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Abstract We have developed a new approach to characterize the seafloor roughness seaward of the
trenches, as a proxy for estimating the roughness of the subduction interface. We consider that abrupt
elevation changes over given wavelengths play a larger role in the seismogenic behavior of the subduction
interface than the amplitude of bathymetric variations alone. The new database, SubRough, provides
roughness parameters at selected spatial wavelengths. Here we mainly discuss the spatial distribution of
short- (12–20 km) and long-wavelength (80–100 km) roughness, RSW and RLW, respectively, along
250-km-wide strips of seafloor seaward of the trenches. Compared with global trend, seamounts show
distinct roughness signature of much larger amplitudes at both wavelengths, whereas aseismic ridges only
differ from the global trend at long wavelengths. Fracture zones cannot be distinguished from the global
trend, which suggests that their potential effect on rupture dynamics is not the consequence of their
roughness, at least not at these wavelengths. Based on RLW amplitude, segments along subduction zones can
be defined from rough to smooth. Subduction zones like the Solomons or the Ryukyus appear dominantly
rough, whereas others like the Andes or Cascadia are dominantly smooth. The relative contribution of
smooth versus rough areas in terms of respective lateral extents probably plays a role in multipatch
rupture and thus in the final earthquake magnitude. We observe a clear correlation between high seismic
coupling and relatively low roughness and conversely between low seismic coupling and relatively high
seafloor roughness.

Plain Language Summary We have developed a new database characterizing the seafloor
roughness seaward of oceanic trenches as a proxy of the roughness of the subduction interface with the
aim to evaluate how it influences the occurrence of large interplate earthquakes. Counterintuitively, we
observe that the coupling between the converging plates is higher when the plate interface is smooth, and
the coupling is low when the interface is rough.

1. Introduction

Many studies have emphasized the role of subducting topography in the initiation, propagation, and termi-
nation of ruptures of large to mega-earthquakes. As early as in the late 80s, Ruff (1989), based on a limited
database, suggested that smooth seafloor associated with excess trench sediment favored large ruptures.
Soon after, Cloos (1992) proposed that subducting seamounts were likely candidates for large earthquake
triggers. Based on additional marine observations and physical modeling, alternative processes have been
proposed involving multiple seismogenic behaviors depending on the type of subducting topographic fea-
tures (Abercrombie et al., 2001; Bassett & Watts, 2015a, 2015b; Bilek, 2009; Bilek et al., 2003; Carena, 2011;
Cloos, 1992; Das & Watts, 2009; Dominguez et al., 2000; Geersen et al., 2015; Gutscher et al., 1999;
Henstock et al., 2016; Kodaira et al., 2000; Konca et al., 2008; Kopp, 2013; Landgrebe & Müller, 2015;
Marcaillou et al., 2016; Métois et al., 2012; Mochizuki et al., 2008; Morgan et al., 2008; Müller & Landgrebe,
2012; Robinson et al., 2006; Scholz & Small, 1997; Sparkes et al., 2010; Wang & Bilek, 2011, 2014; Yang et al.,
2012), the trench sediment thickness (Heuret et al., 2012; Jarrard, 1986; Ruff, 1989; Scholl et al., 2015), the state
of stress within the upper plate (Heuret et al., 2012; Jarrard, 1986; Schellart & Rawlinson, 2013), the possible
occurrence of tectonic erosion (Bilek, 2010; Sage et al., 2006; Scholl et al., 2015), the friction, normal stress, and
fluid pressure along the subduction interface (Chlieh et al., 2011; Corbi et al., 2011; Lin et al., 2013; Ranero
et al., 2008; Ruff, 1992; Saffer & Tobin, 2011; Saillard et al., 2017; Scholz, 1998) or the geometry or kinematics
of the subduction zone (Bletery et al., 2016; Gutscher & Westbrook, 2009; Jarrard, 1986; McCaffrey, 2008;
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Schellart & Rawlinson, 2013; Uyeda, 1987). Some of these studies argue that along-trench segments exhibit-
ing low topographic roughness at long spatial wavelength should be prone to propagate ruptures over large
distances and, consequently, be the location of very large earthquakes. On the other hand, subducting highs
may—in some circumstances—act as strong patches where stress builds up and suddenly releases or—in
other circumstances—act as a barrier to rupture propagation.

Global seafloor roughness characterization intending to compare the data with subduction zone seismicity
has already been performed using two different techniques or approaches. Morgan et al. (2008) have used
semivariograms built in the spatial domain along 10 subduction segments (on both sides of the trench),
which they later compare with 30 Mw ≧ 7.7 earthquake events. They concluded that the geomorphology
of the subducting seafloor and forearc constrain the earthquake size. Bassett and Watts (2015a, 2015b) have
computed and analyzed the residual bathymetric and gravimetric anomalies after removal of the long-
wavelength topography and gravity field from subduction zones. In the same manner as Morgan et al., they
examined both sides of the trench but at larger distances (600 km on each side instead of ∼100 km for
Morgan et al.). They observe that subducted features have contrasting expressions in the arc and forearc.
Subducting seamounts for example have similar morphological expressions as unsubducted ones, but only
at slab depths less than 17 km. Subducting aseismic ridges can be traced in the forearc with a gradual reduc-
tion in morphologic expression. In some cases, the authors are able to correlate their signal with the downdip
limit of coseismic slip and strong interplate coupling. Preexisting crustal structures over the margin like faults
or lateral variations in rigidity significantly influence the seismogenic behavior (Bassett et al., 2016) and super-
impose on the subducting seafloor contribution.

However, a homogeneous and worldwide estimate of the oceanic plate roughness prior to subduction is still
missing. In this study, we have developed a new database, called SubRough, based on a spatial frequency
analysis, which aims at providing a simple and synthetic quantification of the seafloor roughness, which is
supposed to play a role in the seismogenic behavior of the subduction interface. Our approach is designed
to study the seismogenic effect of subducted reliefs, that may have a dual influence on seismicity, as a func-
tion of their characteristic spatial scale. Because there are very few places in the world where we have access
to a detailed mapping of the subduction interface, we have decided to use the bathymetry seaward of the
trench as a proxy of the currently subducting topography along the seismogenic plate interface. Such an
approach has been successfully applied to specific ruptures by Das andWatts (2009), which appear to be con-
trolled by the subducting seafloor topography. We will first explain the novelty of the methodology used for
roughness characterization. Then, we will present the SubRough data set and interpret the roughness signal
with regard to the expected seismogenic character, focusing on specific features like seamounts, ridges, or
fracture zones. We will evaluate to which extent the seafloor roughness controls the state of stress in subduc-
tion zones. We will finally discuss the limits and potentials of our approach and propose some extensions of
this work, which we believe are worth exploring. A detailed correlation of seafloor roughness with the seis-
mogenic behavior along subduction zones is studied in a companion paper by van Rijsingen et al. (2018).

2. Methodology Used for Roughness Calculation

We have applied the following criteria while constructing the SubRough database:

1. quantifying discrete seafloor roughness for all oceanic subduction zones;
2. defining homogeneity, in both spatial coverage and resolution, in the processed elevation data set, even if

higher bathymetric resolution is available for some regions;
3. ascribing a limited number of roughness parameters corresponding to different relevant spatial scales for

the purpose of studying large earthquake rupture dynamics.

2.1. Data Sources

Even if high-resolution bathymetric data are available for some specific areas, we used the General
Bathymetric Charts of the Oceans (GEBCO) database, released in 2014 (Becker et al., 2009; Sandwell et al.,
2002; Smith & Sandwell, 1997; Weatherall et al., 2015) to match the constraint of working at a global scale.
This database is gridded at 30″-arc (~1 km) interval. It is a combination of high-resolution (kilometer scale)
measurements obtained by echo sounding from ship survey and lower resolution (typically >10 km) mea-
surements from satellite gravity anomalies. Its vertical accuracy is on the order of a few hundred meters,
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while its global resolution is estimated to 12.5 km (Smith & Sandwell, 1997). Our estimate of the vertical error
between high- and low-resolution data is ∼100m based on statistics performed on residual bathymetry when
subtracting swath-mapping data acquired onboard R/V L’Atalante in 1996 and in 2017 from GEBCO database
(standard deviation is 117 m for ACT data east of Taiwan and 55 m for GARANTI data west of Guadeloupe).
Since the database contains about 10% of high-resolution data over our zones of interest, we have decided
not to take them into account and only provide roughness estimates at wavelengths longer than 12 km for
homogeneity over all subduction zones.

2.2. Roughness Definition

The roughness of a surface can be defined as the deviation of its elevation around a mean value. Keeping in
mind both the global data resolution and the final objective of providing a limited number of roughness
parameters characterizing the ability of the subduction interface to produce large earthquakes, we have ela-
borated the following technique.
2.2.1. Roughness in the Spatial Domain
In this study, we consider that abrupt elevation changes over short and longer distances likely play a larger
role in seismicity initiation, propagation and arrest, than the elevation values (bathymetry) themselves. One
may hypothesize that, if the energy released is sufficient, a rupture can propagate, whatever the mean
elevation is, as long as no topographic gradient threshold is met. We thus focus on the roughness of the
topography RΩ in meters, which is defined as the deviation (root mean square) of its elevation z around
its mean value z within a given spatial domain Ω (equation (1); see Text S1 in the supporting information
for more details).

RΩ ¼ ∫
Ω
z � zð Þ2dΩ

� �1=2

(1)

A classical way to estimate this disparity is to perform an autocorrelation of z in the spatial domain. For effi-
ciency, we move the autocorrelation function of the elevation into the frequency domain via Fourier trans-
form leading to the power spectral density (PSD).
2.2.2. Roughness in the Frequency Domain
Given that the total energy of one signal is the same in both the spatial and frequency domain, one can
define the roughness in the frequency domain Rf using equation (2), where fx and fy are the frequencies in
the x and y directions (see Text S1 in the supporting information for more details).

