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Abstract The systematic behavior of earthquake rupture as a function of earthquake magnitude and/or
tectonic setting is a key in our understanding of the physical mechanisms involved during earthquake
rupture. Geophysical evidence suggests that although deep earthquakes—including intermediate-depth
and deep—are similar to shallow ones, the mechanism involved during deep earthquakes is different from
that of shallow ones. In particular, the magnitude and depth dependence of scaled duration, a measure of
earthquake rupture duration, has led to controversy of what controls deep earthquake behavior. Here
we estimate scaled source durations for 600 intermediate-depth and deep-focus earthquakes recorded at
teleseismic distances and show deviation from self-similar scaling. No depth dependence is observed
which we interpret as due to little differences between intermediate-depth and deep-focus earthquake
mechanisms. The data show no correlation between durations and plate age or thermal parameters,
suggesting that the thermal properties of the plate have little effect on source durations. We nevertheless
report differences in average source duration and scaling between subduction zones and along-strike
variations of source durations that more closely resemble the geometry of subduction (flat or steep subduction)
rather than plate age.

1. Introduction

The mechanism of deep earthquakes—intermediate-depth (50<depth< 350 km) and deep-focus
(depth> 350 km) —is still not well understood [Green and Houston, 1995; Frohlich, 2006; Houston, 2007]).
While a brittle failure model is well suited to explain rupture occurring at low lithospheric pressures (e.g., crustal
earthquakes), this mechanism should be prohibited for generation of deep earthquakes, as pressures and
temperatures at tens of kilometers are large enough to inhibit brittle failure, and allow for ductile flow instead.
However, deep earthquakes have similar mechanism solution to those of their shallow counterparts [Russakoff
et al., 1997], both representing predominantly shear slip. On the other hand, deep seismicity has features
that are significantly different from those of crustal earthquakes. For example, deep earthquakes show shorter
durations compared to crustal ones [e.g., Campus and Das, 2000; Vallée, 2013]. Moreover, deep earthquakes
show different aftershock productivity [Persh and Houston, 2004b], b value [Frohlich, 2006], and higher stress
drops [Prieto et al., 2012], together with a large variation of seismic efficiency [Wiens, 2001; Prieto et al., 2013]
and rupture velocity [Frohlich, 2006], compared to shallow earthquakes (depth lower than 50km). These
variations of rupture properties can help constrain the difference in rupture mechanisms between crustal
and intermediate-depth and deep-focus earthquakes.

Several rupture mechanisms have been proposed to explain the generation of deep earthquakes and to
provide rupture models compatible with the local physical and chemical state of the slabs while explaining
the seismic observations [Wiens, 2001; Hacker et al., 2003; Houston, 2007]. These rupture models include fault
reactivation [Silver et al., 1995; Tibi et al., 2002], transformational faulting due to mineral phase transition
[Kirby, 1987], plastic and shear instabilities [Hobbs and Ord, 1988; Karato et al., 2001], and dehydration of
hydrous minerals [Raleigh and Paterson, 1965].

Several seismological studies have attempted to unravel any correlation between tectonic or seismic parameters
and deep seismicity behavior, in order to gain insight about possible rupture mechanisms [e.g., Wiens, 2001;
Frohlich, 2006]. For example, seismic observations of the recent Mw8.3 Sea of Okhotsk and its aftershocks have
been used to interpret the mechanisms of deep earthquakes, with contradictory conclusions. A thermal control
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due to horizontal rupture beyond themetastable olivine wedge has been proposed [Meng et al., 2014], although
relatively high rupture velocities are observed [Ye et al., 2013]. A cascade-triggering mechanism, consistent with
thermal shear instability along vertical faults, has also been proposed [Wei et al., 2013], and even supershear
rupture has been reported for an M~6 aftershock [Zhan et al., 2014].

The estimate of earthquake source time functions was used by Vidale and Houston [1993] and Houston et al.
[1998] to suggest a depth dependence of rupture duration, where shorter rupture durations are observed for
deeper earthquakes, while Vallée [2013] suggests that such dependence can easily be explained by the
increase in rigidity with depth. The magnitude dependence of rupture duration has also been under debate,
with some studies suggesting strong magnitude dependence [Campus and Das, 2000; Tocheport et al., 2007;
Prieto et al., 2013], while others suggest no or little dependence [Houston, 2007; Frohlich, 2006; Vallée, 2013]. In
contrast, for shallow earthquakes, Allmann and Shearer [2009] show nomagnitude dependence of stress drop
at global scales.

