smaller
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magnitude events. Some very old records use an intensityaken here is to assess the association sensitivity to a varia-
scale, which we regard as too inaccurate for our purposedion in these widths.

Subsequent filtering and isolation of events originating from

the subduction coupling zone reduces the data set to 1488.4 Computing coupling-zone spatial associations via
observations. Top-N analysis

The analysis presented in this paper investigates magnitude
relationships between earthquake locations in the vicinity
of fracture zone and volcanic chain/ridge intersections with
the coupling zone. The structure of the bathymetric features
The analysis relies on the identification of both fracture zonesvas used to project their extensions into the nearby coupling
and volcanic chains/aseismic ridges that occur in the vicinityzone, maintaining the same azimuth as in their oldest geo-
of subduction zones. Fracture zone—subduction zone intemphysical expressions seaward of a given trench. The resultant
sections using fracture zone identification from Matthews etintersection is bounded by the width of the coupling zone.
al. (2011) were flagged automatically, while a combination This results in linear spatial features that serve as a reference
of bathymetry and gravity anomaly data were used to asses®r undertaking the analysis of associated earthquakes for a
fracture zone locations within close proximity to subduction range of proximities, allowing the sensitivity of the associ-
zones, taking into account that sediments on the downgoingtion to be quantified. In Fig. 7 fracture-zone intersections
plate seaward of the trench may partly obscure bathymetriavith subduction zones are shown for a 100 km buffer region,
expressions of fracture zones. This resulted in a total of 53demonstrating how the spatial associations undertaken for
identified intersection points (Fig. 1). Volcanic chains and this study are computed. The buffer regions are progressively
aseismic volcanic ridges have been compiled based on Coffimcreased in size to trade-off the strength of the association
and Eldholm (1994), and subduction zone intersections weravith the specificity of the targeted area, calibrated against the
computed as in the fracture-zone case. Features on the seentire coupling zone area.
floor in the proximity of subduction zones were classified to  We apply a type of information filtering system technique
be either in the process of being subducted or not. A total ofcalled “Top-N analysis”, which is widely used in searching,
14 locations were identified (Fig. 1). sorting, classifying, and filtering very large data sets (Cre-
The data set selection in this study thus comprises largemonesi et al., 2010) to investigate the association of sig-
well-defined bathymetric features in the vicinity of the vari- nificant earthquakes as a function of magnitude with sub-
ous subduction trenches. The reasoning is that the very largeluction coupling zone segments with and without fracture
consistent bathymetric anomalies may be playing a substarzone or volcanic ridge/chain intersections. This approach
tial role in increasing subduction coupling and/or creating suits the magnitude distribution of earthquakes, where larger
the necessary conditions for temporary “locking” within the events are more infrequent. The Top-N analysis progres-
coupling zone. Smaller, less well-defined features identifiedsively assesses how strongly particular sets of subduction
in geophysical data are excluded, also including minor nearzone segments are associated with sets of sorted earthquakes
trench fractures due to uplift. in a given magnitude range. As the total number of Top-N
We combine the fracture zone and volcanic chain/aseismi@arthquakes, from the largest event down to a given cutoff
ridge subduction boundary intersections with the filteredmagnitude, is increased by progressively including smaller-
earthquake database, and consider the spatial domaimeagnitude events, the so-callegtall is computed, defined
formed by our CouplingZonel.0 model. We project fracture as the number of Top-N earthquakes associated with the tar-
zone-subduction zone (FZ-SZ) intersections onto the subget coupling zone regions divided B¥. The resultant statis-
duction coupling zone along the axis of the fracture zone tical measure represents an intuitive description of the effec-
resulting in linear traces spanning the width of the cou-tiveness of a given target data set (fracture zone—subduction
pling zone. These coupling zone intersections form the bazone (FZ-SZ) intersections, volcanic ridge/seamount inter-
sis for the association calculations, with the regions adjacensections, or randomly chosen subduction coupling zone seg-
to these fracture zone traces within the subduction couplingnents) in accounting for the location of significant earth-
zone analysed as a function of the perpendicular distancguakes on record.
away from them. In this way, a data-driven association anal- The analysis is described formally as follows: the signif-
ysis is undertaken in which earthquake associations can biant earthquakes data set is denoted E, consisting of a list
computed adaptively in terms of the estimated 3-dimensionabf latitude @), longitude {) and magnitudeM) tuples such
nature of both the subducting and over-riding plates, and takthat E= [e1, e2, .. ., ey, ] for a data set size d¥,, and the-th
ing the broad orientation of the subducting features into ac-element of E is denoteg = (6,,, A.;, M,;). In this analysis E
count. Selected widths are used to form zones centred on this then re-ordered by sorting it in descending order in terms
linear traces, in which the regions on either side of the linesof magnitude, resulting in & Target locations are projected
are used to investigate proximal earthquakes. The approacimto the coupling zones as described previously, resulting in

2.3 Intersections between fracture zones and volcanic
ridges/chains with subduction zones
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lines traversing the coupling zone. The list 8f projected ranging from 50 to 400 km to enable a sensitivity analysis

target lines pairs is defined as: with regard to spatial proximity of earthquakes and FZ-SzZ
intersections.
Ly=[L1, Lo,..., LN]. (1) The arbitrary case methodology comprises the extraction

. . . of a number of points randomly sampled along subduc-
The .TOD'N methodology mvplyes comp_gtmg the ratlg of tion zones, drawing the same number of random samples
the highest-N earthquakes within a specified region of inter-

o . o as there are target locations (i.e. 59 fracture-zone intersec-
est (ROI), specified by a buffer distandgp, in kilometres g (

) tion locations, and 14 intersections pertaining to major vol-
aroundLy, deqoted the Top-N recall. When stuqumg the "€ canic chains/ridges, respectively). Thus, a repeated selection
call for a particularN, the performance evaluation score is

defined as recall-N, and is calculated by summing the num_of 59 and 14 virtual target regions is undertaken, followed