Rf ¼ ∬þ∞
0 PSD f x ; f y

� �
df x df y

� �1=2
(2)

2.2.3. Roughness in a Radial Bandwidth
Some authors like Dunham et al. (2011) also define a “bandwidth roughness,” which only takes into account
the contribution of one specific frequency band (or wavelength band) to the complete deviation of the signal
around its zero mean value, either considering specific directions or radial frequencies (see Text S1 in the sup-
porting information for more details). In this study, we will mainly use radial frequencies (Figure 1), by impli-
citly assuming that the bathymetry deviation is isotropic. The radial frequency bandwidth roughness R?f can
be written as

RΔf ¼ ∫fmax
fmin

PSD fð Þdf
h i1=2

(3)

2.2.4. Roughness Parameter Assuming Fractal Model
In order to regularize roughness values, we have the choice to fit discrete PSD measurements with different
models. One of them takes into account the fractal structure of topography. It has been shown that global
topography on Earth can be considered as a fractal object, that is, the distribution of elevation is similar,
regardless of the scale (Renard et al., 2013; Turcotte, 1992). It means that the PSD of topography exhibits a
power law dependence on radial frequency (e.g., Fox & Hayes, 1985; Huang & Turcotte, 1989, 1990;
Turcotte, 1997; Voss, 1988):

PSD fð Þ∝ fj j� βþ1ð Þ (4)
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In a log-log plot, (β + 1) is the slope (in absolute value) of the theoretical dependence of PSD values on radial
frequency (dotted line in Figure 1). This exponent can also be expressed in terms of other parameters that are
commonly used in the literature, such as the fractal dimension (see Text S1 in the supporting information for
more details).

Using this fractal model, the roughness parameter defined by equation (3) for a given radial wavelength
bandwidth RΔλ/fractal and for β > 0 becomes

RΔλ=fractal ¼ C
β

� 	1=2
λmax

β � λmin
β� �1=2

(5)

whereC is a constant andλ ¼ 1
f is the spatial wavelength. It can be visualizeddirectly in a log-log representation

where the PSD between two wavelengths is approximated by a regression line (bold green line in Figure 1).
2.2.5. Roughness Assuming Average Model
Another simpler model to fit the PSD is the average over a given frequency bandwidth. Using the fractal or
averagemodel for estimating the roughness generally leads to similar results. Indeed, the PSD exhibits a clear
fractal structure almost everywhere. We find a mean slope value (over all the subduction segments) of 2.9,
which is similar to what is generally found for topography (e.g., intermediate frequencies in Perron et al.,
2008). Nevertheless, we often notice a slightly steeper bending of the PSD graph at high frequencies (typi-
cally λ ≤ 10 km). This pattern has already been reported (e.g., Perron et al., 2008). By contrast, a slight reduc-
tion in spectral slopes at long wavelength is observed even if no prior detrending step is performed (see bold
green line with respect to black dotted line in Figure 1). Moreover, we found a few areas characterized by
large variance within particular frequency bands, thus revealing local topography patterns that do not fit with
a regional fractal model. In the case of limited frequency bandwidth or limited number of discrete measure-
ments, it appears that the PSD function may be more reliably approximated by the mean value within the
considered frequency band (blue lines in Figure 1). Although this approach seems, at least in principle, less
integrative than the fractal approach, in practice, it appears to be steadier for narrow wavelength intervals,
since the fractal hypothesis may not be valid everywhere.

Figure 1. Example of a typical power spectral density graph. Each red point represents one PSD (f) value. The linear regres-
sion through this log-log graph represents the fractal model that best fits the PSD function. The fractal model can be
estimated over different frequency bands (1–100 km for the dotted black line, 20–80 km for the green line). Mean PSD
values over the wavelength bands (12–20 km) and (80–100 km) are shown in dark and light blue, respectively. Because
echo sounding from ship survey are rather sparse in the General Bathymetric Charts of the Oceans database, a uniform
analysis over all the subduction zones requires considering only wavelengths longer than 12 km (spatial resolution of the
satellite gravimetry). PSD = power spectral density.
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Using the averagemodel, the roughness parameter in equation (3) for a
given radial wavelength bandwidth RΔλ/mean becomes

RΔλ=mean ¼ PSD
� �1=2 1



λmin � 1



λmax

� �1=2
(6)

where PSD is the mean value of PSD over the wavelength band [λmin,
λmax].
2.2.6. Roughness Uncertainties or Disparities
On top of the data resolution discussed above, there are several ways
to compute the uncertainty of roughness estimators. The simplest
one consists in using the standard deviation of the PSD values σPSD
over some frequency bands when applying the average approach
(see Text S1 in the supporting information for details). The second
one consists in estimating the standard deviations of the slope and
intercept when using the fractal approach but is less easy to derive.
We have thus implemented a third approach adapted to both average
and fractal models and which relies on the determination of the var-
iance of roughness values over several spatial orientations. This techni-
que is also a way to measure the robustness of the radial/isotropic
approach as well as to complement the roughness database with more
detailed information related to orientation. We thus systematically per-
formed the roughness calculation along 12 different orientations, with
15° wide opening each, to cover the 0–180° azimuth range. The var-
iance over the 12 orientations constitutes a good proxy for roughness
disparity. Roughness estimates for specific orientations are briefly trea-
ted in the supporting information (Figure S1). Throughout the rest of
this paper, we will only consider radial bandwidth roughness estima-
tors RΔλ/mean or RΔλ/fractal.

2.3. Processing Chain and Choice of Criteria Used for Seafloor Roughness Characterization
2.3.1. Area/Regions Covered
Since the currently subducting topography is generally unknown, we assume that the bathymetry of oceanic
plates, a few hundreds of kilometers seaward of the trench, is a reasonable proxy for modeling the roughness
of the subduction interface. The roughness analysis has been performed over most oceanic subduction
zones. We have not paid much attention to narrow subduction systems or those where continental crust is
significantly involved. Based on the location of oceanic trenches from Heuret and Lallemand (2005), we have
selected a 400-km-wide strip of seafloor bathymetry 10 km seaward the trench (Figure 2). In many locations, a
thick pile of sediment fills the trench and smooths the seafloor before entering the subduction zone. Since we
generally do not know how much of the trench fill is scraped off at the margin’s front, we avoid being too
close to the trench, where trench fill may alter the roughness estimate. Including this 10-km-wide seafloor
strip into our calculations would contribute for only 1/40, that is, 2.5% of our results (4% if when focusing
on a 250-km-wide strip). In the same way, we do not explore too far away from the trench where direct com-
parison with the current seismogenic zone behavior becomes very uncertain.
2.3.2. Calculation Steps
2.3.2.1. Extraction of the Relative Bathymetry
The roughness mathematical definition requires that the elevation distribution is a realization of a stationary
random field (i.e., spatial stochastic process). We thus first model and remove the plate bending contribution
from the bathymetric database. To do so, we average bathymetric profiles spaced by 10 km, perpendicular to
the trench (Figure 3), over a sliding 500 km-long trench-parallel window. Beforehand, seamounts are masked
using the database of Kim and Wessel (2011), even though their contribution vanishes in the averaging pro-
cess. Additionally, we also manually mask themain ridges and continental platforms in order to preserve their
large-scale topographic signature from the averaging process. When the lateral extent of the subduction seg-
ment is smaller than 500 km, the averaging process is performed over the whole segment. This approach is
similar to the one used by Bassett and Watts (2015a, 2015b). Once this mean reference bathymetry is

Figure 2. Schematic view of processing. The region of interest is a strip along the
trench, 400 km wide, located 10 km seaward the trench. The power spectral
density (and roughness) calculation is performed on a circular window (100-km
radius). This analysis is done over a uniform spatial grid with 10-km spacing as
shown by the dots filling the study area.
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obtained (Figure 3c), it is subtracted from the real bathymetry, leading to what is called hereafter the relative
bathymetry whose statistical mean in the study area is zero (Figure 3d).
2.3.2.2. PSD Calculation
The relative bathymetry data set is projected into a local Cartesian coordinates system, that is, Conic Lambert
projection whose origin and standard parallels are adapted to the studied subduction zone. The PSD map-
ping is performed over all subduction segments discretized by a 10-km square grid (Figure 2). We use a cir-
cular sliding window with a radius of 100 km compatible with the width of the strips and allowing for
analyzing the seafloor roughness up to a maximum wavelength of 200 km. A local planar detrend is per-
formed in order to remove the null frequency component of the relative bathymetry that, at this small spatial
scale, would have not been eliminated in the reference bathymetry. The PSD is calculated on the full-
resolution GEBCO data set (30″ ≈ 1 km) even though only wavelengths higher than 12 km are further retained
in our roughness analysis as they correspond to the resolution of the bathymetry derived from satellite grav-
ity anomalies (Figure 1).
2.3.2.3. Selection of Frequency Bandwidths
The longest investigated wavelength is given by the diameter of the sliding window, that is, 200 km. In
practice, the longer the wavelength is, the fewer the samples are (Figure 1). Thus, considering only wave-
lengths typically longer than 100 km may lead to unstable results. Keeping in mind these limitations (better
sampling between 12 and 100 km wavelengths within a larger data set ranging from 1 to 200 km), the choice
of wavelength band limits for roughness calculation is somewhat arbitrary. We aim at discriminating the
contribution of various topographic features, whose typical elevation and spatial extent are different, to
the global roughness of the subducting plate. When considering short wavelengths, we expect to be sensi-
tive to elevation changes induced by the presence of fracture zones or isolated small seamount. When look-
ing at the longest wavelengths available in our analysis, we are blind to such small topographic patterns but
sensitive to larger ones like ridges, large seamounts, or aggregates of smaller objects like seamount chains for
example. Finally, we suggest to use frequency bands that approximately fit the typical dimensions of these
classes of topographic objects whose role in earthquake nucleation and rupture propagation/ending are
expected to be very different. In addition, we have limited the number of roughness parameters for practical
reasons. After comparing many frequency bandwidths, we finally chose to work at three significantly

Figure 3. Example of plate bending removal along the Aleutians. (a) Real bathymetry from GEBCO_2014. For estimating the reference surface at white dotted profile,
averaging is performed over all profiles perpendicular to the trench that lie between the two black profiles that are 500 km away from each other. Seamounts
(in gray) are removed from the bathymetric data set before processing. (b) Elevation (in green) along the white dotted profile shown in (a) and mean elevation over
neighboring profiles (in red). (c) Reference surface over the Aleutians. Note the fit to the curvature close to the trench. (d) Relative bathymetry defined as the real
bathymetry minus the reference surface.