In this contribution, we study the rupture durations of intermediate-depth and deep-focus earthquakes.
Source time functions for more than 800 earthquakes with depths below 50 km are estimated by stacking
Pwaves recorded by broadband global seismic stations using the method of Houston et al. [1998]. The source
scaling, depth dependence, and spatial variations of source duration of these earthquakes are studied at both
global and regional scales and compared with previous studies [Houston et al., 1998; Persh and Houston,
2004a; Tocheport et al., 2007; Campus and Das, 2000].

2. Source Time Function

We analyze data formore than 800 earthquakes occurring between January 2005 andDecember 2011. For each
event with magnitude larger than 5.5 and deeper than 50 km, we collected all available waveforms on the
Incorporated Research Institutions for Seismology database. After deconvolution of the known instrumental
response to get velocity seismograms, all traces are filtered in a frequency band between 0.02 and 8Hz and
resampled at 20Hz. The signal-to-noise ratio (SNR) for each signal is expressed as the amplitude of P waves
compared with the noise evaluated in a 10 s window starting 50 s before the theoretical Pwave arrival predicted
by preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981]. All traces with SNR< 8 are
removed from the data set. Only data in the epicentral distance with the range of 30–90° are considered to
avoid triplicated phases from the mantle transition zone and the core mantle boundary.

All the retained waveforms are aligned using a cross-correlation approach [VanDecar and Crosson, 1990].
Traces with low correlation coefficients and nodal stations are removed before stacking. If more than 20
P wave pulses are retained for a given earthquake, the traces are stacked to build the average source time
function for a given event, resulting by the suppression of the incoherent noise and scattered waves, and
enhancement of coherent motion due to the rupture process (see Figure S1 in the supporting information)
[Houston et al., 1998].

The earthquake rupture duration is evaluated by picking the beginning and the end of the rupture on the
velocity-stacked source time functions. The durations are both handpicked and automatically detected. For
consistency and reliability in the selected picks, the displacement stack, the moment cumulative function,
and the wavelet-Akaike information criterion picker [Zhang et al., 2003] of the stack are analyzed together.
During the picking, we avoid measurements of rupture duration if pP seismic phase interfere with the end of
the direct P wave pulse.

After removing low SNR traces, and requiring a minimum number of observations per event, we retain
642 source time functions and related rupture duration estimates. Figure 1 shows geographical distribution
of the analyzed earthquakes and their scaled duration (see next section for details) after we apply a spatial
median filter over the closest five neighboring events [Allmann and Shearer, 2009].

The uncertainty of our measurements is based on the correlation coefficient of the handpicked duration
and the duration automatically estimated by defining the end of the rupture as the 90% reduction of the
envelope pick value. The correlation coefficient between the two data sets is 0.9, while the two data sets
mean duration difference is on the order of 1%. We further analyze the moment-duration scaling [Houston
et al., 1998] for the two different data sets, obtaining slope equal to 0.198 for the handpicked duration and
0.205 for the automatic duration.
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Other sources of uncertainty can be related with the effect directivity, three-dimensional Earth structure, and
oversampled or undersampled azimuthal ranges. Our measures have then to be considered as an azimuthal
average duration for a given earthquake, similar to Allmann and Shearer [2009] and Persh and Houston [2004a].
To more quantitatively assess at which level the attenuation, the directivity, and the station geometry can
bias our estimate, we selected 40 random earthquakes covering the entire depth and moment range of
the catalog. For each earthquake, four different subsets of stations are selected, and rupture durations are
compared with the complete stack, with similar results (see Figures S2 and S3 in the supporting information).
We further test the effect of different attenuation values on the stacked source time function and related
duration, showing how the broadband source time functions have small sensitivity to attenuation (Figure S4 in
the supporting information).

