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The subduction of bathymetric asperities has been linked with the location and
rupture characteristics of significant (moment magnitude > 5.0) thrust earthquakes in
several regions, but a global analysis of these relationships is lacking. We carry out a
global investigation of well-defined subducting bathymetric features including ridges,
fracture zones and seamounts and their spatial association with significant
earthquakes. The NGDC global significant earthquake database has been filtered to
include only those events occurring in the coupling zone between subducting and
over-riding plates, which includes the bulk of megathrust earthquakes. A statistical
methodology is used to compare spatial associations between subducting linear
asperities and significant earthquakes. Randomly sampled coupling zone locations
are used to establish sensitivity/specificity relationships as a function of proximity,
ruling out random effects and establishing meaningful spatial interpretations. In a
previous study we showed that there is a strong link between the largest earthquakes
and proximity to fracture-zone subduction-zone intersections. Here this analysis is
extended using a game-formulation methodology, rigorously demonstrating that
significant subduction-related earthquakes are more likely to be generated at, or very
close to, the intersections between subduction zones and fracture zones, compared
to arbitrary locations along subduction zones. A weaker, broader effect is exhibited
by subducting volcanic ridges/seamount chains. Fracture zone associations are

attributed to the large, localised, linear and mechanically strong bathymetric



anomalies related to fracture zone ridges, leading to strong seismic coupling,
whereas associations pertaining to volcanic ridges/seamount chains are explained by
inherently broader, less elevated and poorly-defined characteristics, combined with

structural weaknesses that may reduce the long-term coupling effect.
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INTRODUCTION

Subduction zones, and more specifically, coupling zones between down going and
overriding tectonic plates, are associated with the majority of the largest megathrust
earthquakes. Traditional hazard prediction methods have proven to be unsuccessful
at identifying localities at risk of generating some of the most significant earthquakes
on record (Stein et al. 2012), since digital earthquake catalogues do not allow reliable
differentiation of regional risk levels if great earthquake cycles are up to an order of
magnitude longer than the ~100 year time span covered by these catalogues (Sieh et
al. 2008).

Lay & Kanamori (1981) developed a conceptual model in which major subduction
zone earthquakes are driven by strong coupling between the down going and
overriding plates, caused by the subduction of asperities. These are transverse
(elongated) structures on the down going plate (at arbitrary angles), such as aseismic
ridges, causing strong coupling at the plate interface. The effect of aseismic ridge
and seamount subduction on seismic coupling and earthquake rupture behaviour and
overriding plate deformation has been demonstrated at several localities (Gorbatov et
al. 1997; Scholz & Small 1997; Kodaira et al. 2000; Bilek et al. 2003; von Huene &
Ranero 2009), and is underpinned by a physical model for seismic rupture caused by
seamounts (Cloos 1992) or other asperities (Ruff 1992). Other investigators used the
distribution of basins, basement highs and associated gravity anomalies on the
overriding plate as proxies for mapping the location of subduction zone asperities
(Wells et al. 2003) without explicitly addressing their origin or the implication for
seismic risk. A detailed study of the tectonic setting along the Japan Trench by
Mochizuki et al. (2008) concluded that a large subducting seamount in the region is

associated with weak interplate coupling. This observation casts doubt on the idea



that seamounts are the most obvious candidates for barriers, which locally inhibit
faulting for long periods of time, leading to great earthquake supercycles, e.g. the
large 869 AD Jogan earthquake (Minoura et al. 2001) was in the vicinity of the recent
2011 Tohoku-Oki great earthquake, over 1100 years later. Oceanic fracture zones
represent another form of subducting asperities, but their effect on earthquake
rupture has received much less attention than that of aseismic ridges and
seamounts, with the exception of specific fracture zones offshore Chile—Peru
(Robinson et al. 2006; Contreras-Reyes & Carrizo 2011), Kamchatka (Gorbatov et al.
1997), Alaska (Von Huene et al. 1999), Sumatra (Lange et al. 2010) and the Solomon
Islands (Taylor et al. 2008). An opportunity for an alternative hazard prediction
approach arises from links between bathymetric roughness/anomalies at the
subduction trench and the occurrence of earthquakes.