10.1029/2018GC007434Geochemistry, Geophysics, Geosystems

LALLEMAND ET AL. 2126



different scales: short wavelengths between 12 and 20 km, intermediate wavelengths between 20 and 80 km
and long wavelengths between 80 and 100 km.
2.3.2.4. Selection of the Model Used for Calculation
Even though it is less integrative, we havementioned above that the averagemodel better fits the “real data,”
especially when considering narrow frequency bandwidths. In this study, we show the roughness values for
the narrow wavelength bands ([12 and 20 km] and [80 and 100 km]) obtained with the average model (equa-
tion (6)), while the fractal model is used for estimating the roughness over the larger frequency band at inter-
mediate wavelengths, that is, between 20 and 80 km (equation (5)).

Hereafter, we adopt the following notation:

RHF ¼ RSW ¼ RΔλ=mean in the range 12� 20 kmð Þ

RLF ¼ RLW ¼ RΔλ=mean in the range 80� 100 kmð Þ

RIF ¼ RIW ¼ RΔλ=fractal in the range 20� 80 kmð Þ

where RHF, RLF, and RIF refer to roughness estimates at high, low, and intermediate frequencies, respectively,
and RSW, RLW, and RIW refer to roughness estimates at short, long, and intermediate wavelengths,
respectively.
2.3.2.5. Uncertainties and Validity of the Proxy
Assuming that isotropic PSD are valid, the uncertainty on the roughness values can be estimated using the
standard deviation of the PSD in the average model (equation 7 in Text S1 in the supporting information).
We typically get values of σR ≈ 100 m in the 12- to 20-km wavelength bandwidth and ∼200 m in the 80- to
100-km bandwidth. Ninety-five percent of these uncertainties remain below 250 and 450 m for the 12- to
20-km and 80- to 100-km bandwidths, respectively.

More relevant is the applicability of using the seafloor roughness seaward of the trench as a proxy of the sub-
duction interface roughness landward of the trench. Ideally, one should compare the roughness seaward and
landward of the trench in regions where the morphology of the seismogenic zone is well constrained.
Unfortunately, such imagery down to a depth of typically 50 km is not available. We thus statistically explored
the roughness anisotropy in all spatial directions or the roughness similarity normal to the trench versus other
directions within a distance of 400 km off the trenches.

We have computed the roughness in the same way as described above but for 12 different orientations span-
ning 360°. For each orientation, the PSD is limited to samples aligned along this orientation (within a few
degrees). Then, we estimate the deviation of these 12 anisotropic PSD where high values means that our
hypothesis of isotropy is locally likely to be wrong. We found that these deviations have the same order of
magnitude as the deviations estimated above at high frequency but slightly higher at low frequency. They
generally do not exceed ~250 m at short wavelengths (150 m in average) and 900 m at long wavelengths
(400 m in average). Indeed, as expected, this deviation may be much higher for a few specific regions made
of major oriented topography (for example, the Louisville seamount chain off Tonga). Typically, in Japan-Kuril
trenches, 15% of the studied area exhibit a clear oriented structure, as the Joban seamount chains or the frac-
ture zone south of it at both wavelengths or the southern trench-parallel bending-related normal faults at
high frequency (Figure S1 in the supporting information).

We have also computed the similarity of the roughness spatial distribution pattern when estimated either
close to the trench or ~200 km seaward further. To do so, we have divided the 400-km-wide studied strip into
two 200-km-wide trench-parallel strips, one closest to the trench and the other seaward. Then, every 1° along
all subduction zones, we select a 200-km-along-trench-wide zone on each strip (centered on the node of ana-
lysis) and perform a correlation between these two roughness spatial distributions weighted by the total
roughness energy. This latter normalizationmakes the correlation sensitive to the similarity of roughness spa-
tial distribution regardless of the global amplitude. Nevertheless, similar results are obtained with nonnorma-
lized correlation. Such an analysis provides both a quantification of the similarity of the roughness estimation
perpendicular to the trench and an indication of a possible better correlation following an oblique direction
(see Figure S2 in the supporting information). By doing so, we estimate the degree of similarity between both
200-km-wide strips and validate our proxy concept. The test shows that (1) in most cases the correlation is
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actually the best in a direction normal to the trench, (2) the fit in normalized-roughness spatial distribution
exceeds 80%, and (3) surprisingly it is slightly better for RSW than RLW except for the Sunda trench. To sum
up, the roughness of the seafloor prior to subduction appears to be mainly isotropic and displays, statistically,
a better similarity in shape with surrounding strips in the trench normal direction.

Mass transfers occurring in the shallow part of the subduction interface, such as sediment offscraping or
upper plate removal by subduction accretion (Lallemand et al., 1994; von Huene & Scholl, 1991), may alter
the interplate roughness as estimated before subduction. However, numerous observations indicate that
the roughness still persists despite the various subduction regimes. This is attested for example by the scars
left by the subducting seamounts in the forearc in the Nankai or Hikurangi Troughs or Costa-Rica trench
(Kodaira et al., 2000; Pedley et al., 2010; von Huene et al., 2004) or by the observation of subducting sea-
mounts revealed by detailed seismic imagery like beneath the Ecuadorian margin (Collot et al., 2017;
Marcaillou et al., 2016) or even at greater depths like beneath the Sumatran margin (Singh et al., 2011).
Wang and Bilek (2014) detailed how the subducting seafloor roughness and sediment thickness are impor-
tant in the seismogenesis. It has also been proposed that the directivity in the tremor sources along the
Nankai seismogenic interface were guided by striations at the bottom of the upper plate resulting from
paleo-seamounts underthrusting (Ide, 2010). Therefore, we are confident that the seafloor roughness mea-
sured immediately seaward of the trench well represents the one immediately landward, even if significant
misfits may locally be observed.

3. Results: “SubRough” Database
3.1. Maps
3.1.1. Discrete Roughness Pattern
The global maps of the discrete distribution of the three roughness estimates RSW, RLW, and RIW, over the
entire set of subduction zones, are provided in supporting information (Figures S3 to S5, respectively).
3.1.1.1. Short Wavelength Roughness RSW
RSW mapping (Figure S3) highlights bathymetric gradients at high frequencies. Therefore, 95% of RSW values
vary in the range 0–300 m with a mean around 145 m (median ∼100 m). It clearly illustrates how heteroge-
neous the seafloor bathymetry is and why there may be no single rule for a rupture to initiate and propagate
along the subduction interface. Some gentle aseismic ridges like Carnegie, Nazca, or Ninety-East are not
clearly expressed in the roughness signal because almost all their spectral signatures lie at wavelengths
longer than 20 km. Other large features are better highlighted like the Obruchev Rise east of the Emperor-
seamount chain, the Iquique Ridge off North Chile, the Oki-Daito Ridge south of Kyushu, the East-Pacific
Rise off Mexico, or the Nazca-Pacific spreading center off South Chile. Hence, ridges with similar global pat-
tern may have different structure at small scale. Seamounts as small as the ones belonging to the Kinan sea-
mount chain off southwest Japan, whose mean size is about 20–30 km in diameter and ∼1 km in height,
clearly appear with RSW > 250 m. Most fracture zones are detected along their surface trace in RSW signal
but only a few of them, like the Grijalva Fracture zone off Guayaquil Gulf in Ecuador, exhibit a linear trend.
Many of them, even the largest ones, like the Luzon-Okinawa Fracture zone south of the Ryukyus, are not dis-
cernible, that is, having a nonlinear signature.
3.1.1.2. Long Wavelength Roughness RLW
RLWmapping (Figure S4) provides an image of the long wavelength component of elevation changes. Ninety-
five percent of RLW values fall in the range 0–1,500 mwith amean around 485m (median ∼250m). It is a good
indicator for topographic changes at large spatial scale. It highlights the main large features that may seg-
ment trenches, such as the Louisville Ridge segmenting the Tonga from the Kermadec trenches, the Palau-
Kyushu Ridge between the Nankai Trough and the Ryukyu Trench, the Ogasawara Plateau between the
Izu-Bonin Trench and the Mariana Trough, or the Emperor seamount chain between Kamchatka and
W-Aleutians Trenches. Some fracture zones marked by a pronounced topography are well defined at these
wavelengths such as the Investigator FZ south of Sumatra or the Barracuda FZ east of Guadeloupe. Low
RLW regions corresponding to sediment fans off Cascadia or Andaman, for example, immediately appear in
this mapping.
3.1.1.3. Intermediate Wavelength Roughness RIW
RIW generally mimics the RLW pattern with a larger amplitude, given the fact that PSD are integrated over a
wider wavelength interval. Indeed, roughness amplitudes increase with increasing wavelength but also
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with enlarged wavelength bandwidths. Ninety-five percent of RIW values vary in the range 0–1,500 m with a
mean around 635m (median ∼430m). Since the fractal approach integrates all wavelengths from 20 to 80 km
(Figure S5), it is a good technique for mapping objects of intermediate size, namely, seamounts, seamount
aggregates, or spreading ridges. In most cases, RIW follows the trend of short- or long-wavelength rough-
nesses with a mean amplitude about 30% larger than the one of RLW as a result of larger wavelength band-
width contributions. This observation strengthens our choice to describe the roughness with only two short
and long wavelengths parameters. It should be noted that the roughness signal is necessarily dominated by
the largest wavelengths up to 80 km. In a few cases, some oceanic features are better defined at intermediate
than at short or long wavelengths. RIW mapping brings complementary information with respect to RSW and
RLW along the Aleutian, Cascadia, and Ryukyu trenches, for example.
3.1.2. Mean Roughness Pattern
In addition to the discrete data set over a 10-km spatial grid, it may be useful to have access to mean rough-
ness values along trenches for first-order roughness evaluation and correlation with other subduction para-
meters (see section 4). We have thus averaged the roughness values over a 250 × 250-km2 area facing each
trench node issued from Heuret et al.’s (2011) database, that is, every ∼200 km along the trench. Figure S6 (in
the supporting information) shows the results in two map views for RSW and RLW. Averaged values are avail-
able online in the SubMap database (http://www.submap.fr).