To test if outlier duration measurements affect our study, in particular when estimating average duration
values or regional scaling, all the analysis presented is repeated, removing the durations exceeding 1
standard deviation of the scaled duration. The results for the complete data set and removing the outliers
are similar, suggesting a robust statistic of our duration measurements. We furthermore address the
problem of reduced data quality for small-size events (M< 6.0), by evaluating the scaling value by removing
events withM< 6.2 andM< 6.0, obtaining similar results as compared to the whole data set scaling (Figure S5
in the supporting information). Finally, to check any eventual variation of the scaling value as function of
depth [e.g., Tocheport et al., 2007], themoment-duration regression is analyzed for the depth interval shown in
Figure 2, with no systematic variation of scaling observed in depth.

3. Source Scaling and Depth Dependence of Rupture Duration

We start by studying the relation between the earthquake moment (M0) and the estimated rupture
duration (t). The earthquake moment [Aki, 1966] is defined as a function of the size of the fault (D) and
the displacement of the fault (S):

M0 ¼ μDS (1)

with μ being the rigidity of the medium surrounding the fault area.

Equation (1) can be expressed in terms of stress drop (Δσ) and rupture velocity (Vr) [Kanamori and Rivera,
2004] to relate moment and duration through the equation:

M0 ∼ ΔσV3
r

� �
t3 (2)

Figure 1. Spatially smoothed global-scale duration for the 642 events is studied. Raw-scaled durations are shown in
Figure S6 in the supporting information. The depth of the events analyzed is shown on the onset map.
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In a self-similar model [Aki, 1967], the seismic moment is related to the third power of the rupture duration as
in equation (2) [e.g., Prieto et al., 2004; Allmann and Shearer, 2009; Baltay et al., 2010]. Various authors have
proposed a revised scaling relation [e.g., Mayeda and Walter, 1996; Kanamori and Rivera, 2004] as

t ∼M
1

3þε½ �
0 (3)

where t is a small positive number.

A number of studies have found that the scaling for source duration (or corner frequency fc~1/t) for
intermediate-depth and deep-focus earthquakes does not obey self-similarity and instead requires a
nonzero ε in equation (3). Empirically determined ε values have been found equal to 1 [Bos et al., 1998],
0.12 [Houston et al., 1998], 1.2 [Tocheport et al., 2007], 0.84 [Persh and Houston, 2004a], and ε> 1.5 by
Campus and Das [2000]. In a recent study, Prieto et al. [2013] also suggested a significant departure from
self-similarity for intermediate depth earthquakes in the Bucaramanga nest.

In order to study and compare the rupture durations of earthquakes of different size and focal depth, we
introduce the scaled rupture duration TS, similar to Houston et al. [1998]:

TS ¼ VS

V ref
S

M0
ref

M0

� � 1
3þε½ �

t (4)

where t is the estimated duration from the average source time function, the reference moment is 1019 Nm,
and VS and VS

ref are the shear wave velocities at the source hypocentral depth (using PREM) and at a
reference depth (170 km, Vs

ref = 4.4 km/s).

In equation (4), we assume that the seismic momentM0 is known (we use the global centroid moment tensor
estimate), the rupture velocity is a constant fraction of shear wave velocity in the vicinity of the rupture,

Figure 2. (a) Scaled duration as function depth for self similar rupture and no shear velocity correction (ε = 0, Vs = constant)
[Houston et al., 1998]. (b) Similar to Figure 2a for self-similar rupture and local shear velocity correction (ε = 0, Vs = PREM).
(c) Similar to Figure 2a corrected for shear velocity and ε equal to 1 (ε = 1, Vs = PREM). The red line in Figures 2a–2c is
the average duration evaluated in depth intervals 0–235 km, 235–365 km, 365–435 km, and depth larger than 435 km.
(d) Scaled durations TS corrected for shear velocity considering a self-similar rupture plotted as function of moment. The
red line is the logarithmic linear fitting of the data, with our chosen ε = 1.0.
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and that the product ΔσVr
3 in equation (2) is constant [Tocheport et al., 2007]. Note that equation (4) can be

divided in three parts: a reference velocity correction, a reference magnitude correction, and the source
scaling factor (3 + ε). If the source scaling parameter is ε=0, the expected relation of self-similarity holds.