Here we capitalise on the establishment of a number of global digital datasets to
develop a quantitative link between some of these asperities and the generation of
significant subduction earthquakes (significant earthquakes are defined to be those
with moment magnitudes larger than 5.0). In particular, we investigate two different
“classes” of asperities, both of which can be mapped reliably via geophysical
methods, and have elongated/extensive topographic structure, suggesting a high
likelihood of partial subduction for those features in close proximity to subduction
zones. The first asperity class pertains to oceanic fracture zones, typically consisting
of large linear features, exhibiting prominent bathymetric anomalies that can be
involved in altering the coupling between overriding and down going plates. The
second asperity class consists of volcanic ridges and seamount chains, which are
often broader, more discontinuous and more irregular in shape.

Analysing the associations between the various global datasets in this study calls for
statistical and data-mining methodologies that inherently account for variabilities and
uncertainties. This allows for quantification of both the “sensitivity” of associations
(i.e. how closely related the bathymetric asperities are to significant subduction-
based earthquakes), and the “specificity” (i.e. how focused in space the associations
are relative to the area occupied by the coupling zone). The study also includes an
analysis of primary controlling factors that are typically related to subduction
earthquakes, namely the convergence velocity, the age of the sea floor, and the dip

angle of the subducting slab.



This study builds upon the methodology developed in Muller & Landgrebe (2012),
where a significant relationship between the largest subduction-based earthquakes
and fracture-zone subduction-zone intersections was found. The study showed that
13 of the 15 largest (moment magnitude Mw = 8.6) and half of the 50 largest (Mw =
8.4) coupling zone earthquakes were associated. In this study we focus on the
proximity relationships with significant earthquakes in general to establish (in a
rigorous fashion) whether significant earthquakes have a proclivity towards being
generated in the vicinity of subducted asperities. Establishing such a bias on this
larger collection of known subduction-earthquakes has broad implications on the role
of subducting asperities, and improving hazard assessments that can make use of
geophysical data in addition to standard techniques. This is appealing because
evidence suggests that the slow periodicities of larger earthquakes implies they are
poorly sampled in global earthquake catalogues, which are the basis for hazard
prediction.
DATASET DESCRIPTIONS
The global analysis of subducting bathymetric ridges and volcanic chains involves the
integration of several digital datasets, including earthquakes, subduction zones,
lithosphere thickness, and seafloor asperities. A model of the coupling-zone between
subducting and over-riding plates was used to compute associations using a large
earthquake catalogue focused on thrust-type subduction. Intersections between
these two datasets were used to select subduction-based earthquakes, while
excluding others. The datasets and associated filtering followed the approach taken
in Mdller & Landgrebe (2012), with an overview provided in this paper.
Subducting bathymetric ridges and volcanic chains
A recent compilation of global fracture zones has been used for this study, as
described by Matthews et al. (2011). As discussed in Muller & Landgrebe (2012),
intersections with subduction zones have been identified semi-automatically via the
following process:

. computation of the nearest distances between the digitised geometries to

the subduction zones;
. storage of the intersection location; and
. manual verification involving a combination of bathymetry and gravity