3.2. Global Analysis of Roughness Information Along the Main Subduction Zones

In this section, we examine the lateral variations of RSW, RIW, and RLW with respect to the relative (residual)
bathymetry, at middistance between the trench and the seaward boundary of the 250-km-wide strip (i.e.,
135 km from the trench, by averaging data along a 2-km-wide band, see Figure 2). Since the general trend
of RIW and RLW signals is often the same, except for a few small offsets in their respective peaks, we will
not describe RIW to rather focus on RSW and RLW. It should be taken into account that roughness values, even
if plotted along a transect, were acquired in a spatial domain within a 100-km-radius sampling circle, so that
there could be significant differences between the relative (residual) bathymetry sampled along a 2-km-wide
band far from the trench and the roughness peaks and lows sampled over a 200-km-wide area.
3.2.1. Definition of Roughness Classes to Characterize Subduction Segments
Most subduction zones exhibit lateral variations in terms of subducting seafloor roughness. We have thus
decided to first characterize the seafloor prior to subduction segment by segment. We have defined our seg-
mentation by taking into account only the 250-km-wide strip close to the trenches in order to optimize the
proxy with the subduction plate interfaces. Since we observe a great dispersion of the RSW data and a better
coherence for RLW, we have identified seafloor segments based on RLW characteristics only. We define seg-
ments larger than 400 km (along-strike), long enough to generate Mw > 8.5 earthquakes, except at trench
edges where shorter segments may be considered. We then define three classes depending on the percen-
tage of RLW amplitudes less than 250 m and the percentage exceeding 1,000 m (see arrows in Figure 4):

1. the “rough” segments that exhibit a significant proportion of RLW> 1,000 m (from 14% up to 77%) as well
as a limited proportion of RLW < 250 m (less than 27%);

2. the “smooth” segments characterized by more than 58% of RLW< 250 m (up to 100%) and less than 5% of
RLW > 1000 m;

3. the “moderately rough” segments are intermediate and do not verify the above criteria except one short
segment seaward of the Izu-Bonin Trench, which matches the “smooth” criteria but whose mode (200 km)
better fits the moderately rough class (see Figure 4).

The RLW histograms of all segments are plotted in Figure 4 with themean histogram obtained for each class in
bold. Peak values of RLW for each class are respectively 80, 210, and 370 m for smooth, moderately rough, and
rough. Standard deviation increases drastically from smooth to rough. We validate a posteriori the two rough-
ness thresholds 250 and 1,000m used to define the three roughness classes (blue arrows in Figure 4). The RSW
histograms (see insert within Figure 4) are more scattered but globally follow the same trend as RLW.

Figure 5 illustrates the respective segment lengths and classes along most subduction zones. We did not
perform any statistics for the Mediterranean region as well as along some narrow subduction zones in
Southeast Asia, because the length of the segments is too short either because the subduction zones them-
selves were too narrow or because continents were involved in the subduction.

10.1029/2018GC007434Geochemistry, Geophysics, Geosystems

LALLEMAND ET AL. 2129

http://www.submap.fr


Table 1 provides a quantitative description of most subduction zones as a function of the different classes of
seafloor segments (Figure 5). From the respective contribution of each class, we propose a classification of
subduction zones within three groups, spanning from “dominantly rough” (Solomons or Makran) to “domi-
nantly smooth” (Andes or Cascadia). We classify the subduction zones facing moderately rough segments
(South Sandwich) or showing strong lateral variations (Izu-Bonin-Mariana [IBM]-Japan-Kamchatka or Luzon)
in the “mixed” group.

Typical examples selected among each group are presented in Figures 6 and 7. All other subduction zones
are displayed in the supporting information (Figures S7 to S12).
3.2.2. Dominantly Rough Subduction Zones
These trenches are dominated by prominent unsubducted oceanic features, if not already subducting, with
more than 14% of RLW > 1,000 m. We have systematically masked the subducting continental seafloor, as
well as areas above sea level from the roughness data set in regions like in the Solomons because we consider
that collision processes are out of the scope of our study.

Figure 4. Histograms of RSW and RLW for the three main classes of subducting seafloor. Each dashed line represents a
trench segment. The plain lines are synthetic distribution averaging the roughness distributions of all segments within a
class. The data set used for the statistics considers the 250-km-wide strip close to the trench. Note that the histograms
dispersion within the same class is low for RLW and high for RSW. The blue arrows illustrate the change in roughness dis-
tribution from the smoothest class to the roughest.

Figure 5. Plot of the seafloor segments seaward of most subduction zones, according to their roughness class.
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3.2.2.1. New Guinea-Solomons-New Hebrides
The Australian plate subducting beneath New Guinea, New Britain, Solomon Islands, and New Hebrides
consists in a mosaic of oceanic features including fragments of continental crust as well as oceanic basins,
arcs, plateaus, troughs, and spreading centers. This 3,450-km-long subduction zone probably undergoes
the rougher morphology among modern subduction systems. Indeed, all roughness parameters reach their
highest recorded values there: 46% of the area characterized by RLW > 1,000 m, 75% with RLW > 500 m, and
4% with RLW < 250 m. The roughness profile shown in Figure 7a has been masked each time the subducting
plate emerges, as at both ends of the subduction system where the Trobriand Platform and the Loyalty Ridge
subduct but also in the middle of the trench where the Pocklington Rise and the Rennell Ridge are also sub-
ducting. Oceanic basins, that is, Solomon Sea, Woodlark, Santa Cruz, and North Loyalty Basins, exhibit lower
roughness values than oceanic reliefs but are still rough with RLW > 250 m, except in very restricted areas of
the Woodlark and North Loyalty Basins (Figure 6a). Among the various oceanic reliefs, the D’Entrecasteaux
Zone—a double-ridge mountain chain—is known to subduct beneath and subsequently causes the uplift
of Esperitu Santo Island (Vanuatu; Collot et al., 1985; Fisher et al., 1991).
3.2.2.2. Makran
The Oman Sea seafloor subducting at the 850-km-long Makran Trench shares the same characteristics as the
seafloor off the Solomons. The Oman region to the west and the Owen Fracture Zone to the east are major
subducting features responsible for 43% of RLW > 1,000 m. However, the triangular shaped Oman Basin
(Figure S7), which is quite narrow at a distance of 135 km from the trench and widens toward the trench,
shows very low RLW values.
3.2.2.3. Ryukyus-Nankai
The Philippine Sea Plate subducts along its northwestern side along the 2,300-km-long Ryukyu and Nankai
Trenches. Both the northern end of the Luzon volcanic arc colliding with the Taiwan orogen and the
Gagua Ridge—a former fracture zone (Deschamps et al., 1998)—contribute to the very high level of both
RSW and RLW (77% of RLW > 1,000 m; see Figure S7 and rough termination in Figure 5). The Amami-Daito-
Oki-Daito (ADO) region—remnants of a Mesozoic arc complex—is prominent along the residual bathymetry
profile and marked by very high values of RSW and RLW (45% of RLW > 1,000 m, rough segment in Figure 5).
South of the ADO region, the complex fabrics of the West Philippine Basin is reflected in the morphology,
thanks to the thin sedimentary cover, increasing roughness parameters to significant levels: up to 250 m
for RSW and more than 250 m for RLW. This segment is considered as moderately rough. North of the ADO
region, the Palau-Kyushu Ridge, a remnant of the proto-IBM arc, marks the transition between the Ryukyu
segment where the West Philippine Basin subducts and the Nankai segment off southwest Japan where

Table 1
Roughness Types of Oceanic Seafloor Prior to Subduction Along Major Trenches

Groups Trenches

Classes

Smooth Moderately rough Rough

(%) (%) (%)

Dominantly rough Solomons 0 0 100
Makran 0 0 100
Ryukyus-Nankai 0 46 54

Mixed Tonga-Kermadec 23 35 42
Philippines 0 79 21
South Sandwich 0 100 0
Luzon 46 0 54
Java-Sumatra-Andaman 47 28 25
IBM-Japan-Kamchatka 48 8 44

Dominantly smooth Antilles 55 24 21
Central America 51 25 24
Aleutians 81 0 19
Andes 51 49 0
Cascadia 61 39 0

Note. Classification of the seafloor areas prior to subduction into three groups from the roughest to the smoothest, based
on the respective proportion of segments in each class.
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the Shikoku Basin subducts. This basin, classified as moderately rough (Figure 5), fringes the Nankai Trough. It
locally exhibits very low RSW and RLW, despite some intermediate-size seamounts (Koshu and Kinan sea-
mounts) present in its central part (see section 3.3.1 for further details of these seamounts). Several indica-
tions of subducting features similar to these seamounts (Kodaira et al., 2000) or extent of the Gagua and
Palau-Kyushu Ridges (Dominguez, Lallemand, Malavieille, & Schnürle, 1998; Lallemand, 2016; Park et al.,
2009) underneath the margin were reported.
3.2.3. Mixed Subduction Zones
These trenches are characterized by a subducting seafloor either moderately rough or showing lateral varia-
tions, that is, rough segments adjacent to smooth or moderately rough ones.

Figure 6. RLW maps representative of the three groups of subduction zones. (a) Dominantly rough group with Solomons,
(b) mixed group with Izu-Bonin-Mariana-Japan-Kamchatka, and (c) dominantly smooth group with the Andes all at the
same scale. The along-strike profiles of Figure 7, obtained at a distance of 135 km from the trench are plotted as a black
dashed line. Diamonds are plotted every 250 km in order to facilitate the comparison with the main features on the profiles.
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3.2.3.1. IBM-Japan-Kamchatka
Typically, this 6,250-km-long subduction zone is composed of a southern rough part where the old Mesozoic
Pacific seafloor subducts along the 3,500-km-long IBM Trench and a northern, essentially smooth, part
extending from northern Japan, through the Kurils to the Kamchatka (Figure 6b).

The Caroline Ridge and the Ogasawara Plateau, both characterized by RLW > 1,000 m, are major features that
control the Mariana Trench shape at both south and north terminations (e.g., Wallace et al., 2009). Numerous

Figure 7. Along-strike profiles of representative subduction zones for each group appearing in Figure 6. Profiles show the
relative bathymetry (black line), acquired at a distance of 135 km seaward of the trench (see Figure 2) and associated
RSW and RLW. Thin horizontal dotted lines are rulers at 0, 100, 250, 500, 1,000, 2,000, and 3,000 m. S = location of major
seamounts or seamount chains or seamount massifs. R = location of major aseismic or active ridges. F = location of major
fracture zones. Continuous dark blue lines below the profiles indicates the very smooth regions characterized by RSW and
RLW< 100m. The dotted dark blue lines outline areas withmoderately smooth seafloor, for example, RSW and RLW< 250m.