Figure 2a shows the depth distribution of scaled durations with no velocity correction and ε= 0, which is
equivalent to the scaled duration in Houston et al. [1998]. Deep-focus earthquakes have on average shorter
rupture duration compared to intermediate-depth earthquakes, as also seen in the median over various
depth ranges. The rupture duration for a given seismic moment is related with the stress drop (and length
scale) and rupture velocity in equation (2) [e.g., Kanamori and Rivera, 2004; Vallée, 2013], and since most
studies assume that the rupture velocity is a constant fraction of the medium VS, the observed decrease in TS
can be explained by the increase in VS with depth. Figure 2b shows how by using the reference velocity
correction based on PREM the depth dependence of TS is accounted for, similar to results from previous
studies [Houston et al., 1998; Campus and Das, 2000; Persh and Houston, 2004a; Tocheport et al., 2007; Vallée,
2013]. The median duration reduction as a function of depth is only 3%, well within the scatter of the data.

While the correction for magnitude and local shear velocity (Vs
ref) accounts for the self-similar and depth

dependence of rupture duration, a remnant magnitude dependence of scaled duration is still observed. In
Figure 2c, in addition to the velocity and themagnitude corrections, we determine an appropriate scaling factor
by allowing for deviation from a self-similar model. We estimated a value for the scaling factor, ε=1.0 in
equation (4), as shown in Figure 2d. Notice how after all corrections, Figure 2c shows a significant reduction
in the scatter of the data, and both depth and magnitude dependence are properly accounted for (see also
Figure S7 in the supporting information for moment-duration plot).

In order to compare durations for events of different size and different depths, the estimated rupture
duration TS must account for any moment dependence [Houston et al., 1998]. From here on, our results
use both magnitude and velocity corrections and a source scaling parameter ε= 1.0 in equation (4) to avoid
any bias in the following global and regional analysis, given the relative predominance of large earthquakes
for certain depths or regions [e.g., Tibi et al., 2003].

As the ε value used for scaling the durations is totally data driven, possible errors on the durationmeasurements
could be propagated in the ε estimation. We thus assessed ε by fitting 1000 times randomly selected durations
representing the 80% of the catalog, obtaining a mean ε equal to 1±0.2.

4. Global Variations of Scaled Durations

The characteristics of rupture properties for different subduction zones have been addressed by binning
global scale measurements occurring in particular regions [Tibi et al., 2003; Persh and Houston, 2004a],
but results show large disagreements between different methods. Given the large number of rupture
durations measured in our work, we analyze the rupture properties for different subduction zones in order to
determine if any correlation with slab thermal parameter [Molnar et al., 1979] or plate age is present or if
relative variations that may be indicative of slab features [Allmann and Shearer, 2009; Stankova-Pursley et al.,
2011; Ye et al., 2013] are observed. For our global and regional comparisons, we group all the durations falling
in the slab perimeter as defined by the slab 1.0 model for each subduction zone [Hayes et al., 2012]. The
subduction zones here analyzed are Bonin, Japan, Tonga, South America, Central America, Alaska, Sumatra,
Santa Cruz, and Solomon.

We first determine the scaled duration (TS) and the scaling parameter ε for each subduction zone (Table S1 in
the supporting information ). Both parameters are estimated using equation (4) for each slab, considering
magnitude and velocity corrections. The reported value of scaled duration TS is the duration at the reference
magnitude of M0

ref = 1019Nm. We find that for all subduction zones analyzed, the value of ε> 0 confirming
that a self-similar scaling of rupture duration is not appropriate for intermediate-depth and deep-focus
earthquakes, in contrast to shallow ones [Allmann and Shearer, 2009].

A quantitative analysis of the specific scaling and duration for each slab is limited by the sparseness of the
data and is beyond the scope of the paper. We hope to address this problem in our future work using
regional or local data [Prieto et al., 2013] or introducing a third parameter (e.g., radiated energy) to better
constrain any possible difference in scaling [Baltay et al., 2014]. However, we can still qualitatively observed
differences between subduction zones having different source parameters, as shown in Table S1 and
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Figure S8 in the supporting information. For example, Japan and Bonin slabs show a systematically longer
average duration and smaller ε with respect to Tonga or South America. While Tonga and South America
show a significant difference in b values [Houston, 2007] suggesting a different mechanism, the scaled
durations are both short. In South America, the estimate of ε has large uncertainties and suggests that
regional along-strike variations are significant. This observation is in agreement with the different subduction
styles observed along the 4000 km extent of the subduction [Gutscher et al., 2000; Warren, 2014]. In the
Sumatra and Santa Cruz subduction zones, relative long durations and small ε values are observed. Solomon
slab has the shortest duration observed and the largest departure from self-similarity (ε=1.08). Alaska
and Central America represent the two end-members for ε; however, the limited magnitude range does
not allow to better constrain the scaling.