. . by the same Top-N association analysis. The process is re-
ber of N sorted earthquakes (i.eeq, e2, ..., ex]) associated y P y P

within the ROI regions. Formally this procedure involves cre- peated 100 times (exceeding this amount resulted in con-
: . 9 ' y pr sistent statistics), with the statistics from various runs sum-
ating a binary vector of length N, defined asA =[az, a2,

o S . i marised via median, and 20th/80th percentile error bars. The
~»ay]. Thei-thiteminA is determined as follows: arbitrary case methodology thus repeatedly simulates a simi-
lar scenario to the targeted case, providing a relative measure
by which the statistical significance of the associations can be

Nt
1if ) F(esi),Lj.drol,CZ) >0
=1 ascertained for different proximities from the target zones.

j:
0 otherwise

)

i =

where CZ is the coupling zone polygon geometry, &mbn- 2.6  Spatial hazard-zone construction

siders the association within a thresholded buffer arauind

bounded by CZ. In order to relate the FZ-SZ intersection regions to a spa-

tially meaningful interpretation, it is important to establish
1if ey inpolygonG (L j, CZ, dRou)> 3) a baseline/reference spatial zone that can be compared with.
0 otherwise The spatial zone comprises the regions in which all subduc-

The functionG(L ;. CZ. droy) creates a buffer polygon of tion earthquakes are known to occur, i.e. the coupling zone
width drokm aroundL ;, clipped by CZ. The target earth- defined earlier. This allows a direct comparison to be made
guakees;, can then be tested for association via a standardP€tween the regions in which the associations discussed in
point-in-polygon test, denoteidpolygon Now that the bi- this paper are strong, and the entire reference region. This

nary vectorA has been computed, the recall-N score can bePProach also has application to long-term earthquake haz-
determined via ard risk assessment. The baseline coupling zone surface area

is computed to be- 1.088x 10” km?, which is about 2.1 % of

F(es(i), Lj,dRO|, CZ) = (

1 & the Earth’s surface area(61.095x 10’ km?). The approach
recall= — Z“i ' (4)  evaluates the proportion of earthquakes associated with par-
i=1 ticular subduction coupling zone sub-regions (e.g. 150km
2.5 Sensitivity analysis: ruling out random effects wide centred on FZ-SZ intersections). These regions of in-

terest form the FZ-SZ target zones, which can then be com-
The study objective is to evaluate the nature of significantpared to the baseline area to compute its “specificity”, i.e.
earthquakes in the vicinity of target locations along subduc-to what extent the baseline area has been reduced. This is
tion zones. It is important to compare the nature of these asthen assessed together with the association strength (“sensi-
sociations with the “random-association” case (which we calltivity”) to obtain a spatially meaningful assessment of the as-
the arbitrary case) in order to ascertain whether the resul-sociation strength for different buffer-widths across the cou-
tant associations could occur at random, and to calibrate theling zones. The computed fraction of the coupling zone area
strength of the association (i.e. the “sensitivity” and “speci- for chosen buffer widths 50, 100, 150, 200, 250, 300, and
ficity” characteristics). The approach taken is to carry out re-400 km, respectively, is presented in Table 1, having been
peated analyses along subduction zones in which arbitrargomputed taking into account the fact that neighbouring re-
target locations are specified. These arbitrary target locatiomions can overlap somewhat.
selections are repeated 100 times in a stochastic fashion to
ascertain respective statistical variability, allowing for a thor- 2.7 Geodetic plate convergence rates
ough ruling out of an association occurring at random (the
Null hypothesis pertaining to the topic of this study). Sub- Present-day inter-plate convergence velocities from the
duction coupling zone partitions are generated perpendiculaGlobal Strain Rate Map Project (Kreemer et al., 2003) are
to the coupling zone axis at a spacing of 20 km, providing aused to estimate the trench perpendicular convergence rates
set of 2634 partitions (Fig. 6). Each partition element is ex-and azimuths at subduction zones to assess the role of these
tended along strike of a given subduction zone using widthgparameters in modulating the effect of subduction asperities
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Table 1. Calculated areas and fraction of coupling zone for chosenset is relatively small (14 intersections), so the associations

buffer widths around fracture-zone intersections. do have substantial uncertainties.

The robustness of our results is tested via a sensitivity
Buffer width  Intersectionarea  Percentage of analysis with respect to the width of the coupling zone seg-
(km) (kn?) coupling zone area ments (Fig. 2e, Appendix D). It demonstrates (1) that the
50 1601 x 10° 14.7 15 largest megathrust earthquakes on recofg & 8.6) are
100 2615x 108 24.0 significantly biased towards FZ-SZ intersection regions and
150 3463 x 108 31.8 (2) that an intersection corridor width of 150 km represents
200 4152x 10P 38.2 a threshold. As the coupling segment width adjacent to FZ—
250 4621 x 100 42.5 SZ intersections is widened from 50 to 150 km, there is a
300 5007 x 10° 46.0 steep increase in the association of the top 15 earthquakes
400 5554 x 108 51.0 with FZ-SZ intersection coupling zones, whereas a further

increase in coupling zone width does not capture any ad-
ditional events (Fig. 2e). A similar association is still visi-

on generating significant earthquakes. Relative convergencl® for the top 50 &y > 8.4) earthquakes, with an inflec-
speed and azimuths within 7.5 degrees (in both latitude andfon point at_ a corridor width of 150km (l_=|g. 2e), _Ieadmg to
longitude dimensions) of target locations are extracted in orhe conclusion that great earthqugkes W't.h magmtud.es larger
der to provide sufficient spatial information to accurately de-th,an 8.4 are p_referenﬂally agsouated with subduc_t|on cou-
fine the boundary between the two plates (the grids have a Blmg zone regions 150 km wide centred on FZ-SZ intersec-

degree resolution). The extracted boundary is subsequentl ons. The_initial Top-N analysis (Fig. 2a, b) suggests that this
used to compute smoothed convergence velocities. elationship holds for all great earthquakes,(> 8.0), but
for events with magnitudes between 8.0 and 8.4 the associa-