10.1029/2018GC007434Geochemistry, Geophysics, Geosystems

LALLEMAND ET AL. 2133



seamounts, scattered all along this trench segment, boost the roughness values around 250 m for RSW and
above 1,000 m for RLW. Low roughnesses (RSW < 100 m and RLW < 250 m) are also observed over a few
hundreds of kilometers on both sides of the Ogasawara Plateau (Figures 6b and 7b). As mentioned in
section 3.2.1, the 480-km-long segment north of the Ogasawara Plateau (Figure 5) has been classified as
moderately rough because of its RLW mode around 200 m, even if it also fits the smooth class criteria (73%
of RLW < 250 m, Figure 4).

Most of the Lower Cretaceous Pacific seafloor, subducting beneath Kuril and northern Japan island arcs, pre-
sents a rather smooth, moderately hilly morphology characterized by RSW ≈ 100 m and 65% of RLW < 250 m
(mode ≈ 110 m) over almost 2,000 km compared with the total length of the Japan-Kuril-Kamchatka Trench:
2,750 km. The lowest RLW values are recorded off Tohoku, northern Honshu. Both RSW and RLW increase sig-
nificantly, up to 300 and 2,000 m, respectively, south of the Japan Trench where the Joban and Takuyo sea-
mount chains obliquely intersect the trench (Figure 7b). The extension of the seamount chain beneath the
Japan margin has been demonstrated by seismic imaging (Lallemand et al., 1989; Mochizuki et al., 2008).
Near the northern termination off Kamchatka, RLW increases up to 1,000 m over the Meiji Guyot and
Obruchev Rise, which belong to the Hawaii-Emperor hotspot seamount chain.
3.2.3.2. Tonga-Kermadec
The 3,400-km-long Tonga-Kermadec subduction system (Figure S8) is segmented at the latitude of the
Louisville hotspot chain, which consists in a seamount chain associated with RSW up to 250 m and RLW up
to 2,900 m. North of its intersection with the trench, the Pacific seafloor off the Tonga archipelago, even sig-
nificantly offset by bending-along-strike-normal faults, exhibits rather low roughness values (78% of
RLW < 250 m with a mode of ∼70 m along the 720-km-long smooth segment), except at the two extremities
where huge seamounts (Capricorne and Osbourn seamounts) enter the trench (Figure 5). The Louisville Ridge
has been detected, up to 60-km arcward from the trench, beneath the Tonga margin based on residual
bathymetry by Bassett and Watts (2015a). It is known to have severely damaged the Tonga Trench during
its southward creeping (Lallemand et al., 1992; Pelletier & Dupont, 1990).

The seafloor off the Kermadec Islands, south of Louisville seamount chain, is characterized by elongated
seamounts and ridges producing high amplitudes of RSW, up to 250 m, and RLW, up to 1,200 m (Figure S8).
A sharp step is crossed near 36°S coinciding with the northern limit (scarp) of the Hikurangi Plateau.
Despite its elevation above the abyssal plain, the plateau is rather flat with several scattered seamounts
on top increasing the level of roughness (RSW < 100 m, RLW < 500 m). Some of them have profoundly
damaged the Hikurangi margin (Collot et al., 2001; Lewis et al., 1998, 2004; Pedley et al., 2010). These subduct-
ing seamounts may explain the dominant creeping behavior along the Higurangi subduction interface
according to Gao and Wang (2014). At the southern end, the profile abuts against the E-W-trending shallow
Chatham Rise.

3.2.3.3. Philippines
The West Philippine Basin Eocene oceanic crust subducts beneath the Philippine archipelago along the
1,550-km-long Philippine Trench. The middle subducting segment facing South Leyte and North Mindanao
Islands is moderately rough with RSW < 100 m and 34% of RLW < 250 m (Figure S9). The southern part of
the subducting seafloor (Palau Basin) is locally rougher when crossing the Mindanao Fault but still classifies
as moderately rough.

The seafloor becomes rougher in the north as the result of ridge-plume interaction in Eocene (Deschamps &
Lallemand, 2002; Ishizuka et al., 2013) with RLW up to 2,000 m where the Benham Rise intersects the trench.
3.2.3.4. South Sandwich
The South America oceanic crust subducts along the 1,200-km-long South Sandwich trench (Figure S9).
Despite numerous fracture zones branched onto the close South America-Antarctica spreading center,
roughness parameters never exceed 400 m for RLW (except at the northern extremity approaching the
South Georgia Rise) and 300 m for RSW. With 54% of RLW < 250 m and only 1% of RLW > 1,000 m, it is close
to belong to the smooth class, but we still classified it as moderately rough (Figure 5; Table 1).

3.2.3.5. Luzon
The Chinese Platform subducts beneath Taiwan along the northernmost part of the 1,200-km-long Luzon
Trough (Figure S9). We did not process the northern part where continental crust collides with the Luzon
volcanic arc.
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South of the continental talus, where the South China Sea oceanic seafloor subducts, we observe that the
northern part, supplied by sediments coming from Taiwan, is very smooth with both RSW and
RLW < 100 m (75% of RLW < 250 m), while the southern part off Luzon Island is extremely rough. The high
roughness values (RSW up to 300 m and RLW up to 2,500 m); 26% of RLW > 1,000 m) are associated
with the subducting Scarborough seamount chain, which aligns along the N80°-trending fossil spreading
center. Wang and Bilek (2014) discussed the roughness of the igneous crust, almost concealed by the sedi-
ment cover in the north “smooth” part, considering that once most of the sediment cover offscraped at
the front of the upper plate, the subducting seafloor may become rugged and promote creeping along
the subduction interface.
3.2.3.6. Andaman-Sumatra-Java-Sumba
As the IBM-Japan-Kamchatka subduction zone, the seafloor facing the 5,100-km-long Andaman-Sumatra-
Java-Sumba subduction zone is segmented into smooth segments off Andaman Islands and between Java
and Sumba islands, and rougher ones especially south of Java (Figure S10).

The morphology is extremely smooth off Andaman Islands and northern Sumatra laterally over about
1,000 km of seafloor with both RSW and RLW < 100 m, mainly as the result of high sediment supply from
the Bengal fan (70% of RLW < 250 m, RLW mode ≈ 40 m). Only the N-S-trending Ninety-East Ridge overhangs
the abyssal plain at a distance from the trench with RLW up to 800 m, fringing the trench without being sub-
ducted yet (Moeremans & Singh, 2014).

To the south, off central and southern Sumatra, numerous north-south trending fracture zone reliefs, like
the 97°E or the Investigator fracture zones, contribute to higher roughness amplitudes especially at long
wavelengths as the oceanic sedimentary cover becomes thinner (29% of RLW < 250 m, 33% of
RLW > 500 m). Similar roughness patterns have been observed from seismic reflection and gravity data in
the seismogenic zone beneath the margin (Henstock et al., 2016). This segment has been classified as
moderately rough (Figure 5).

The 1,140-km-long southern segment of the Sunda Trench, off Java, is characterized by a rough subducting
seafloor. We distinguish from west to east the Christmas Island, the Roo Rise, and the Australian Rise, all asso-
ciated with 25% of RLW > 1,000 m (Figures 5 and S10). Surprisingly, most of the RSW values do not exceed
100 m, whereas only 8% of RLW < 250 m, attesting that oceanic features wavelengths are larger than
20 km wide. The 440-km-long easternmost segment, abutting against the Australian Rise, presents smooth
characteristics with 58% of RLW < 250 m.

3.2.4. Dominantly Smooth Subduction Zones
This group of trenches exhibits more than 58% of RLW < 250 m together with a maximum of 5% of
RLW > 1,000 m (Figure 4 and Table 1).

3.2.4.1. Andes
The 7,350-km-long Andean Trench (Figure 6c) shows strong lateral variations in the morphology of the sub-
ducting seafloor alternating moderately rough segments with longer smooth ones. In Figure 7c, we have
divided this long subduction system into two segments on both sides of the Arica bend: a North Andes seg-
ment 3,300 km long and a South Andes segment 4,050 km long.

Starting from the north, off Colombia, Ecuador, and northernmost Peru, the Nazca Cenozoic seafloor is very
irregular with plume-derived ridges (Malpelo and Carnegie), trough (Yaquina T.), and fracture zones (e.g.,
Grijalva, Alvarado, and Sarmiento ridges) producing moderately high roughness values (22% of
RLW < 250 m, 4% of RLW > 1,000 m). Off the Peru Trench, the seafloor is smoother (95% of RLW < 250 m) with
both RSW and RLW ≈ 100 m except across the sharp Mendaña and Nazca fracture zones (RLW ≈ 250 m) and the
300-km-wide Nazca Ridge (RLW ≈ 500 m). Interestingly, the two main aseismic ridges, that is, Carnegie and
Nazca, culminating at about 1,600 m above the surrounding seafloor, have a relatively small roughness sig-
nature, especially at short wavelengths. These major features are known to extend beneath the margin as
well as volcanic massifs on the flanks of the Carnegie Ridge observed on both sides of the trench (Collot
et al., 2017; Gutscher et al., 1999, 2000; Marcaillou et al., 2016).