anomaly data to confirm bathymetric expressions visually. Most



intersections involve fracture zone locations within less than 100 km of a

trench, taking into account that sediments on the down-going plate may

partially obscure bathymetric expressions of fracture zones.
In total 59 locations were identified, depicted in Figure 1 (purple squares). Note that
this study has intentionally chosen these large, well-defined features (as opposed to
smaller, less well-defined cracks and fractures occurring along subducting margins),
hypothesising that these large, long-lived features pose a predictable and substantial
coupling effect at subduction zones. Bathymetric anomalies along subduction plate
boundaries have been computed for 11 fracture zones (light dashed lines) associated
with large earthquake events occurring in the vicinity (extracted from the ETOPO1
global relief model; Amante et al. 2009). The subducting ridges at these 11 locations
have elevations above the surround seafloor from ~200—1200 m (see Miller &
Landgrebe 2012). This illustrates that substantial bathymetric offsets are involved,
providing a physical link to the effect demonstrated in this paper.
Volcanic chains and aseismic volcanic ridges have been compiled following Coffin &
Eldholm (1994). As in the fracture-zone case, features on the seafloor in the
proximity of subduction zones were classified to be either in the process of being
subducted or not. Isolated seamounts do not form part of this dataset. A total of 14
subducting volcanic chains/ridges were identified, as shown in Figure 1 (green
squares). In Appendix A, the various latitude—longitude pairs for the intersected
fracture zones (Table A.1) and volcanic ridges/chains (Table A.2), respectively, are
listed. The sparsity of this dataset is noteworthy when considering the statistical
analyses presented later.
Collation of data and models for computing the associations
The study in Muller & Landgrebe (2012) details the various datasets used for this
study, as well as how data has been filtered and interpreted. The primary dataset for
the associations comprise a significant earthquake catalogue, originating from the
NGDC global significant earthquakes database (NGDC/WDC 2011). The various
datasets are used to investigate relationships with particular subduction zone target
areas, comprising 5539 recorded earthquakes considered to be significant in
magnitude. After a filtering step, 3684 samples were extracted, which were filtered
further to retain only those earthquakes originating in the subduction coupling zone,

reducing the dataset to 1073 samples.



Establishment of a global “coupling zone” is computed by intersecting models of the
Lithosphere—Asthenosphere Boundary (LAB) with recent 3-dimensional
representations of subduction. These coupling zones allow subduction-related
earthquakes to be filtered and tested for spatial association with proximal fracture
zones. As described in Muller & Landgrebe (2012), the LAB is defined using a
combination of continental and oceanic models. The LAB model is then intersected
with three-dimensional models of the down going subduction slabs. Constructing the
overall coupling zone involved the integration of 5 global datasets and a statistical
study. The derived coupling zones (filled yellow polygons), together with other
pertinent datasets integrated for this study, are shown in Figure 1. We acknowledge
that using lithospheric thickness to constrain the coupling zone may result in a
suboptimally large zone, which may be improved upon using a more complex
temperature—depth model as discussed in Oleskevich et al. (1999). Another dataset
used in this study is a seafloor global age model, consisting of gridded ages of the
ocean floor is used investigate age relationships in the vicinity of subduction
trenches, based on the model by Muller et al. (2008).

Controlling factors due to interplate convergence velocities were analysed by using
the GSRMP geodetic strain rate dataset from the global strain rate map project
(Kreemer et al. 2003). These are used to estimate the convergence rates at
subduction zones, required for assessing their role in the context of modulating the
effect of subduction asperities on generating significant earthquakes.
METHODOLOGY

Associating subducting bathymetric features with significant earthquakes
The primary analysis presented in this paper investigates spatial relationships
between filtered significant earthquakes in the vicinity of fracture zone and volcanic
chain/ridge intersections within the coupling zone. The key difference with respect to
the analysis in Muller & Landgrebe (2012) is that rather than investigating magnitude-
sorted relationships, the coupling-zone filtered significant earthquakes are analysed
as a whole. The intention is to establish whether subducting asperities play a
significant role in these earthquakes being preferentially generated in their vicinity
based on a larger dataset. In this way a robust assessment can be undertaken to
distinguish whether there are only arbitrary associations, or whether there is in fact a

controlling process. This in turn will be useful for further research in this area, such as



establishing the respective impact it may have on hazard predictions, and
understanding the nature of these subduction phenomena.

The primary associations were computed as follows: the orientation of the
bathymetric features was used to project their extensions into the nearby coupling
zone, maintaining the same azimuth as in their closest geophysical expressions
seaward of a given trench. The resultant intersection is bounded by the width of the
coupling zone (see Figure 2 for an example region). This results in linear spatial
features that serve as a reference for undertaking the analysis of associated
earthquakes for a range of proximities. For each of these proximities, spatial buffers
are formed around the intersection lines (called target regions), in which associated
earthquakes can be filtered, and allowing the sensitivity of the association to be
quantified by varying the buffer distances. The associations computed in this paper
are thus computed adaptively according to 3-dimensional subducting slab models
and lithosphere thickness.