tion is not as clearly dependent on the fracture zone corridor
3 Results width. Previous studies have suggested that subduction earth-

quake size distributions may depend on convergence rates
3.1 Intersections between fracture zones and volcanic  (McCaffrey, 1994; Gutscher and Westbrook, 2009; Ruff and

ridges/chains with subduction zones Kanamori, 1983). Our analysis reveals that all subduction

earthquakes with magnitudes of 7 and more at FZ-SZ in-
The Top-N analysis is initially carried out using a subduc- tersections are associated with relatively high mean conver-
tion coupling zone segment width of 150 km following the gence rates of about 65 mm’ whereas great earthquakes
observation that topographic anomalies associated with fracat FZ—SZ intersections with magnitudes over 8.5 are distin-
ture zones are rarely wider than this (Fig. 8), and accountinguished by their link with relatively shallow mean slab dip
for spatial uncertainties in the projected location of asperi-angles (measured directly below a given earthquake epicen-
ties in the coupling zone. The analysis reveals a significantre) of around 20, but smaller significant earthquakes occur
relationship between FZ-SZ intersections and large earthever wide ranges of slab dips, with relatively shallow mean
quakes (Fig. 2a). For earthquakes with magnitudes largedips of 23-27 (Fig. 3a). These observations lead to the con-
than 8.0, the Top-N recall for FZ-SZ intersections divergesclusion that very shallow slab dips-Q0°) combined with
sharply from the arbitrary case (Fig. 2a), suggesting thatsubducting fracture zones give rise to particularly large great
there is a relationship between great earthquakes and thearthquakes.
subduction of topographic anomalies associated with FZ-SZ
intersections, and that this correlation becomes more pro3.2 Long-term great subduction earthquake hazard
nounced with increasing earthquake magnitudes. For the 50  map
largest earthquakes\, > 8.4), 50 % are associated with
FZ-SZ intersections as opposed to 25 % of randomly seApplying the Top-N association analysis in the context of the
lected subduction zone corridors. For the 15 largest eventspatial hazard map shows that 87 % of the 15 largest, half
(M, > 8.6), 13 of which are associated with FZ-SZ inter- of the largest 50 and 44 % of the largest 100 earthquakes
sections, the difference rises to about 70 % (Fig. 2b). If frac-are associated with FZ-SZ intersections, an area restricted
ture zones did not play a special role in driving great earth-roughly to 32 % of the subduction coupling zone (Fig. 5 and
quakes, we would expect only 3 of the 15 largest subductionTable 1). There is a long-standing controversy over whether
earthquakes on record to be associated with coupling zonthe present state of seismological science inhibits reliable
regions centred on subducting fracture zones. In contrast, thdifferentiation of the risk level in particular geographic ar-
volcanic ridge/seamount chain subduction zone intersectionsas along subduction zones, or whether the feasibility of
analysed here display a far weaker association, and only foassessing at least the long-term regional earthquake poten-
magnitudes less than 8, as compared with randomly selectetial is promising in principle, based on long-term earthquake
subduction zone locations (Fig. 2c, d). We note that this dataactivity and the plate tectonic setting (Sykes et al., 1999).
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Fig. 2. (a) Evaluation of coupling-zone filtered earthquake associations with intersections between 59 fracture zones and subduction zones,
sorted by magnitud& and using a buffer of 150 km on either side of the projected fracture zone. The sorted event magnitudes are plotted
against theecall, the number of Top-N earthquakes associated with the fracture zone intersection regions divieithibyis compared

with the same number (59) of randomly generated subduction zone intersection segments drawn from the global coupling one, repeated 10(
times for the entire filtered earthquake data set, shown as median values with the 20th/80th percentile efbyishars;aga) but for the

top 100 Mw > 8.1) significant earthquakeg;, d) same aga, b) for volcanic ridge/chain intersections with subduction zogexpp-N great
earthquake analysis in proximity of subduction zones illustrating the baseline-normalized recall (sensitivity) traded off against the reduction
in hazard surface area (% of original hazard area, all subduction earthquakes), called thespedéoity Note the sharp inflection point

for the top 15 earthquakes at 150 km, illustrating that 87 %, i.e. 13 out of 15 largest earthquakes, all occurred within 150 km of a FZ-SZ
intersection.

McCaffrey (2007, 2008) goes as far as to suggest that givef the tectonic setting can help differentiate long-term re-
a long enough subduction trench and sufficient time, giantgional earthquake risk (Sykes et al., 1999). Our results there-
earthquakes may well happen at any subduction zone. Ouiore provide a way to objectively test long-term earthquake
analysis provides overwhelming evidence that FZ-SZ inter-hazard maps, a need discussed extensively after the 2011
sections are associated with a significantly elevated probaTohoku-Oki event that was not predicted by previous hazard
bility of long-term great earthquakes as compared to the remaps (Stein et al., 2011, 2012; Avouac, 2011; Geller, 2011).
mainder of subduction segments, confirming that knowledge
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Fig. 3. (a) Filtered earthquakes grouped in five magnitude categories plotted as a function of median slope of the subduction coupling zone
(Hayes et al., 2012) versus the median (trench perpendicular) geodetic convergence rates (Kreemer et al., 2003), with error-bars depicting
20th/80th percentilegb) Elevation of fracture zone ridges relative to the adjacent ocean floor for the 13 largest earthquakes on record
associated with FZ-SZ intersections amongst the top 15 events (see Figs. 1 and 2). Bathymetry8660lksn in length were extracted

~ 100 km seaward of the trench, perpendicular to fracture zones. Fracture zone ridge heights were computed by measuring the total heigh
between ridge crests and fracture zone valleys.