South of the Arica bend, the Nazca seafloor becomes locally rougher with several scattered seamounts on
both sides of the Iquique Ridge, showing values comparable to those in the northernmost Andes (RSW up
to 250 m, 33% of RLW < 250 m, and RLW up to 1,000 m). Similar seamounts were detected, based on
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multichannel seismics imagery, into the subduction channel landward of the trench. They are suspected
to have controlled interplate coupling and seismic rupture in the 2014 Iquique earthquake area (Geersen
et al., 2015). South of this moderately rough area and over 1,780 km, the seafloor shows short
wavelengths oceanic fabric (RSW and 82% of RLW < 250 m) sometimes punctuated by the Juan
Fernandez seamount chain (RLW up to 700 m). Then, the moderately rough segment of the Chile Rise
and young fracture zones (i.e., Mocha, Valvidia, and Chiloe) boosts the roughness values up to 500 m
for long wavelengths and 250 m for short wavelengths (41% of RLW < 250 m). The continuation of those
features, as well as the variable thickness of the subduction channel, beneath the Chile margin has been
investigated by Contreras-Reyes et al. (2010). They have noted a probable tectonic control of the 1960
and 2010 Chiloe and Maule giant earthquakes. South of the trench-trench-ridge triple junction, the
Antarctica seafloor smooths again drastically over 770 km showing the lowest roughness values of the
Andean Trench near 100 m for both RSW and RLW (100% of RLW < 250 m). Finally, the seafloor along
the Chile trench is probably one of the most extended (total of 3,730 km long) smooth subducting sea-
floor in the world.
3.2.4.2. Antilles
The Cretaceous Atlantic seafloor is subducting beneath the Caribbean Plate from Hispaniola Island to
Trinidad along the 2,200-km-long Puerto Rico and Lesser Antilles trenches (Figure S11). Similarly with the
Tonga Trench where strong plate bending does not increase roughness, we observe a smooth seafloor along
the 560-km-long segment north of Puerto Rico, characterized by extremely low roughness values (both RSW
and RLW < 100 m, 69% of RLW < 250 m). Then, RLW increases off Saint Martin, Antigua, and Barbuda (500-km-
long moderately rough segment, 34% of RLW < 250 m), reaching a maximum of 1,200 m off Guadeloupe
where fracture zone ridges like Barracuda and Tiburon intersect the trench (360-km-long rough segment,
13% of RLW < 250 m and 21% of RLW > 1,000 m). Those ridges extend far beneath the Lesser Antilles accre-
tionary wedge and arc basement, as seen on seismic reflection profiles (Laigle et al., 2013). The seafloor
smoothens again off Barbados Island in the south, partly as a consequence of the Orinoco sediment supply,
with extremely low roughness values similar to those off Puerto Rico (600-km-long smooth segment, 69% of
RLW < 250 m). RLW increases at the southern end near the Demerara Plateau and at the northern end at the
vicinity of the Bahamas Bank.
3.2.4.3. Central America
The Neogene Cocos Plate, subducting beneath Central America along the 3,450-km-long Middle America
Trench, is limited to the north by the East Pacific Rise and highly tectonized young seafloor (Rivera fracture
zone and massif), and to the south by the Cocos Ridge originating from the Galapagos hotspot, and the
Panama fracture zone (Figure S11). The seafloor facing Central America has been divided into three
segments (Figure 5).

The 970-km-long northern segment is moderately rough with 34% of RLW < 250 m, up to 1,200 m near the
Rivera Massif. The main middle segment, 1,930 km long, is globally smooth with 88% of RLW < 250 m, up to
600 m close to the Tehuantepec Ridge, a major fracture zone branched onto the East Pacific Rise. North of
that ridge, RSW maintains a high level up to 250 m north (Figure S11). The smoothest section, about
1,100 km wide with RSW < 100 m and RLW < 250 m, is observed south of the Tehuantepec Ridge off
Guatemala, El Salvador, Nicaragua, and northern Costa Rica. Northwest of the Cocos Ridge, offshore Costa
Rica, several scattered conical seamounts are observed seaward and landward of the trench. They produce
embayments in the small accretionary wedge and remarkable scars into the forearc as they subduct far from
the trench (Dominguez, Lallemand, Malavieille, & von Huene, 1998; Dominguez et al., 2000; Ranero & von
Huene, 2000; von Huene et al., 1995, 2000). The 980-km-long southernmost segment includes the Cocos
Ridge and the Panama fracture zone. We consider it as a rough segment characterized by 18% of
RLW > 1,000 m and 12% of RLW < 250 m.
3.2.4.4. Aleutians-Alaska
The Pacific seafloor, which subducts beneath the 3,750-km-long Aleutians-Alaska Trench, is globally smooth
except in its western portion (Figure S12). This 730-km-long westernmost segment coincides with the north-
ern termination of the Hawaii-Emperor seamount chain at the junction between the Kamchatka and Aleutian
trenches. There, the seafloor is very irregular including the Detroit Tablemount, the SW Aleutian and the
Aleutian Rises. RLW reaches values as high as to 1,300 m whereas RSW may exceed 250 m along this rough
segment (15% of RLW > 1,000 m and 14% of RLW < 250 m).
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The rest of the seafloor subducting to the east over more than 3,000 km
maintains a high level of RSW up to 250 m, while RLW decreases below
500 m due to the presence of several N-S-trending fracture zones
(Rat and Amlia for example). The lowest roughness values are
measured off the Eastern Aleutians and the Western Alaska Peninsula.
Only the Sirius seamount, south of Shumagin margin, interrupts
the low roughness level (RLW < 250 m) of this ∼1,400-km-wide area.
Both RSW and RLW increase again south of Kodiak Island in response
to the presence of the Patton and Giacomini seamounts. This long
segment is undoubtedly smooth as it shows 85% of
RLW < 250 m (Figure 5).
3.2.4.5. Cascadia
The 400-km-wide central part of the very young Juan de Fuca Plate
subducting beneath British Columbia, Washington, and Oregon states
is extremely flat, as it is filled by the large Nitinat and Willapa sediment
fans. RSW and RLW values are very low (<100 m) compared with those
on both northern and southern segments of this 1,200-km-long
subduction zone. Indeed, the oceanic fabric, including a spreading
center and fracture zones (e.g., Mendocino and Sovanco FZ with RSW
up to 500 m) covered with fewer sediment, explains the irregular
seafloor morphology there. Interestingly, RSW exceeds RLW in ampli-

tude over some oceanic features like the Explorer and Juan de Fuca Ridges, the Blanco, and the
Mendocino Fracture Zones. We classified the 780-km-long middle segment as extremely smooth (98% of
RLW < 250 m) and the two short (250 km long each) edge segments as moderately rough (48%
of RLW < 250 m).

3.3. The Roughness of Oceanic Features

Main categories of oceanic features such as seamounts, ridges, or fracture zones are noted along profiles in
Figures 7 and S8 to S12 as S, R, and F, respectively. Those features are known for contributing to the seismo-
genic behavior along the subduction interface. Here we will examine their roughness signature before sub-
duction with respect to the global roughness pattern (Figure 8 and Table 2).
3.3.1. Seamounts, Seamount Massifs, and Seamount Chains
Seamount are extremely abundant on oceanic plates. They cover a great variety of morphological aspects.
They are often isolated with various sizes and shapes. Eighty-three percent of detected seamounts are less
than 3 km high, more or less conical, sometimes truncated. Those higher than 3 km are generally reshaped
by rift zones, flank collapses, subaerial erosion by the waves or reef development (Dominguez, Lallemand,
Malavieille, & von Huene, 1998; Kim & Wessel, 2011; Wessel, 2001). Figure 8 shows the RSW and RLW pattern
over seamounts with respect to the global roughness pattern. We have analyzed all roughness values from
the 10-km-spaced grid inside the seamount contours as defined by Kim and Wessel (2011) within the
250-km-wide strip along the trenches. As expected, the mean roughness is higher than the global trend
(mean RSW = 234 m instead of 144 m; mean RLW = 909 m instead of 490 m; mean RIW = 1,380 m instead of
634 m; see Table 2). However, it appears that the difference from the global trend is particularly clear when
looking at short wavelengths on the density plot in Figure 8. Seamounts also appear as aggregates or massifs
as the Rivera Massif off Mexico, the Atacames seamounts, for example, on the northern flank of the Carnegie
Ridge (Marcaillou et al., 2016), or chains like the Koshu or Kinan seamount chains south of the Nankai Trough,
the Joban seamount chain subducting in the Japan Trench, or the Iquique Ridge off north Chile (Figures 6, 7,
S7, and S11). In those cases, the seamount size is typically 2 to 3 km high and 15 to 50 km in diameter. Their
roughness signal ranges from 200 to 300 m for RSW and from 400 to 2,000 m for RLW. The long wavelength
roughness amplitude is sensitive, not only to the seamount morphology itself but also to the surrounding
morphology over a wider area.

Many ridges like the Louisville Ridge, the Juan Fernandez Ridge, the D’Entrecasteaux Zone, or the Kashima
seamount chain, are composed of aligned large-size seamounts either originating from hotspots or con-
trolled by major faults (Figures 6, 7, and S8). Their signature is then anisotropic as any seamount chain like