The association measure used is called recall, which is simply the number of
earthquakes (filtered by the coupling zone) within the target regions, normalised by
all earthquake samples. The analysis is described formally as follows: the significant
earthquakes dataset is denoted E, consisting of a list of latitude (8), longitude ()
pairs such that E = [e,.e,.....e,,] for a dataset size of Ne, and the i, element of E is
denoted e; = (0(e;),Ale;),M(e;)). Target locations are projected into the coupling zones
by using the principal direction of the bathymetric feature (at the trench), extended
into the coupling zone, resulting in lines traversing the coupling zone. The list of N;
projected target lines pairs is defined as:

Li=[L4,Lo, . .. ,Ln]

The recall measure involves computing the ratio of the number of earthquakes
occurring within a specified region of interest (ROI), specified by a buffer distance
droi in kilometres around L., calculated by summing the number of earthquakes
associated within the ROI regions. This procedure involves creating a binary vector A
of length N, defined as A = [a4, az, ...,an]. The initem in A is determined as follows:
NI
_JUF Y FleyiLjdyo .CZ) >0

j=1
Ootherwise



where CZis the coupling zone polygon geometry, and F considers the association
within a thresh-holded buffer around L; bounded by CZ:
lif e, inpolygon G(L ;,CZ,dy,)

F e "L"d ’CZ =
( s(i)> ™= j>“RoI ) { Ootherwuse

The function G(L,,CZ.d,,, ) creates a buffer polygon of width drol km around L,

clipped by CZ. The target earthquake es(; can then be tested for association via a
standard point-in-polygon test, denoted inpolygon. Now that the binary vector A has

been computed, the recall score can be determined via:

1 i
recall=— ") a.
Nj=1 !

Assessing the arbitrary case

The locations of the subducting bathymetric feature intersections are widely
distributed across subduction zones throughout the globe, and thus it is essential to
ascertain the significance of the computed associations with earthquakes. A key
aspect of the analysis is to ascertain whether the computed associations could occur
arbitrarily (i.e. at random), or whether such an occurrence is unlikely.

The approach taken for determining the significance of the associations identified
involves computing what would be expected if the associations were to occur
arbitrarily, involving repeated samplings of arbitrary partitioning along the coupling
zone, thus simulating virtual subduction-zone intersections, as presented in Muller &
Landgrebe (2012). This procedure allows the associations identified here to be
calibrated against the case in which the same association could occur at random. In
order to generate these arbitrary data partitions, a first step involves computing a
poly-line geometry along the axis of the estimated coupling zone, providing a
reference for partitions to be generated perpendicular to the trench. In a second step
the global coupling zone is partitioned into 20 km intervals, providing a set of 2634
adjacent partitions, limited spatially by the extent of the coupling zone (see an
indicative example of the segmented coupling zone in Figure 2). In a third step, each
partition element is buffered in order to form a spatial region in which to assess the
existence of earthquakes during the association-calculation process. This is repeated
a number of times for different buffer distances (constrained to fall within the coupling
zone extent). During the statistical experimentation at a particular spatial geometry

size, the arbitrary case is then computed by repeatedly selecting a total of 59 of these



partitions at random (in the fracture zone case), followed by the same evaluation
procedure, and similarly 14 partitions in the subducting volcanic ridge/seamount
chain case. The process iterates 200 times, with the resulting statistical distribution
used to compare against the target association computed. The number of runs was
determined by analysing the stability of the statistical performance measures, with
100—-200 runs resulting in stable statistics