A local subducting fracture zone alone may not be suf-the Tohoku-Oki 2011 event, as suggested by Duan (2012),
ficiently noteworthy to suspect a link with seismic hazards given that there is no observational evidence for a subduct-
without having recognised a strong global link between sub-ing seamount close to its epicentre, including no sign of any
ducting fracture zones and great earthquakes, as demorseamount chain intersecing the subduction zone in the vicin-
strated here. This connection provides critical additional in-ity of the epicentre. The closest seamount chain is subducting
formation for seismologists to pinpoint particular tectonic about 200 km to the south of the Tohoku-Oki 2011 epicentre
environments that are more prone to strong seismic couplingDuan, 2012). The 300 km long asperity recently mapped by
and great earthquake supercycles than average subductidfashimoto et al. (2012) may possibly reflect the subducting
settings. Candidate locations (Fig. 5) for such earthquake suKashima fracture zone.
percycles will need to be scrutinized in greater detail, includ- The Cascadia margin is of particular interest in this con-
ing their historical earthquake records and geological datgext, because there is circumstantial evidence that the main
such as co-seismically displaced coral reefs (Taylor, 2011area of slip of the great 1700 Cascadia earthquake was cen-
Sieh et al., 2008) and prehistoric tsunami deposits (Satake dted on the intersection of the southern Cascadia margin with
al., 2003). We identify a total of 25 candidate regions, locatedthe Blanco Fracture Zone (Fig. 1). Satake et al. (2003) com-
along the Java, Japan, Aleutian, Central and South Americarpare 6 Cascadia rupture models, which they rank based on
Scotia, Lesser Antilles and Cascadia trenches (Fig. 5). paleoseismological evidence and comparisons between mod-

Our results suggest the possibility that the Tohoku-Oki elled tsunami heights in Japan. Amongst alternative displace-
2011 giant earthquake cycle, and the related distributed senhent models for the northern, central and southern Cascadia
of asperities (Tajima and Kennett, 2012), may be related tosubduction zone, the southern model, which extends 440 km
strong coupling due to the obliquely subducting Kashimasouthward from central Oregon to northern California with
Fracture Zone (Fig. 1), whose offshore location is well an average slip of 21 m, is the most effective in terms of ac-
mapped, mainly based on ship marine magnetic and seissounting for tsunami run-up in Japan (Satake et al., 2003).
mic reflection data (Nakanishi, 1993; Nakanishi et al., 1992).Even though this model does not account for the entire pat-
Its association with subduction earthquake cycles has notern of coastal subsidence following this event (Leonard et
been investigated. It is, however, conceivable that a veryal., 2010), these results raise the possibility that subduction
obliquely subducting, fracture zone ridge with varying ele- of a fracture zone ridge may have played a role in trigger-
vation along the strike, as is common for large fracture zoneing the 1700 event. The Blanco Ridge, associated with the
ridges (Tucholke and Schouten, 1988; Cande et al., 1995arge-offset (350 km) Blanco Fracture Zone, displays relief
Croon et al., 2008), causes subduction zone segmentation &g up to 1 km (Embley and Wilson, 1992). Its extension to the
observed by Tajima and Kennett (2012). We regard this agCascadia margin has been interpreted as continuing in a rela-
more likely than a subducting seamount to be responsible fotively straight fashion to the southern Oregon margin, where
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the Blanco slide has been mapped (Goldfinger et al., 2000)
and this is confirmed by satellite gravity data (Sandwell and a
Schubert, 1982). The massive failure of the southern Oregoil 100°N
slope, where the Blanco fracture zone intersects the subduc
tion zone, is expressed by consecutive slide events, and hz . Lol . -
been interpreted as the result of subduction of a linear ridge 7o ' ‘
as opposed to subduction of a nearby seamount province, ¢
seamount subduction elsewhere suggests that the typical u
per plate expression of a subducted seamount is a relativel
narrow deformation trail, unlike the large slope failures of
southern Oregon (Goldfinger et al., 2000). This linear ridge 25°N
would in all likelihood correspond to the Blanco Ridge, in
which case the 1700 Cascadia megathrust event would fit ou
global observations and conceptual model. 00’
There are no FZ-SZ intersections along the Philippines.
Marianas, Tonga-Kermadec or any of the Southwest Pacific
trenches (Fig. 5). This does not rule out great subductior
earthquakes along any of the latter subduction zones, bt
events in these regions would not be due to an associatio
with a fracture zone intersection. Our analysis shows thai
data mining techniques primarily developed for extracting
useful knowledge hidden in enormous volumes of electronic
data on the Internet have great potential for the analysis o
large, multidimensional and statistically skewed sets of geo-
logical and geophysical data. Recognising the connection be
tween the subduction of fracture zones and great earthquake
globally has the potential to transform long-term earthquake
hazard map generation.

50N

o Y]
90.0'E 925 E 95.0 E 975 E

4 Great earthquake rupture propagation and fracture
zone ridges

We review rupture propagation associated with FZ—SZ inter-
sections during three well-mapped great earthquake event
to evaluate the role of subducting fracture zone ridges in the { . :
time-dependence of stress release during great earthquake 50"l = J ; 5.,5
During the 2004 Sumatra-Andaman earthquak&y (9.1) &Y J
the rupture was initiated on the seismically imaged subduct ] T s
ing Simeulue Ridge, which is 60 km wide, elevated by 1 km ‘ 35 4
on its western flank, and up to 3km along its eastern flank 45" NS bl 3o v 7
(Franke et al., 2008). The ridge is a buried extension of the ! '
so-called 96 Fracture Zone (Kopp et al., 2008) (Fig. 4a) 7 (e
and defines a major segment boundary for the great 200 tow asw oW

Sumatra—Andamqn earthquake associated with a step I thﬁg. 4. Three great earthquake rupture case studies(dprthe 2004 My =9.1

slab east of the ridge (Franke et al., 2008). The 2004 even$umatra-Andaman Earthquake (Robinson, 2007)B)ithe 2001My, =8.4 Peru earth-

TRt : H uake (Robinson, 2007) depicting the modelled rupture process through time for 5m
W?ls |n|t|§ted onthe We,Stem flank of the_ SUdeCtmg Slmeulué;]lip contours, andc) the 1986 M, =8.0 Andreanoff islands earthquake (Das and
Ridge (Fig. 4a), and simultaneously climbed eastwards ontostrov, 1990) showing the modelled rupture process through time for a moment-
the crest of the rldge Whlle also propagatlng to the northwesfﬂagnitude contour  x 1020 Nm. Earthquake epicentres are shown as red stars, over-

