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Abstract Intermediate-depth earthquakes (focal depths 70-300 km) are enigmatic with respect to their
nucleation and rupture mechanism and the properties controlling their spatial distribution. Several recent
studies have shown a link between intermediate-depth earthquakes and the thermal-petrological path of
subducting slabs in relation to the stability field of hydrous minerals. Here we investigate whether the
structural characteristics of incoming plates can be correlated with the intermediate-depth seismicity rate.
We quantify the structural characteristics of 17 incoming plates by estimating the maximum fault throw of
bending-related faults. Maximum fault throw exhibits a statistically significant correlation with the
seismicity rate. We suggest that the correlation between fault throw and intermediate-depth seismicity rate
indicates the role of hydration of the incoming plate, with larger faults reflecting increased damage, greater
fluid circulation, and thus more extensive slab hydration.

Plain Language Summary In subduction zones, one tectonic plate plunges beneath another into
the Earth's interior. Some of the earthquakes that occur at subduction zones are unusual due to their
occurrence at depths of 70 to 300 km (intermediate depths), deeper than the expected limit of brittle failure.
In this study, we evaluate whether the faults that form when a plate bends as it enters a subduction zone
can explain the occurrence of these deep earthquakes. Sea water penetrates deep into these faults and forms
new, hydrous minerals, but these new minerals are not stable deeper in the subduction zone. Laboratory
experiments show that breakdown of these hydrous minerals can cause seismicity at depths of 70-300 km
(intermediate depths). Here we examined a set of 17 subduction zone segments around the globe and
found that the seismicity is correlated with the faults that formed due to plate bending. This observation
can be explained if the amount of faulting prior to subduction controls the amount of hydrous mineral
formation, which subsequently determines the intensity and rate of subduction zone-related
intermediate-depth earthquakes.

1. Introduction

Intermediate-depth earthquakes, defined as seismic events at depths of 70-300 km, are a unique feature of
subduction zones, delineating the upper crust and mantle of the subducting slab in what is often referred to
as the Wadati-Benioff zone (Benioff, 1963; Wadati, 1928). The dehydration of hydrous minerals in the sub-
ducted slab is the most commonly invoked mechanism to explain events at these depths, where conditions of
high temperature and pressure should inhibit dynamic fracture or frictional sliding (Green & Houston, 1995;
Hirth & Guillot, 2013; Meade & Jeanloz, 1991; Yamasaki & Seno, 2003). Rheological instabilities in some
hydrous minerals deformed under high pressures (>1 GPa) have been observed experimentally (Ferrand
et al., 2017; Jung et al., 2004, 2009; Okazaki & Hirth, 2016; Proctor & Hirth, 2016; Raleigh & Paterson,
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1965). However, there is still ambiguity regarding the specific mechanism(s) through which hydrous
minerals can generate seismic events. Additionally, there is considerable uncertainty about the degree of
hydration of the incoming plate, particularly for the oceanic upper mantle, which should be largely
anhydrous due to extraction of water during mid-ocean ridge melting (e.g., Hacker, 2008).

Extensional faulting due to plate bending provides a conduit for fluids into the crust and uppermost mantle.
Slab hydration and fluid circulation associated with plate bending-related faults have been observed in seis-
mic and electromagnetic studies (Cai et al., 2018; Grevemeyer et al., 2007; Key et al., 2012; Nedimovi¢ et al.,
2009; Van Avendonk et al., 2011; Worzewski et al., 2011). Numerical models suggest that stress and pressure
changes during slab bending and slab unbending can induce circulation of fluid through the fault zones into
the lithospheric mantle (Faccenda et al., 2009, 2012). Subducting slabs have been inferred to contain a sig-
nificant amount of water, with hydration of the crust and mantle deduced from seismic surveys (Abers,
2000; Cai et al., 2018; Faccenda et al., 2008; Peacock, 1990; Pozgay et al., 2009; Zhao et al., 2007) and from
chemical enrichments observed in arc magmas (e.g., Plank & Langmuir, 1998; Stern, 2002).

This wide range of observations for incoming plate hydration, together with the experimental evidence for
embrittlement of hydrous minerals at high pressures, leads to an expected relationship between incoming
plate bending faults, amount of slab hydration, and intermediate-depth seismicity (Ranero et al., 2005). A
correlation between the hydration state of the incoming plate and the seismicity rate in the subducted slab
has been established regionally (Shillington et al., 2015). However, a previous attempt to find a worldwide
relationship based on the predicted water flux due to mineral dehydration did not find a correlation
(Barcheck et al., 2012). Here we show that incoming plate faults, which may control the extent of hydration
pathways in the subducted slab, correlates globally with the off-trench intermediate-depth earthquakes. We
postulate that the global distribution of intermediate-depth earthquakes is controlled by the extent of fault-
ing and fracturing on the incoming plate, and thus, that hydration is inherited through the brittle deforma-
tion history of the incoming plate.

2. Methods
2.1. Seismicity Rate for Intermediate Depth Earthquakes

In order to quantify the seismic productivity of intermediate-depth earthquakes, we used the International
Seismological Centre (ISC) Bulletin earthquake catalog (http://www.isc.ac.uk). The ISC Bulletin is the most
complete and comprehensive teleseismic earthquake catalog available and includes documentation of
globally recorded earthquake hypocenters, phases, magnitudes, and other pertinent earthquake data (e.g.,
Di Giacomo et al., 2015).