An alternative evaluation: a game formulation

The recall as a function of buffer distance results in a measure of association
strength that is easy to interpret based on summary statistics. In this study we also
include an alternative evaluation that provides population comparison statistics
computed in a different way in order to improve understanding of the underlying
associations, and increase confidence via a confirmation of the resultant effect. In
these analyses, each of the 200 arbitrary experiments is formulated as a “game”, in
which the number of significant earthquakes associated with the targeted subducting
features is compared to those associated with the arbitrary case. A majority in favour
of the targeted regions is a “win”, whereas the opposite case is a “loss” (and “ties”
may also occur). It is expected that strong associations will show consistent wins,
whereas weaker/arbitrary associations will tend towards balanced wins/losses. These
evaluations are computed simply by summing the A vectors (defined above) between
a target and arbitrary run, resulting in an outcome G that is either a win/loss/tie based
on majority voting. This is computed as follows, denoting the target vector A', the

arbitrary vector A®, with the ki, arbitrary run denoted a;:

.. N t N a
wmsz - a >E o q
j=1 j=1

. . N t N a
G =1 tieilf E a;, = E a;
j=1 j=1

loss otherwise

Thus 200 runs results in 200 “games”, with the final outcomes tallied. The process is
repeated across a number of buffer distances to establish the performance as a
function of proximity.

Additional subduction parameters

The analysis of the subducting bathymetric features investigates these targeted
spatial regions in the context of their role in the generation of significant subduction

earthquakes. In order to rule out the possibility that the associations are being



10

primarily controlled by other physical parameters an additional analysis is
undertaken. Previous studies have highlighted relationships between subduction
earthquakes and interplate convergence rates (Ruff & Kanamori 1983; McCaffrey
1994; Gutscher & Westbrook 2009) as well as the age of the downgoing plate (Ruff &
Kanamori 1983; Jarrard 1986), although these were shown not to be significant by
McCaffrey (2007) in the wake of the great 2004 Sumatra—Andaman earthquake, as
well as by Stein & Okal (2007). In this study we also use relatively recent models of
the 3-dimensional slab structure (Gudmundsson & Sambridge 1998; Hayes et al.
2012), allowing the slab dip to be included in the follow-up study.

RESULTS AND INTERPRETATION

The primary associations discussed in this paper are presented in Figures 3 and 4 as
a function of the buffer distance around each feature projected into the coupling zone.
Computing associations for the range of buffer distances constitutes a sensitivity
analysis. This analyses the trade-off between the association strength with how
specific it is spatially. Fracture zones are analysed separately from volcanic
ridges/chains. Figure 3a shows the absolute recall scores as a function of a varying
buffer distance, both for the targeted bathymetric features, and for the arbitrary case.
As expected, the recall rates increase monotonically with increasing buffer distance
as successively more coupling-zone filtered earthquakes become enveloped by the
various buffer regions. Figure 4 depicts the same result in a normalised form, in
which the difference between the target association is shown with the arbitrary case
subtracted, allowing the strength of association to be analysed for different buffer
distances. In these plots, associations that are larger than zero imply that
earthquakes are biased towards the regions surrounding the targeted subducting
bathymetric features. Results in which error bars (20"/80™ percentiles shown) fall
completely within this category (i.e. above zero) imply associations are significant.
Considering the fracture-zone intersection results in Figure 3a, it can be seen that for
small buffer distances of up to around 100 km, earthquakes are associated with the
fracture-zone intersections. This result implies that earthquakes are more likely to be
produced at subduction-zone fracture-zone intersections than at arbitrary locations
along subduction zones, quantitatively confirming the relationship between these
subducting “asperities” and earthquakes on a global scale. In Figure 4a, the strongest

associations (compared to the arbitrary case) occur at buffer distances of 50 km
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(median difference of about 4%). Decreasing this buffer distance does not modify our
results appreciably, which could be explained by the spatial uncertainty of near-
trench fracture zone locations that have been projected into the coupling zone.
Considering the fracture zone results for buffer distances exceeding 300 km, an
initially surprising result is obtained, i.e. that earthquakes appear to be significantly
biased away from fracture-zone intersections. However, this is due to the fact that
many fracture-zone intersection points occur in close proximity of each other, and
thus for increasing buffer distances the coupling zone areas used by the arbitrary
case tend to exceed those between fracture zone—subduction zone intersections.
The implication of this is that the arbitrary case associations computed are
statistically biased against the identified associations in this study, implying that in
reality the effect we studied is even stronger.