Figure 3 shows the scaled source durations TS for the different subduction zones as a function of the thermal
parameter [e.g., Wiens, 2001], for intermediate-depth and deep-focus earthquakes. The durations have been
corrected for reference magnitude and reference velocity as well as the average scaling parameter ε=1.0
(see Figure S9 in the supporting information for TS as a function of plate age and convergence rate). For
both intermediate depth (depth< 235 km) and deep (depth> 465km) events, there is no clear correlation
between the thermal parameter and scaled durations. Previous work [Wiens, 2001; Tibi et al., 2003] reported
significant correlation between the thermal parameter and TS for large deep-focus earthquakes (depth> 400km),
while with a larger data set including smaller earthquakes, Persh and Houston [2004a] saw no clear relationship.
Given our much larger data set and the lack of correlation even for the larger events, our results suggest that
thermal properties of the slab do not influence source properties, although more precise and consistent thermal
parameter estimates are needed [Houston, 2007].

5. Along-Strike Variations of Scaled Durations

Possible local control of rupture characteristics related with geometry of the slab or variation of convergence
velocity across a given trench can be studied using our analysis. Our method assumes that attenuation
effects are minor (see for example, Houston et al. [1998] for some tests), but since t* may vary from region to
region [Warren and Shearer, 2002], the absolute TS may not be robust. Regardless of this, our method should
be very sensitive to variations in rupture duration from nearby events, because all propagation effects are
similar from that particular region to teleseismic stations.

In Figure 4, maps of the spatially smoothed TS for four regions are shown, considering moment and velocity
corrections and ε= 1.

In South America, the smoothed TS suggest that significant along-strike variation and a simple scaling are
not enough to fit the data. The scaled rupture durations are somewhat clustered in regions of relative shorter
or longer durations. A zone of short durations is found in the Peruvian flat subduction [Gutscher et al., 2000;
Frohlich, 2006; Hayes et al., 2012; Warren, 2014], while long duration earthquakes are mainly located in the
steeply dipping part of the slab, with associated high volcanic activity (Central Volcanic Zone). In South
America, a remnant depth-dependent TS is observed associated with the flat subduction regions.

Figure 3. Slab-averaged scaled duration Ts as a function of thermal parameter for (left) depth range 50–235 km (left) and
(right) depth larger than 435 km.
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In central America, a regional variation of TS is observed, with longer duration toward the south where the
slab is steeper [Hayes et al., 2012] and strong active volcanism is present, and reduction of duration in
the central and northern part of the subduction, following the slab flattening. The behavior observed for
the Central America subduction zone is similar to South America, suggesting that both subduction zones
have a mechanical control of the rupture related with the slab geometry.

In the Tonga subduction zone, a quite complex geographical distribution of rupture duration is observed,
with no clear depth dependence. A cluster of shorter events is localized in the southern part (approaching the
Kermadec zone), in a similar pattern to the change in focal mechanism style toward the south [Frohlich, 2006].

The Japanese area, comprising the Ryukyu, Mariana-Bonin, Japan, and Kuril slabs, show a complex distribution
of rupture durations with some clusters of coherent durations. The northern part of the Ryukyu slab shows a
relative shorter duration respect to Mariana-Bonin zone, in which a wide group of long duration events is
observed, similar to results for shallow earthquakes [El Hariri et al., 2013]. These two slabs have differences in
subducting plate age, convergence rate, and slab geometry [Frohlich, 2006]. The Japan slab does not show
any clear cluster of rupture durations, while a region of short rupture durations is seen whenmoving toward the
Kuril Islands (40°N to 56°N).