Figure 8. Distribution of roughness values among the global data set (in black)
or subdata sets (in color) corresponding to major oceanic features.
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the Scarborough seamount chain off Luzon or the Joban seamount chain. Seamounts taller than 3 km have a
strong signal especially on RLW.
3.3.2. Fracture Zones
Fracture zones often appear as linear features that can be followed over hundreds or thousands of kilometers.
They clearly extend into the subducting slabs and are often supposed to affect the seismic behavior of the
plate interface (Carena, 2011; Das & Watts, 2009; Müller & Landgrebe, 2012). Taken all together and investi-
gating an area located 10 km away on each side of the fracture zones, their roughness signal does not differ
much from the global seafloor one (Figure 8): mean RSW = 141 m instead of 144 m and mean RLW = 394 m
instead of 490m. In most cases, due to their spatial extent and their low elevation gradients, the fracture zone
contribution to roughness is not significantly different from its vicinity. In a few cases, the oceanic crust age
contrast, and vertical offset, across the fracture zone are enough to produce a significant difference in eleva-
tion, for example, 500 m across the Grijalva FZ off Ecuador or the Mindanao FZ off the Philippines. Such mor-
phological step is marked by RLW = 700–1,000 m (Figures 6, 7, and S9) because this parameter is very sensitive
to slope gradients, but such case is very rare. Some fracture zones—generally named ridges—have been the
locus of localized deformation and rise, as the Gagua Ridge east of Taiwan, the Owen Fracture Zone off
Makran (Figure S7) or the Barracuda Ridge off Lesser Antilles (Figure S11). In those cases, RLW ranges from
1,000 to 2,000 m. Themaximum is reached at the Owen FZ because the ridge evolved in a transtensional con-
text and is now bordered by pull-apart basins as the Dalrymple Trough (Rodriguez et al., 2013), increasing the
slope gradient.
3.3.3. Aseismic and Active Ridges and Plateaus
Here we consider all elongated prominent features as well as plateaus other than fracture zones or seamount
chains. As for seamounts, the mean roughness values of these features are higher than for global seafloor,
especially for long wavelengths: mean RSW = 163 m instead of 144 m and mean RLW = 835 m instead of
490 m. The maximum RLW amplitude—typically 600–1,000 m—is generally observed along the flanks of
the Hikurangi Plateau, Cocos, Carnegie, Malpelo, Obruchev, or Ninety-East Ridges when their width is larger
than 100–200 km (Figures 6, 7, S8, S10, S11, and S12). Narrower features like Palau-Kyushu Ridge, Amami
Plateau, Daito Ridge, Pocklington Rise, or SW Aleutian Ridge share similar signals with seamounts, that is, high
RSW and RLW (Figures 6, 7, S7, and S12). Active ridges like the Chile, the Juan de Fuca, or the Gorda Rise
(Figures 6, 7, and S12) show higher RSW up to 250 m because of the high bathymetric signal frequency but
no or few anomalies in RLW.
3.3.4. Smooth Areas
Continuous smooth areas are outlined in Figures 6, 7, and S7 to S12. Plain lines correspond to regions with
both RSW and RLW less than 100 m, that is, very smooth regions, whereas dotted lines highlight regions with
both RSW and RLW less than 250 m, that is, smooth regions compared with their surroundings. Among the
smoothest regions (RSW and RLW < 100 m), some reflect a smooth oceanic crust like off the northernmost
Mariana arc (250 km of lateral extent), Puerto Rico (150 km), northern Japan (200 km), northern Kuriles
(<100 km), Eastern Aleutians (350 km), Peru (400 km on each side of the Mendana FZ), Guatemala
(150 km), and Nicaragua (200 km). Other regions are smooth because of an excess of terrigenous sediment
filling the trench like Andaman (400 km), northern Sumatra (400 km), Barbados (100 km), Cascadia
(300 km), western Alaska (250 km), south Chile (≈100 km on each side of the Chile Rise). Many smooth areas

Table 2
Mean Roughness Amplitudes of Specific Oceanic Features Compared with Global Trend

RSW amplitude RLW amplitude RIW amplitude

(m) (m) (m)

Mean Median σR Mean Median σR Mean Median σR

Global 144 119 100 490 287 544 634 429 627
Fracture zones 141 115 99 394 275 379 625 423 625
Ridges/plateaus 163 121 119 835 652 664 845 652 678
Seamounts 234 232 95 909 665 767 1,380 1,155 863

Note. Mean roughness values and standard deviation (in meters) applied for the global database and for specific mor-
phological features.
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extend laterally with moderately smooth areas (RSW and RLW < 250 m)
like off Middle America, southern Chile, Aleutians, or Antilles. The above
evaluation of the smooth area extents has been done at a distance of
135 km from the trench. The lateral extent may thus vary in the direc-
tion normal to the trench but not drastically since the roughness values
are calculated from a 200-km-wide sampling area (see Figure 2).

4. How Does the Seafloor Roughness Correlate With
the State of Stress in the Subduction Zones?

This study is the first step to investigate several topics such as the rela-
tionship between subduction interface roughness and seismicity but
also margin’s tectonic behavior. Here we analyze the correlation with
subduction parameters, which may be potentially controlled by the
roughness of the plate interface. In this respect, we have selected para-
meters dealing with the state of stress within the converging plates as
well as the plate interface to test the influence of the plate boundary
topography on it. Thus, we test three proxies of the state of stress in
the subduction zone: the upper plate strain at a distance from the plate
interface as defined by Heuret and Lallemand (2005), the seismic cou-
pling as estimated by Heuret et al. (2011), and the b value as estimated
by Nishikawa and Ide (2014).

4.1. Correlation With Upper Plate Strain

We have used the SubMap database (Heuret & Lallemand, 2005, http://
www.submap.fr) to extract the upper plate strain along most subduc-
tion zone transects. Following Jarrard’s (1986) study, Heuret and
Lallemand (2005) have estimated the strain regime of oceanic subduc-
tion zones in a semiquantitative way based on most representative
focal mechanisms of earthquakes occurring within the upper plate at
a distance from the trench, that is, in the arc and back-arc domains.
In this study, we have reduced the seven initial strain classes from
highly extensional (back-arc spreading) to highly compressional
(back-arc shortening) into only three strain classes: extensional, neutral,

and compressional. The strain classes estimated over 200-km-wide transects have been correlated with
200-km-wide sampled mean roughness parameters obtained along trenches (see section 3.1.2, Figure 9).
With respect to neutral regimes, compressional regimes correlate with slightly higher roughness amplitudes.
The main difference is observed with extensional regimes that are associated with significantly larger rough-
ness amplitudes especially at long wavelengths.

4.2. Correlation With Seismic Coupling

Seismic coupling coefficients, that is, the ratio of the amount of seismic slip to total amount of plate
convergence over about a century (e.g., Peterson & Seno, 1984; Ruff & Kanamori, 1983), should normally
range from 0 (pure creep) to 1 (all the slip is seismic). Since it is calculated over a period that could be shorter
than the recurrence time of great earthquakes, the seismic coupling coefficient may be larger than 1. We
have used the values estimated by Heuret et al. (2011, www.submap.fr) based on Brune (1968) and computed
over the period 1900–1975 using the Centenial catalog and 1976–2007 using the Harvard catalog, seismo-
genic zone dimensions deduced from seismicity analysis (Heuret et al., 2011), and a plate interface rigidity
equal to 5 × 1010 N/m2. The seismic coupling coefficients have been calculated over subduction segments
typically 400 to 1,000 km long, whereas the roughness mean values are obtained over a distance of
200 km along trench. For that reason, the same seismic coupling value may be correlated with different mean
roughness values.

The cross correlation between both RSW and RLW and seismic coupling is shown in Figure 10. It is noteworthy
that high seismic coupling (>0.5) is systematically observed for relatively small roughness amplitudes at both

Figure 9. Distribution of roughness values of seafloor facing regions character-
ized by different upper plate strain regimes as defined by Heuret and
Lallemand (2005).
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short and long wavelengths, respectively less than 230 and 800 m.
Reversely, relatively high roughness amplitudes (RSW > 230 m and
RLW > 800 m) are systematically associated with low seismic
coupling <0.5.

4.3. Correlation With b Values

The b value, that is, the negative slope of the power law frequency size
distribution of earthquakes, is supposed to be correlated with the shear
stress (Gutenberg & Richter, 1944): The higher the b value, the lower the
shear stress. Nishikawa and Ide (2014) have estimated the b values in 88
regions, 500-km-along-strike-wide each, where the number of seismic
events (at least 100 events), issued from the Advanced National
Seismic System catalog from 1978 to 2009, was sufficient to estimate
the completeness magnitude. They found a positive relation with the
buoyancy of the subducting plate (plate age and trench depth) and
no significant relation with the horizontal force balance (convergence
rate and upper plate velocity). Among the 88 regions studied by
Nishikawa and Ide (2014), we have been able to correlate the b values
for 70 of them where roughness data were coincident. To be coherent
with the sampling area used by the authors to calculate the b values,
we have analyzed the coincident roughness over a similar trench
length within a 250-km-wide strip seaward of the trench. Figure 11
shows that there is no significant correlation between the roughness
and the b value.

5. Discussion

The sensibility of mega-earthquake rupture propagation to the ampli-
tude and wavelength of the seismogenic subduction interface topogra-
phy is still unclear. In this study, we have made the choice to focus on
roughness rather than residual bathymetry, in order to better account
for not only the absolute distribution of the elevation but also for the
relative deviation of the elevation around its mean value in a wide
range of frequencies. In other words, we put the emphasis not only
on the characterization of the subducting features themselves but also
on the topography gradient in the vicinity of the subducting features
over distances comparable with those of large ruptures. This study pro-
vides a complete data set of roughness characteristics along most
oceanic subduction zones. Detailed correlations between the discrete
distribution of the seafloor roughness and the seismogenic potential
of the plate interface focusing on nucleation, propagation, maximum
slip, and arrest of the ruptures requires great attention and cannot be
treated here. It is the topic of a complementary study (van Rijsingen
et al., 2018).

5.1. No Specific Roughness Signature for Fracture Zones

It is somewhat surprising that transform faults and fracture zones do not differ in their roughness signal from
the global trend at both short and long wavelengths (Figure 8). Statistically, it means that the distribution of
seafloor elevations has similar amplitudes and wavelengths as these linear features. In detail, we have
observed that many of them can be traced on roughness maps: Investigator FZ, Ninety-East Ridge, and
Grijalva FZ, for example, but in average they do not significantly differ from the background signature. The
literature provides contrasting arguments regarding the effect of subducting fracture zones on earthquakes
triggering. Müller and Landgrebe (2012) claim that the occurrence of great (M ≥ 8) subduction earthquakes is
strongly biased toward regions associated with intersections of oceanic fracture zones and subduction zones,
but they also admit that those characterized by uplifted ridges are more prone to cause strong and persistent

Figure 10. Distribution of roughness values of seafloor facing regions character-
ized by different seismic coupling coefficients as defined by Heuret et al. (2011).
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coupling in the subduction interface. Robinson et al. (2006) or Das and
Watts (2009) saw a clear link between those features and the dynamics
of the rupture during large earthquakes like the 1986Mw8.0 Andreanof
Islands event or the 2001 Mw8.4 Peru event. In these cases, the rupture
stalled by the fracture zones that acted as barriers. The same behavior
has been observed for several other ruptures like the 2005 Mw8.6
Sumatra event (Konca et al., 2008) or the 2010 Mw8.8 Maule event
(Contreras-Reyes et al., 2010). The lubricant role of subducting fracture
zones was recently proposed for the Lesser Antilles by Schlaphorst et al.
(2016), based on b value studies. Here we can only conclude that for
many fracture zones, we do not detect a specific signal in roughness
at any wavelength from 12 to 100 km. However, their intrinsic weak-
ness and potentially high fluid content may certainly play a role in
the rupture dynamics during large earthquakes. Further investigations
at wavelengths smaller than 12 km in high-resolution mapped areas
should be conducted.