! ain over vertical gravity gradient maps (Sandwell and Smith, 2009), with fracture zone
and southwest onto a double fracture zone system called thgcations (Matthews et al., 2011) shown as yellow dashed lines, with their interpreted
94° and 93 fracture zones (Kopp et al 2008) then Crossing coupling zone extensions outlined in faint yellow dashes. Coloured polygons illustrate

C e . ” ! the progression of the rupture process relative to the inception at the epicentre, pro-
these and initiating a separate rupture along an unnamed fraguing a visualisation of the role that the fracture zones played during the event. Inset
ture zone west of the 93racture zones (Fig. 4a). The major- plots show ship bathymetry (top) and gravity anomalies (bottom) along magenta pro-
. . L . . . . . files crossing key fracture zones, with red arrows indicating fracture zone location. The
ity of slip distribution during the event is associated with the seismicallyimaged Simeulue ridge (Franke et al., 2008), associated with the subducting

four fracture zones |nvolved |n the rupture, sugges“ng thatgso Fracture Zone (Kopp et al., 2008), is outlined as black dashed line.
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90'E 120°E 150°E 180" 150'W 120'W 9O'W 60'W (Fig. 8), preventing the rupture from propagating far into the
next segment.

5 Physical model for fracture zone—subduction zone
interaction

Global analyses for how fracture zones and other aseis-
mic ridges may relate to the occurrence of large earth-
quakes were first carried out by Mogi (1969), who sug-
gested that great shallow earthquakes preferentially occur on
local depressions. In another global analysis, Kelleher and
McCann (1976) concluded that where bathymetric rises or
d irregularities interact with active trenches the largest shal-
ot 120E 150E 1807 150W 120W 90W gouy low earthquakes are generally smaller and less frequent
than events along adjoining segments of the plate boundary.
Fig. 5. ETOPOL1 global relief map (Robinson projection) with These conclusions are contradictory to our results; however,
oceanic fracture zones shown as black lines. Global subductiorit needs to be kept in mind that global analyses of all subduc-

coupling zone (solid blue regions) is overlain with fracture zone- tion zone asperities will likely not reflect a single physical
subduction zone intersection regions (solid red bands), significantlynechanism.

more prone to great earthquakes than the blue bands, based on our g,dies focussed on the role of fracture zones in seismic

analysis. Inte.rsectlons between volcanic chains/ridges (solid yellownazard generation have largely focussed on their regional role
bands) are biased towards an above-average occurrence of smaller

earthquakes, but this result is more uncertain due to the relativel)}n ;egme_ntlng subducthn zones by providing barriers, sepa-
small number of these intersections. Overlain are the largest 15 in[at'ng. ?dlacem SUbdu?t'o_n_ segments from e_aCh other, thus
strumentally recorded earthquakes (Mw = 8.6) (white filled stars)CONtaining ruptures to individual segments (Bilek, 2010). Lu

and the largest 50 earthquakes (Mw = 8.4) (while filled circles). and Wyss (1996) analysed the segmentation of the Aleu-
Subduction zone labels as in Fig. 1. tian plate boundary and found that the regional segmenta-

tion boundaries are controlled by subducting fracture zone,
which they interpreted as zones of weakness across which

the associated fracture zone ridges represent anomalousktress may not be transmitted fully. Based on an equivalent
coupled regions due to their elevation associated with a shalstudy of four segments and their barriers along the Central
low slab dip (Supplement Spreadsheet 1). Chile subduction zone, Metois et al. (2012) concluded that

The 2001 Peru earthquak#{, 8.4) nucleated near the top the segments are characterised by higher coupling and sepa-
of the Nazca fracture zone lateral ramp, briefly stalling on therated by narrow areas of lower coupling. If this model held
Nazca ramp before stepping down the ramp, breaking the adtue globally, then we would observe precisely the opposite
jacent flat segment and finally stopping at the Iquique ridgeof what we find, namely great earthquakes should be biased
ramp (Carena, 2011; Robinson et al., 2006) (Fig. 4b). Thetowards subduction segments between fracture zones and the
fracture zone increased plate coupling between the two sidesegments centred on fracture zones should be biased against
of the fault, resulting in a heterogeneous rupture, with thelarge seismic events.
main stress release focussed on the Nazca FZ-SZ intersec- These three great earthquake rupture histories, together
tion (2006) (Fig. 4b). There are alternative slip models for with our global analysis, lead to the following model for
this event, but we did not find published models that showwhy subducting fracture zones are frequently associated
either slip or energy release as a function of time after thewith great seismic events. Fracture zones in cross-section
event. form either large steps or represent valleys bounded by to-

The 1986 Andreanof Islands (Aleutians) earthquakg, (  pographic ridges; these two morphologies are known as
8.0) rupture history is available as computed moment releas&Pacific-type” and “Atlantic-type” fracture zones (Matthews
through time (Das and Kostrov, 1990). It illustrates that thiset al., 2011). Pacific-type large-offset fracture zones display
event was initiated on a subduction segment bounded by thelevation steps in cross-section due to age-offsets at trans-
Adak and Amlia fracture zones (Lu and Wyss, 1996), beforeform faults, where a given fracture zone originates, and these
propagating west and climbing onto a ridge adjacent to thesteps are enhanced by flexure due to differential cooling
Adak fracture zone (Fig. 4c) where the main moment releaseand thermal lithospheric contraction and associated flexu-
was concentrated. This event represents an example wheral bending, producing flexural ridges (Sandwell and Schu-
most of the elastic energy was dissipated by the rupture propbert, 1982) whose internal structure is identical to that of
agating onto the strongly coupled Adak fracture zone ridgenormal ocean crust. In contrast, Atlantic-type small-offset
with a peak—trough topographic elevation of over 1000 mfracture zones are characterised by asymmetric valleys with
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Fig. 6. lllustrating the approach taken for computing arbitrary as-
sociations for the Northwest Pacific region. Yellow lines along the
coupling zone define a collection of arbitrary spatial regions (at ap
proximately 20 km spacing) that are used to construct experiments
involving repeated unbiased sampling at random. The Slab 1.0 3Fig. 7. Selected region in South America to demonstrate the defini-
dimensional subduction zone model is shown in blue, coastlines irtion of fracture-zone subduction-zone regions of interest (filled blue
white, and fracture zones in black. regions), constrained by the underlying coupling zone (filled yellow
regions). Green contours correspond to depth contours of the Slab
1.0 3-dimensional subduction model, with black lines defining frac-
a prominent ridge on their old side (Collette, 1986), or with ture zones. Coastlines are shown for context (grey). The fracture-
ridges on both sides (Matthews et al., 2011). Both types areone intersection regions are shown for a 100 km buffer situation.
found in all ocean basins, and mixed types are observed