6. Discussion and Conclusions

The scaling analysis of rupture duration shows that intermediate-depth and deep-focus earthquakes do
not follow the M0~TS

3 scaling (equation (3)), confirming the observations obtained in previous studies
[Houston et al., 1998; Bos et al., 1998; Campus and Das, 2000; Persh and Houston, 2004a]. An alternative scaling
accounting for the variation of local shear velocity in the vicinity of the rupture and empirical determined
slope has been introduced (equation (4)). Departure from the self-similar model can be interpreted as an
expression of differences in the rupture physics for deep earthquakes compared to shallow ones, although no
clear evidence of significant differences in TS between intermediate-depth and deep-focus earthquakes was
found. Our observed departure from self-similarity can be explained by increment of rupture velocity or
stress drop as a function of moment or either a decrease of the fault aspect ratio as function of earthquake

Figure 4. Maps of smoothed scaled duration for (a) Central America, (b) Japan, (c) South America, and (d) Tonga.
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size. While a large variability of rupture velocities in deep earthquakes has been observed, no systematic
magnitude dependence has been reported [Tibi et al., 2003; Frohlich, 2006; Suzuki and Yagi, 2011]. In a similar
way, stress drop does not show any systematic increment as function of moment, while large variation of
estimated stress drop is observed [Frohlich, 2006]. Because from source durations only it is not possible
to separate the product C/(ΔσVR

3), the trade-off is difficult to untangle [Kanamori et al., 1998; Kanamori
and Rivera, 2004], and depending heavily on the assumptions about rupture velocity and fault geometry,
widely different values of stress drop have been reported for the same earthquake [Ye et al., 2013; Zhan et al.,
2014]. To better constrain this trade-off, we will address the problem in future work including measurements
of seismic moment, rupture velocity, and radiated energy for the earthquakes here analyzed.

No depth dependence of scaled duration on the global scale is observed, confirming the result of previous
studies [e.g., Campus and Das, 2000; Vallée, 2013] that most of the previously reported depth dependence
could be explained by an increase in the shear modulus with depth. The mechanisms associated with
intermediate-depth and deep-focus earthquakes are thus expected to be similar or at least produce
similar source durations. Interestingly though, in South America and Japan—with significantly different
plate ages—deep-focus earthquakes (d> 465 km) tend to have a shorter scaled duration than the
intermediate-depth events.

Our results suggest that deep earthquakes source behavior is not strongly influenced by the temperature
of the slab, in contrast to observations of b values [Houston, 2007]. If, for example, shear instability
[Prieto et al., 2013;Meng et al., 2014; Chen et al., 2014] is the sole mechanism to explain intermediate-depth
and deep-focus earthquakes, a correlation with thermal properties or plate age of the slab is expected
[Tibi et al., 2003]. However, for similar plate ages, both short and long events are observed, suggesting a
combination of rupture properties and mechanisms [Zhan et al., 2014].

We observe significant variation of scaled durations within individual subduction zones, suggesting that this
along-strike variation for intermediate-depth events may be due to the geometry of the slab. For example,
intermediate depth earthquakes in South and Central America subduction zones show a similar behavior,
with presence of shorter events associated with flat slab geometry. Deep earthquakes do not show any
clear correlation with slab geometry of other geophysical parameters, while large geographical variation
of durations is observed in agreement with the widely different stress drops and rupture velocities for nearby
events near the Sea of Okhotsk deep earthquake [Zhan et al., 2014] or the low radiation efficiencies observed
in South America [Kanamori et al., 1998; Prieto et al., 2013] or Japan [Nishitsuji and Mori, 2014].

Our analysis is simple and assumes that effects from focal mechanism, rupture directivity, and attenuation
are averaged out by stacking, although we have performed some tests that suggest that at least focal
mechanism and attenuation are not a factor (see Figures S2–S4 in the supporting information). Even if
possible bias is present in the estimates, the relative regional variations of TS in Figure 4 are robust. Further
analysis employing local and regional data set and including lower magnitude earthquakes, or including
dynamic source parameters such as radiated energy, rupture velocity, and seismic efficiency, will provide a
more detailed picture of any localized variation of rupture durations and scaling and possible correlation with
geophysical properties variation in a given slab.
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