5.2. Clear Specific Roughness for Seamounts

Seamounts lend themselves well to roughness investigations especially
at short wavelengths (Figure 8). Their roughness amplitude is almost
twice the one of a “standard seafloor.” Numerous studies in the litera-
ture describe the role played by subducting seamounts in stopping
or attenuating rupture propagation during large earthquakes off
Honshu or Sumatra (e.g., Henstock et al., 2016; Kodaira et al., 2000;
Mochizuki et al., 2008). In all these examples, the seamounts were rela-
tively shallow. At larger depths, it is not excluded that subducting sea-
mounts may behave as strong patches during moderate to large
earthquakes as proposed beneath the margin off Costa Rica (Bilek
et al., 2003; Dominguez et al., 2000). The question of the geodetic cou-
pling associated with subducting seamounts is more debated than
their role in seismogenesis, because both strong and weak interseismic
coupling have been recorded above subducting seamounts on both
sides of the Carnegie Ridge intersecting the north Andean subduction
zone (Collot et al., 2017; Marcaillou et al., 2016; Nocquet et al., 2016).
Roughness characterization thus appears to be good tool to explore
its influence on the seismogenic potential as a function of amplitude
or wavelength because earthquakes often nucleate close to some sea-
mounts and then propagate farther, indicating a possible control by
the seamount.

5.3. Similar Specific Signature of Seamounts and Ridges at
Long Wavelengths

Surprisingly, aseismic ridges cannot be distinguished from the global
trend in terms of roughness at short wavelengths (Figure 8). This can
be explained by the long wavelength of the ridges themselves, and

the fact that they host both seamounts and regular seafloor. At long wavelengths, they share about the same
roughness signal in average as the seamounts, covering a large range of roughness values in amplitude.
Previous studies have shown that rough seafloor relief, and aseismic ridges in particular, promote creeping
rather than seismic coupling (e.g., Kelleher & McCann, 1976; Wang & Bilek, 2014). The reason would be the
development of a broad fracture network damaging the upper plate in a similar way as a seamount
(Dominguez, Lallemand, Malavieille, & von Huene, 1998; Dominguez et al., 2000) but at a larger scale.
Looking in more detail, we often observe a clear positive signal in the roughness for narrow ridges and a very
tiny signal for broad ridges (Nazca, Carnegie, or Cocos Ridge, for example, which size exceeds the window
size), suggesting that narrow ridges have the same characteristics as seamounts.

Figure 11. Distribution of roughness values of seafloor facing regions character-
ized by different b values as calculated by Nishikawa and Ide (2014). Standard
deviations of roughness values over the wide sampled areas are plotted
together with those provided for the b values.

10.1029/2018GC007434Geochemistry, Geophysics, Geosystems

LALLEMAND ET AL. 2141



5.4. To What Extent can we Classify the Subduction Zones With Respect to Roughness Characteristics?

An important asset of the SubRough database is the possibility to compare any subduction zone with
another. We have classified them into three groups from dominantly rough to dominantly smooth (see
section 3.2) based on the ratio of low to high RLW amplitudes over given trench segments. For practical rea-
sons, we have proceeded trench by trench. Such sampling is somewhat arbitrary because the same trench
can host rough and smooth sections, especially in the mixed group (Table 1; Figure 5). We have thus simpli-
fied the purpose in previous section 3.2, but the detailed description trench by trench remains valid, espe-
cially when analyzing the lateral variations in roughness amplitudes (Figures 6, 7, and S7 to S12).

5.5. Smooth Areas and Roughness Complexities

The coincidence between thick trench fill and high potential of mega-ruptures has been mentioned by sev-
eral authors (e.g., Heuret et al., 2012; Ruff, 1989; Scholl et al., 2015). Assuming that the thick trench fill is mostly
subducted and then smoothens the plate interface, which is not necessarily verified, authors conclude that a
smooth plate boundary enhances seismic coupling and/or rupture propagation. In this study, we have made
the choice to remove the contribution from the trench fill by exploring the seafloor at a distance of more than
10 km seaward of the trench, because we considered that part of or even all the trench fill material could be
accreted at the front of the margin. We thus focus on the flatness of the subducting seafloor without any con-
tribution from sediment supply in the trench (except if trench fill extends farther than 10 km away from the
trench). The lateral extent of the smooth areas is indicated as horizontal lines along each profile in Figures 6,
7, and S7 to S12 (solid line if R< 100m, dotted line if R< 250m; see figure captions for more details). It is clear
from Figures 7 and S7 that all trenches belonging to the “rough group” do not show large smooth areas,
except locally (lateral extent less than 250 km) along the Mariana Trench. The smoothest seafloor is observed
off Andaman, northern Sumatra, Antilles, Cascadia, Japan, Kamchatka, Eastern Aleutians, Western Alaska,
Peru, Chile, and Central America. Many of these regions have hosted M > 8.5 giant earthquakes (yellow stars
in Figures 6, S10, and S12). The lateral extent of the smooth area should play a major role, if we consider that
seamounts, ridges, and fracture zones rather act as barriers or sources for rupture complexities. A recent
study by Ye et al. (2018) suggested that earthquake complexity was primarily controlled by persistent geolo-
gical factors. They have quantified the rupture complexity, using the excess radiated energy with respect to
the minimum radiated energy expected for a similar source Radiated Energy Enhancement Factor (REEF) for
119Mw> 7.0 earthquakes. A careful comparison between REEF and roughness characteristics would allow to
better characterize the nature of the permanent geological features. Corbi et al. (2017) have demonstrated
experimentally that the synchronization of slip patches to produce large events depends on the ratio of weak
(barrier) to strong (asperity) patches sizes. In their analog experiments, they observed that the barrier became
permanent if its size was at least half the size of the asperities. If a link exists between the roughness of the
subduction interface and its seismogenic potential (asperity vs barrier), this might explain why the South
Chile, Japan-Kuril, Eastern Aleutians-Alaska, or Cascadia, where the proportion of rough to smooth lengths
is often less than 0.5, are regions hosting mega-earthquakes. Further analyses are performed to better eval-
uate those ratios as well as the threshold values in roughness amplitudes (van Rijsingen et al., 2018).

5.6. Roughness and State of Stress in Subduction Zones

It has been observed in some regions that the interseismic coupling, estimated by using geodetic measure-
ments mainly onshore, was partly controlled by the roughness of the subduction interface (e.g., Collot et al.,
2017; Nocquet et al., 2016; Yokota et al., 2016), even if no general law can be proposed between a given sub-
ducting relief type and its associated degree of coupling. We thus expected some trend by comparing the
roughness characteristics of the seismogenic zone proxy with the b value or the seismic coupling. The lack
of correlation with the b value may be due to the width of the sampled area (500 km × 250 km), which
reduces the signal by averaging it (see the large error bars in R values in Figure 11). The correlation with
the seismic coupling is more satisfying, since relatively rough subducting seafloor is always associated with
low seismic coupling and high seismic coupling is always associated with relatively smooth subducting sea-
floor (Figure 10). The seismic coupling coefficient is only indicative because it depends on earthquake recur-
rence for very large events, which is a function of the degree of coupling and the subduction (loading) rate. It
means that we underestimate the seismic coupling in slow subductions (like Antilles) or in regions character-
ized by earthquake supercycles (Herrendörfer et al., 2015; Nocquet et al., 2016). Despite this approximation,
we still observe a clear correlation between high interseismic coupling and low roughness, which is

10.1029/2018GC007434Geochemistry, Geophysics, Geosystems

LALLEMAND ET AL. 2142



something expected if we consider that creeping is more characteristic of rough subduction interfaces, as
proposed by Wang and Bilek (2014).

The subduction of prominent seamount chains, like the D’Entrecasteaux Zone (Vanuatu) or the Louisville
Ridge (Tonga) has been described as synchronous with active shortening in the volcanic arc region (Collot
et al., 1985; Lallemand et al., 1990; Pelletier et al., 1998). We thus expected that large subducting features
might also contribute in upper plate compressive stress. Our statistical analysis apparently does not support
such correlation with upper plate stress as a rule. This may indicate that the roughness of the subducting sea-
floor mainly affects the nearby area of the plate interface even if it contributes in a few regions to the upper
plate stress.

5.7. Limitations and Perspectives of the Study

As discussed in section 2.3.2.5, we are fully aware that the unsubducted seafloor is only a proxy of the seis-
mogenic zone and does not represent its exact replica. Seafloor roughness anisotropy and mass transfers
between the subducting and overriding plate during the subduction process certainly alter in some way
the correlation between the two areas, subsequently diminishing the expected signal. Our computational
method does not make the difference between positive and negative reliefs (equation (1)). It is then possible
that subducting lows like grabens will be filled by material from the upper plate during the subduction pro-
cess and will finally produce a smooth subduction interface. However, such lows do not contribute much in
the roughness because the reference surface, used for calculating the relative bathymetry, is estimated from
a bathymetric grid where seamounts and ridges are removed, so that the positive features dominate the sig-
nal. Finally, the comparison of the seafloor roughness along most oceanic subduction zones provides a good
basis for addressing numerous studies related to the dynamics of subduction. Building on the good correla-
tion between seafloor roughness and seismic coupling, van Rijsingen et al. (2018) have performed a detailed
analysis based on a newly compiled ruptures catalog for 1900–2017 Mw ≥ 7.5 earthquakes.

6. Conclusion

In this study, we provide a new seafloor roughness database, called SubRough, that allow to characterize the
seafloor prior to subduction along most oceanic trenches. Based on RLW amplitude, we propose a classifica-
tion of the seafloor segments adjacent to subduction zones from dominantly rough to dominantly smooth.
The investigated regions can be used as proxies of the adjacent seismogenic zones and thus provide con-
straints to better understand the seismicity pattern, especially for large to great earthquakes, where rupture
complexities or slip patches synchronizations often occur. Large seamounts and ridge flanks mainly contri-
bute in the high roughness character, which in turn is associated with regions of low seismic coupling.
Conversely, high seismic coupling is mainly observed in regions characterized by smooth seafloor.
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