Our interpretation of these observations is that significant subduction-based
earthquakes are more likely to be generated at, or very close to, the intersections
between subduction zones and fracture zones. This is compared with arbitrary
locations along subduction zones. This interpretation can be applied globally. From a
hazard analysis point of view, we compute a coupling zone surface area of about
~1.1x10” km?, which is about 2.1% of the Earth’s surface area (~51.1x10” km?). We
calculated that for a hazard zone utilising a 50 km buffer around fracture-zone
intersections, that these regions would consume only 14.7 % of the coupling zone
area, thus reducing this area by almost a factor of 7. This may have an immediate
implication for hazard modelling, with this evidence in favour of assigning higher risks
to 1/7" of the coupling zone regions along subduction zones.

In Figure 3b and Figure 4b (right), the same analysis is presented in relation to
subducting volcanic ridges/seamount chains. Again it can be seen that these
subducting bathymetric features are also significantly biased in terms of earthquake
generation in the vicinity of the subduction intersection (note the error bars that do
not intersect imply higher significance). However, the association is weaker and
broader. In the fracture zone case the association decreases radically as the buffer
zone increases, but this is not the case for the volcanic ridges/seamount chains,
attributed to their broader nature. The reduced association strength may be due to
the less well-defined linear nature of these features, resulting in less consistent

asperities and consequently less reduced coupling. In Singh et al. (2011), this
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conclusion was also reached pertaining to a large subducting seamount in Sumatra.
These results are, however, less reliable than in the fracture zone case because of
the low sample size involved.

An independent statistical evaluation is undertaken (Figure 5) to confirm the
relationships established. In these experiments, each of the 200 arbitrary
experiments has been formulated as a “game” (as described in the methodology), in
which the number of significant earthquakes associated with the targeted subducting
features is compared to those associated with the arbitrary case. Of interest is
establishing the number of “wins/losses/ties”. The results confirm the relationships
established using the primary analysis involving computing distances to target
regions, i.e. that there is indeed a strong bias towards the subducting asperities
defined in this study. It also confirms the stronger association identified for the
fracture zone intersections, and the rapid decline as the buffer distance increases, as
compared to the volcanic ridges/seamounts.

We assess relationships of buffer width with earthquake magnitude, undertaken for
four buffer distances (Figure 6). It can be seen that for the fracture zone
intersections, the associations are significant across all magnitude ranges for small
buffer distances, but particularly strong for the largest magnitude group. Interestingly,
this association remains strong with increasing buffer distance, a statistic not
reflected in the main experiments due to the smaller sample sizes (larger
earthquakes become rarer with increasing magnitude). This result provides strong
additional support for the suggested link between subducting fracture zones and the
generation of very large earthquakes (Muller & Landgrebe 2012), extending it to all
significant earthquake magnitudes. For the volcanic ridges/chains, associations
appear more significant for smaller magnitude earthquakes.

CONTROLLING PARAMETERS

The statistical analysis of subducting linear bathymetric features shows that the
regions surrounding subducting, linear bathymetric features are strongly associated
with significant earthquakes. In this section, physical parameters comprising
established connections with subduction earthquakes, namely the interplate
convergence rates, age of the down going slabs, and slab dip, are computed to
assess their additional influence on earthquake populations associated with

bathymetric feature subduction-intersection regions. We focus this part of our study
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on fracture zones, where the identified associations are very localised in space (the
previous section showed how the association rapidly diminishes as the region of
interest is increased).

In Figure 7, an analysis involving the parameters of interest are presented, that is
relationships with convergence rate, down going slab age, and slab dip. These
compare significant earthquakes associated within 50 km of fracture-zone
intersections to the remaining data, plotting the computed convergence rates versus
down-going slab age (Figure 7a), and the estimated slab-dip versus the down-going
slab age (Figure 7b). No strong relationship with convergence rates and down-going
slab age is found, leading to the conclusion that these factors do not affect the main
associations demonstrated in this paper. This is in agreement with McCaffrey (2007)
and Stein & Okal (2007), which refuted the conclusions in Ruff & Kanamori (1983)
who identified convergence rates and down-going slab age as strongly linked to
associations as a function of earthquake magnitude.