(Matthews et al., 2011). In both categories fracture zone ] .
ridges reflect uplifted edges of normal ocean crust, charac- After an earthquake nucleates on a given subduction seg-

terised by pronounced relief, lateral continuity and structuralment the rupture will propagate; upon encountering a nearby
integrity, giving rise to strong, persistent subduction interfacefracture zone step or ridge, the rupture is required to step

coupling and stress concentration maintained over long peril? Or down, or to stop. The stress driving the rupture to
ods of time. propagate up, breaking an anomalously coupled zone, will

To investigate the nature and elevation of subductingdepend on the fracture zone ridge height as well as on its
fracture zone ridges we extrast300 km long bathymetry angle relative to Fhe coupling mterface.. If most of the seis-
and gravity profiles orthogonal to subducting fracture zonesMiC event's elastic energy has been dissipated, the rupture
about 100 km away from a given trench (see Fig. 8 and Ap_WI|| be stopped, with a fracture zone step/ridge acting as
pendix E for selected profiles). This distance is required ast Parrier, but if not, it will step over the barrier, triggering
fracture zone topography is often completely covered with@ large event if the seismogenic zone at the FZ-SZ inter-
sediments close to the trench (Franke et al., 2008; RobinS€ction has been locked for a long period of time. Whether
son, 2007). We use an established method to measure fractufesubducting fracture zone acts as a barrier or leads to the
zone topography (Matthews et al., 2011) that captures peakgeneration of a great earthquake thus depends on the trade-
trough fracture zone elevations, which are found to rangePff between the magnitude of the yield shear stress when
from 200 to 1200 m (Fig. 3b), with a mean elevation of about & ruptur_e reaches the barrier and the el_astic energy carried
500 m, and mean gravity anomaly-e60 mGal (Supplement by the tip of t_he propagating rupture. This mechanism pro-
Spreadsheet 1). The mean age offset of the fracture zoné4des a physical model to account for our observed bias
is about 5 millionyr. Many fracture zone ridges are simply Of great earthquakes towards FZ-SZ intersections. Our re-
a function of flexure resulting from differential lithospheric Sults and interpretations support the idea of cascading earth-
cooling of juxtaposed lithosphere of different ages (Sandwellduake nucleation from small patches into larger earthquakes
and Schubert, 1982), with younger oceanic crust being moréParsons and Velasco, 2011) under particular circumstances.
elevated relative to older crust on the opposite side, and' e physics of such dynamic triggering is clearly complex
their internal structure is therefore that of normal ocean crus@nd likely involves dependencies between subducting frac-
(Bonatti et al., 2005). However, uplifted fracture zone ridgesture zone ridges, faults and ramps (height, length and orien-
can also be generated via extensional and compressional p@tion),_surface—wave stresses, pore_fluids and _aseismic.tran—
riods experienced by transform faults (Bonatti et al., 2005;Sient slip, such that a larger nucleation area might require a
Pockalny et al., 1996). As a consequence we do not find greater amplitude and/or duration of stress change (Parsons
simple correlation between oceanic age offsets and fractur@nd Velasco, 2011).

seamounts influences deformation of the overriding plate

(Bilek et al., 2003; Scholz and Small, 1997), but seamounts

www.solid-earth.net/3/447/2012/ Solid Earth, 3, 44465, 2012



458 R. D. Miller and T. C. W. Landgrebe: Great earthquakes and oceanic fracture zones

are known to result in weak seismic coupling (Mochizuki
et al., 2008; Singh et al., 2011), and this is confirmed by
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our observations (though we acknowledge we are limited in
<ao | Valdivia2 ) p, Valdivia confidence due to a limited number of identified volcanic
: " chain/ridge intersections). Seismic studies of seamounts have
revealed their complex internal layering structure, and their
separation from the underlying ocean crust by a decollement
surface, both contributing to their disintegration and shear-
ing off during subduction (Das and Watts, 2009), and thus
preventing them from initiating strong local coupling at the
subduction interface. As a consequence the seismogenic be-
haviour of subducting seamounts is controlled by the devel-
opment of an adjacent fracture network during subduction
(Wang and Bilek, 2011). The complex structure and hetero-
L geneous stresses of this network provide a favourable con-
Iy | et Kashima2 dition for aseismic creep and small earthquakes, but an un-
R T o w0 % ® W favourable condition for the generation and propagation of
] S large ruptures (Wang and Bilek, 2011). Our results support
g Kashima 00 i Mocha this model overwhelmingly, as subducting volcanic ridges
1 ool and chains are found to be associated with an excess of rel-
atively small seismic events (magnitude), but not great
earthquakes, suggesting that subducting volcanic edifices are
not able store significant stress, as stress is released either in
small earthquakes, or aseismically.