There is weak relationship between the estimated slab dip (Figure 7b), with the slab
dips related to the fracture zone intersections appearing to be generally lower than
the alternative case. This effect is investigated further in Figure 8, in which the two
slab-dip sets of data (or “populations”) are compared via a normalised histogram (the
histogram frequencies are divided by the population group sizes respectively). A
weak relationship can be seen, that is a tendency for fracture-zone intersections to
have a more shallow slab dip. The weak nature of this observed association leads to
the conclusion that the relationship is not a primary controlling factor, appearing to
play a more secondary role. Other factors identified in the literature include
relationships with trench sediment thickness, studied in works such as Ruff (1989).
As summarised in Gutscher & Westbrook (2009), the sediment thickness at the
trench does appear to play a role in large earthquake and tsunami generation, but is
in turn a function of other parameters such as the convergence rate and sediment
composition, leading to a more indirect relationship with too few target subduction
zone intersections available to study in a statistically significant fashion.
CONCLUSIONS

We consider a growing body of evidence linking the subduction of particular
bathymetric asperities with the occurrence of significant earthquakes. Geophysical

datasets related to well-defined, linear bathymetric features including fracture zones,
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aseismic ridges and volcanic chains have resulted in the digital compilation of these
features on a global scale. This study involves identifying localities along subduction
zones that intersect with these features (implying they are being subducted), and
quantitatively assessing their adjacency associations with significant earthquakes. A
global coupling zone model was used to define the interface between down-going
slabs and over-riding plates, allowing a large significant earthquake catalogue to be
filtered into subduction-related events only. The association analysis reveals that
significant earthquakes are biased towards regions involving both subducting fracture
zones and volcanic ridges/chains. A novel analysis approach is utilised to validate the
significance of the result, in which the assessment of association is posed as a
game, involving computing wins, losses and ties. Fracture zone intersections were
found to exhibit a stronger association that rapidly diminishes with increasing
distance from the targeted regions, whereas the volcanic ridges/chains demonstrated
a smaller, broader effect. The latter results were, however, based on a far smaller
sample size. A more detailed assessment of associations as a function of earthquake
magnitude revealed significant associations for fracture zones with earthquake
moment magnitudes above 8.5, whereas the volcanic ridges/chains showed
significant associations for moment magnitudes lower than 8.0. An analysis of
additional factors related to interplate convergence velocities, subducting sea-floor
age and subducting slab dips revealed no strong relationships with significant
earthquakes, confirming the primary role being played by linear subducting seafloor
features. A data-mining approach proved highly effective in taking account of noise,
variability, and large multi-dimensional datasets.
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APPENDIX

Table A.1 Latitude—longitude pairs pertaining to identified fracture-zone intersections
with subduction zones.

Table A.2 Latitude—longitude pairs pertaining to identified volcanic ridge/seamount-

chain intersections with subduction zones.

FIGURE CAPTIONS

Figure 1 Map with prominent datasets used in this study superimposed on the
ETOPO1 global relief model (Amante et al. 2009), on a Robinson projected
map: subduction coupling zones (light green/yellow bands) (Hayes et al. 2012),
oceanic fracture zones (light grey) and oceanic volcanic chains and aseismic
ridges (maroon outlines) (Matthews et al. 2011), intersection points between
fracture zones and subduction zones (purple squares), intersection points
between volcanic chains and ridges with subduction zones (green squares),
and significant earthquakes (beige circles) (NGDC/WDC 2011).

Figure 2 lllustrating the approach taken to compute arbitrary associations in the
North-Western Pacific region, with blue lines portraying the subduction depth
contours in this region (from Muller & Landgrebe 2012). The coupling zone is
segmented (axis-aligned) into 20 km-spacings (yellow lines), allowing the
coupling zone to be “queried” in an unbiased fashion, simulating an arbitrary
bathymetric feature being subducted. Black lines indicate fracture zones in the
region.

Figure 3 Results of the association calculations, comparing the bathymetric features
to the arbitrary case for fracture zones (left), and volcanic ridges/chains (right),
as a function of the buffer distance around each feature. The measure recall is

computes the association between the bathymetric features and the significant
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earthquakes dataset. Error bars on the arbitrary case depict 20"/80™ percentiles
over 200 experimental runs.

Figure 4 Results of the association calculations as in Figure 3, plotting the normalised
result (delta recall) to compute the association difference between the
bathymetric features and the significant earthquakes dataset and the same
association computed for the arbitrary case (median). This allows association
strength to be visualised in a normalised form for a growing buffer distance.
Results above the zero line indicate non-arbitrary associations (called the
“biased” case).

Figure 5 Comparing associations with the arbitrary case over 200 runs for fracture
zones (left) and volcanic ridges/chains (right) as a function of buffer distance. A
"win" is where earthquake associations with the bathymetric features exceed
those pertaining to the arbitrary case, and a “loss” is the opposite case.

Figure 6 Assessing associations for four different moment magnitude earthquake
data partitions, by comparing results for fracture zones on the left, and volcanic
ridges/chains on the right. The same associations are shown for four buffer
ranges to demonstrate the insensitivity of the associations. The magnitude
partitionings are defined as follows: the label “8.5” consists of data samples with
moment magnitude My= 8.5; “8.0” consists of samples with 8.5 < My=< 8.0; “7.5”
consists of samples with 8.0 < M= 7.5; “<7.5” consists of samples with M,,<
7.5.

Figure 7 Additional controlling parameters typically linked with subduction
earthquakes for the fracture zone intersections: statistics related to coupling-
zone filtered earthquakes within 50 km of fracture-zone intersections are plotted
versus other earthquakes (denoted “Not associated”). The left plot depicts
global convergence velocities versus the age of the down-going slab closest to
the earthquake location. Similarly the right plot shows the estimated slab dip
closest to the earthquake hypocenter versus the age of the down-going slab.

Figure 8 Normalised histogram showing the population distribution pertaining to the
slab-dip associated with earthquakes within 50 km of fracture zone

intersections, versus others. This plot suggests a weak association at best.
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APPENDIX

Table A.1. Latitude-longitude pairs pertaining to identified fracture-zone intersections

with subduction zones.

Latitude Longitude
-2.277 98.529
3.829 93.172
7.75 91.882
2.346 94.585
2.615 94.231
-7.972 104.055
-7.426 102.846
-6.792 102.075
-3.092 99.202
-7.215 102.483
1.757 95.715
17.003 -59.192
13.205 -57.587
12.942 -57.544
13.559 -57.652
13.887 -57.712
55.836 -152.693
56.249 -151.462
14.891 -95.124
-3.047 -81.642
-4.194 -81.977
-4.499 -82.009

-5.103 -82.001



Latitude

-5.361

-10.087

-8.989

-10.398

15.218

13.383

-17.632

-45.619

-45.834

-46.604

-47.015

-48.943

-43.892

-41.767

-40.334

-40.024

42.641

36.193

35.871

51.336

53.299

-37.94

-61.481

-56.746

-61.324

23.667

23.91

-32.408
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Longitude
-81.992
-80.272
-80.898
-80.091
-95.694
-92.463
-73.569
-75.997
-75.995
-75.969
-75.993
-76.988
-75.723
-75.396
-75.192
-75.154
147.255
142.769
142.529
160.426
162.616
-74.634
-61.098
-69.786
-60.48
126.257
126.634

-72.789



Latitude

50.751

51.023

50.525

-59.295

-58.21

-57.217

8.58

40.3

Longitude
177.422
-172.852
-176.819
-24.365
-23.823
-24.215
-82.61

-124.73
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Table A.2. Latitude-longitude pairs pertaining to identified volcanic ridge/seamount-

chain intersections with subduction zones.

Latitude

-0.79

7.89

15.87

20.37

24.39

54.11

-15.27

-11.28

-6.53

-25.19

-35.8

-40.64

-9.65

10.85

Longitude
-81.54
-83.36
147.76
147.19
143.48
163.1
-76.45
115.06
154.21
-175.24
-179.13
178.5
158.94

139.52
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