6 Conclusions

We have investigated well-defined fracture-zones and vol-
canic chains/ridges and seamounts that are in the process
of being subducted, and their associations with the locations
Rat of significant earthquakes. Linking subducting bathymetric
features with large earthquakes is a particularly interesting
question, since if recurrence-cycles are indeed several hun-
* r ) - dreds of years in duration, then hazard predictions meth-
Iy ods involving the use of existing data may be ineffective at
predicting many of the more devastating events. The anal-
ysis involved investigating the associations as a function of
eathquake magnitude, making use of a data-mining method-
ology called “Top-N" analysis for coping with the statisti-
cally skewed nature of earthquake magnitude distributions.
The analysis investigated the associations in the coupling
zones between subducting and overriding plates using recent
3-dimensional data sets, and utilised a comprehensive sen-
sitivity analysis of computation of the arbitrary case to thor-
oughly test the null hypothesis, i.e. that the associations could
occur at random. The results in this paper revealed a striking
association between fracture-zone/subduction-zone intersec-
tions, and the very largest subduction-events on record, with

Prfle distance ) the effect diminishing as magnitudes decrease below mo-

Fig. 8. Bathymetric profiles across the 11-identified fracture zones
associated with the 13 largest of the top 15 earthquakes in the cou-
pling zone.

ment magnitude 8.0. A similar effect was not demonstrated
by volcanic chains/ridges and seamounts, but the conclusions
are limited by a small data set size. The analysis went on

to demonstrate that the most important fracture zones gen-
erally have very large physical offsets, which could play
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Fig. B2. Tectonic setting and key data for the Japan region. See
Fig. B1 for legend.

Fig. B1. Regional tectonic settings and key data for the East In-
dian Ocean region. The following colour schemes are used, dif-
fering slightly to those in Fig. 1 of the main paper for enhanced
background contrast: subduction zones (blue bands), intersectiol
points of fracture zones with subduction zones (yellow squares),
intersection points of the volcanic chains and ridges with subduc-
tion zones (green squares), largest 25 earthquakes (red stars), eart, .
guakes magnitude 8.3 and above (light blue circles), all other sig-
nificant earthquakes (small brown circles). The Sandwell and Smith
vertical-gravity gradient grid (Sandwell and Smith, 2009) is shown
in the background. Conic equidistant projections are used through-
out. 100" w %0 W 80 W 70 W 60 W

Fig. B3. Tectonic setting and key data for the Central American
an important role in influencing the subduction coupling. region. See Fig. B1 for legend.
Three modelled rupture events were then discussed, with the
spatiotemporal nature of the rupture propogations correlated
with the approximate physical locations of the fracture zonesAppendix B

This analysis could have important implications for the field.
Regional maps

Appendix A In this study it is important to retain as large a data set as pos-
sible for maximum confidence. The approach chosen is to use
Earthquake catalogue pre-processing the Moment Magnitude measurements by default, of which

only 761 of the 5539 observations are valid. The remainder
The NGDC global Significant Earthquakes databaseof observations use any of the remaining magnitude mea-
(NGDC/WDC, 2011) is used to investigate its relationship surements, utilising the maximum of these values. This is in
with particular subduction zone target areas. This databasgne with the under-estimating nature of the older, more obso-
consists of 5539 recorded earthquakes considered to bete scales for large earthquakes. We argue that this approach
significant in magnitude. Several magnitude measuremens valid because small differences in magnitudes would not
scales are used in this data set, with modern earthquakesignificantly affect the outcomes of this study. An exception
based on the Moment Magnitude scale (McCalpin, 2009),is observations associated with an intensity measure, typi-
whereas magnitudes of older records make use of scales su@fally estimated for historic earthquakes via indirect methods.
as the Richter scale (which underestimates large earthquakehese observations are removed. Using this approach, the
magnitudes). Other scales are also used as follows: pre-processed NGDC data set reduces to 3684 samples. This
data set is subsequently filtered using the methodology de-
scribed in Sect. 3 to retain only those earthquakes originating
in the subduction coupling zone, further reducing the data set
— Body-wave magnitude — this scale is less accurate foito 1073 samples.

smaller magnitude events.

— Surface wave magnitude, which improves on the
Richter scale to some extent.
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Fig. B4. Tectonic setting and key data for the Aleutian and Kam-

chatka regions. See Fig. B1 for legend. ] ) ) )
Fig. B6. Tectonic setting and key data for the Central American

region. See Fig. B1 for legend.

Appendix C

Constructing a global lithosphere-subduction
coupling zone

The interface between the overriding lithosphere and the
down-going slab is the coupling zone in which shallow
mega-thrust earthquakes occur. In this study the coupling
zone is isolated in 3-dimensions, allowing earthquake cat-
alogs to be filtered out. This enables us to compute slab
dip in the coupling zone, allowing associations to be as-
sessed comparing flat-slab to steep-slab subduction settings.
In this global study we have made use of the NOAA sig-
nificant earthquakes catalog to investigate relationships be-
tween subducting fracture zone and volcanic ridges/chains
with subduction thrust-type earthquakes. It is important to
isolate only those earthquakes occurring in the coupling
Figures B1, B2, B3, B4, B5 and B6 present a number ofZone at the interface between the overriding and downgo-
regional maps detailing the tectonic settings where fractureing plates. The approach taken is to use recent global mod-
zone/subduction-zone (FZ-SZ) interactions are prominent?'s and data sets to localise these 3-dimensional structures,
These include: the East Indian ocean region along the Javaapitalising on the recent publication of the Slab 1.0 3-
Sunda trench; the Japanese region; the Aleutian and Alaskafimensional subduction model (Hayes et al., 2012), as well
regions considering the geological settings proximal to the@S & number of other data sets, described below. Surface-
Kamchatka and Aleutian subduction-zones, together with &XPressions of subduction zones form the upper boundary
number of prototypical fracture-zone intersection locations©f the coupling zone, defined from the global plate bound-
associated with large earthquakes; the Central American an@fy dataset (Bird, 2003). Corresponding three-dimensional
South American regions depict numerous target locationdnodels are extracted via the Slab 1.0 3-dimensional global
along the Andes and Central America. The various plots aréubduction zone model (Hayes et al., 2012). Since the Slab
superimposed on the Sandwell and Smith vertical-gravityl-0 model did not cover all regions defined by the global

gradient grid (Sandwell and Smith, 2009), as was used irPlate boundary data set, missing regions were modelled us-

(Gudmundsson and Sambridge, 1998). A few remaining
regions were assumed to extend 150 km from their surface

Fig. B5. Tectonic setting and key data for the Alaskan region. See
Fig. B1 for legend.
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Fig. C1.lllustration of the intersection between a lithosphere thick-
ness model of the overriding plate with a 3-dimensional slab model . 250km width o 300km width
(coloured contours). Green colours reflect the subduction coupling osf
zone, here conservatively taken as the entire intersection region be
tween the overriding and downgoing plates, and red colours reflec
the slab surface below the lithosphere-asthenosphere boundary
the overriding plate. The black points define the edge of the cou- ol
pling zone.
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expressions, according to global average estimates of slab
geometry pertaining to the upper regions of subducting slabs
(up to 125 km in depth with 30-8Gubduction dips), as dis-
cussed in Lallemand et al. (2005). Intersecting models of the
Lithosphere—Asthenosphere Boundary (LAB) with recent 3-
dimensional representations of subduction zones allows cou-

(] 200

pling zone regions to be defined. The LAB is defined us-
ing a combination of continental and oceanic models. The

800 1000

- | | K f the al | th | IEig. D1. Top-N sensitivity analysis, demonstrating substantial and
continental model makes use of the global thermal mode ignificant differences between fracture-zone/subduction-zone in-

TC1 (Artemieva, 2006), in which the 1300 degree isothermiersections and the arbitrary case, insensitive to the association
is a standard proxy for the LAB. The oceanic model makesproximity thresholds.

use of the approach in Rychert and Shearer (2009) to es-

timate thicknesses in regions not represented by the TC1

data set. A nearest-neighbour interpolation is used to makéracture-zone intersection Top-N analyses and arbitrary cases
use of the nearest available measurements. Thus construdpr the full set of buffer widths used.

ing the overall coupling zone involved the integration of 5

global data sets. The coupling zone model is referred to as the .

“CouplingZonel.0” data set. The intersection of the Slab 1_0Append|x E

model with the LAB model is derived by calculating the 3-
dimensional intersection between the two models. In Fig. C
the approach taken to intersect the continental model with th
3-dimensional slab model is illustrated in an example region

lSupplementary results for fracture-zone profiles

PBathymetric and gravitational profiles were extracted per-
‘pendicular to digitised fracture zones in the vicinity of the
trench. The profiles extracted were roughly 300 km in length,

Appendix D with the centres coinciding with the digitised fracture zone
locations. Bathymetric and gravitational profiles were anal-

Fracture-zone intersection Top-N sensitivity y;ed simultaneously. to localise the trench in the recpvered

analyses results signals. Anomaly heights were computed by measuring the

total height between the lower and upper crests manually.
The complete results for the Top-N fracture-zone intersec-AAutomatic procedures were ruled out due to the existence of
tion experiments are shown in Fig. D1. These depict both thenultiple significant bathymetric features near-trench.
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across the coupling zone following the direction of the
digitised features.
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— SeamountChain intersections Buffer 150 km: polygon

Valdivia2 data set consisting of a 150km buffer around the
Valdivia SeamountChain intersections data set, clipped by the
coupling zone.
96degree
Kashima2 Appendix G
Kashima . .
- Primary statistics
N Mocha
e The attached file “Spreadsheetl.xIsx” is a Microsoft Excel
Nazca spreadsheet containing important statistics computed in this
Rat study. Two spreadsheet tabs summarise fracture zone and
seamount chain/ridge data, respectively, listing the latitude-
Trujillo longitude locations obtained. The following statistics are tab-
Santiago ulated for the fracture-zone intersections:

Adak — Name: Fracture zone name.

— Maximum associated magnitude within 250 km: the

moment magnitude of the largest earthquake within
Fig. E1. Gravity anomalies associated with the fracture zones cor- 250 km of the location.

responding to those shown in Fig. 3b.

— Sea-floor Age (Ma): age of the downgoing slab at the
location as per Mller et. al. (2008).
As listed in Supplement Spreadsheet 1, 11 fracture zones

were found to be associated with 13 of the largest 15 earth- — Trench perpendicular ~convergence velocity vc
quakes in the filtered catalogue. In Fig. 8 bathymetric profiles ~ (mma*): computed relative subduction convergence
are shown attributed to these 11 fracture zones. In Fig. E1 the ~ rate.
respective gravity anomaly values for the 11 highlighted frac-
ture zones are shown, complementing the results in Fig. 3b
of the main text. A good correlation between the two results
can be observed, which is expected.

Subduction dip (degrees): computed dip of the subduct-
ing slab as per the Slab 1.0 data set, calculated by con-
sidering the slope of the nearest depth contours (divert-
ing to the RUM data set where necessary).

_ — Lithosphere thickness (km): lithosphere—asthenosphere
Appendix F thickness.

Digital data set descriptions — Age O/S (manual) Ma filtered: age offset across the
fracture zone near the subduction zone intersection, us-
A number of digital data sets are provided in ESRI shapefile  ing Milller et al. (2008).

format, described as follows: o
— Grav anomaly (manual) mGal: measured gravitational

— CouplingZonelp0: the computed CouplingZonel.0 data offset at fracture zone extracted from Andersen et

set. al. (2010).

— FZ intersections: polyline dataset with fracture zone in- — Bathym anomaly (manual) m: bathymetric anomaly ex-
tersections projected across the coupling zone following  tracted from the ETOPOL1 global relief model (Amante
the direction of the digitised fracture zones. etal., 2009).

The fracture zone statistics also summarise results from the
perspective of the largest 25 earthquakes in the filtered earth-
quake catalog, allowing the most pertinent associated frac-
ture zones to be identified and studied in more detail.

— FZ intersections Buffer 150 km: polygon data set con-
sisting of a 150 km buffer around the FZ intersections
data set, clipped by the coupling zone.

— SeamountChain intersections: polyline data set with
seamount chain/volcanic ridge intersections projected
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