The intermediate-depth events used in this study were chosen based on three criteria: (1) focal depth of
70-300 km, (2) magnitude of m,;, > 4.5, and (3) occurrence between 1964 to 2015. Although the ISC catalog
contains events beginning in 1900, global monitoring of earthquakes for these magnitudes became effective
only in the 1960s. We define the seismicity rate as the number of events normalized by the trench length
(km) and time (year).

We estimated the seismicity rate for 17 subduction zone segments (Figure 1) with trench lengths of
210-1,450 km (Table S1 in the supporting information). For each segment, the increasing focal depth of
intermediate-depth events away from the trench traces the descending slab. Maps of each subduction zone
showing the trench segments are provided in Figure S1 in the supporting information.

2.2. Bending-Related Fault Throw

Slab flexure and the resulting tensional stresses generate normal faulting (e.g., Ludwig et al., 1966; Parsons &
Molnar, 1976; Ranero et al., 2003). The bending-related normal faults, manifested in horst and graben
features, are a common characteristic of subduction zones and can be seen in seismic reflection images
and bathymetric maps up to about 100 km seaward of the trench axis (e.g., Chapple & Forsyth, 1979;
Hilde, 1983).

We quantified the vertical component of fault displacement (i.e., fault throw) in the incoming plate using a
compilation of previously published bathymetry data from seismic reflection imaging and ship-based multi-
beam mapping (Table S2). In regions with sparse or no data for bending fault offset, we used bathymetric
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Figure 1. (left) Global map showing the subduction zone segments used in this paper (segment numbers correspond to
IDs in Table S1). Intermediate-depth earthquakes are delineated by circles colored by the hypocenter depth. (right)
Enlargement of the South-America trench, subdivided into four segments of different seismicity rates.

data from the Global Multi-Resolution Topography (Ryan et al., 2009) accessed with GeoMapApp (http://
www.geomapapp.org/). Topographic profiles orthogonal to both fault strike and the trench were
manually selected and used to calculate the vertical fault throw on distinct seaward facing normal faults
(Figures 2 and S2). We quantified the maximum fault throw (MFT) for each region as a representation of
the regional faulting intensity. Here we focus on MFT calculated as the average of the largest 10% of fault
throw measurements for each region, but we also evaluated MFT based on the largest 5%, 20%, and 30%
of fault throw measurements (Figure S3).

Fault throw represents fault displacement when a small variation in dip angle is assumed. We use it here to
represent fault intensity on the assumption that this provides a proxy for hydration of the incoming plate. We
therefore omit bathymetry related to seamounts and focus on bathymetry related to plate faulting.

-12°

-16° £
Fault throw
~800 m

-20°
AI
-24°

-28°

B Fault throw
-32° - - 80 m B’
-36°

-40°

10 [km]

Figure 2. Bathymetry and incoming plate roughness due to bending faults. (a) The South American coast with intermedi-
ate-depth earthquakes (from Figure 1). The yellow boxes show the locations of the zoomed-in bathymetry images shown
in b and c. (b and c) Bathymetric maps (Global Multi-Resolution Topography) where A-A’ and B-B’ indicate the cross
sections in d and e, respectively, showing the rough central (b) and conversely smooth southern (c) bathymetry off South
America.
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Figure 3. The seismicity rate of intermediate-depth earthquakes against the incoming plate maximum fault throw.
Maximum fault throw error bars are the standard deviation of the averaged 10% fraction of the largest fault throws,
except Java, which is estimated to be 100-500 m by Masson (1991). The error bars for segment 15 are smaller than the
symbol size.

Topographic fault scarps and fault throw estimates have often been used to infer regional stress state,
tectonics, and deformation rates where direct field studies are not possible, such as is in other submarine
environments and planets (Schultz et al., 2006; Wilkins et al., 2002).

3. Results
3.1. Comparison of Incoming Plate Properties With Seismicity Rate

The covariation of the bathymetric expression of faults (as represented by MFT), and the intermediate-depth
seismicity rate for the 17 trench segments, is shown in Figure 3. This correlation suggests a general trend,
where the largest fault throws are associated with an increase in intermediate-depth seismicity. For example,
the bathymetry of Cascadia presents low fault throw values of less than 50 m (Masson, 1991) and no
intermediate-depth earthquakes have been recorded at this subduction zone. On the other hand, the highly
faulted slab at the Tonga trench has the highest seismicity rate of our data set (46.2 - 107> km™" year™").
Regional data show a similar trend. For example, we divided the Nazca plate, which subducts beneath
South America, into four parts according to the bathymetric texture (Figure 1). Along the northern part of
the South America trench, the bathymetry is rough with MFT ~ 800 m, whereas the ocean-floor becomes
smoother toward the south with MFT ~ 80 m (Figure 2). The seismicity rate follows this trend, with higher
seismicity rates corresponding to regions with rougher fault scarps. To test possible variations in the magni-
tude completeness of the ISC seismic catalog, we compared the seismicity rate with a threshold of m;, > 4.5
and threshold of m; > 5.6 (Di Giacomo et al., 2015). We found no significant statistical difference in the
seismicity rate between the two thresholds (Figure S4).

Syracuse et al. (2010) defined several slab properties, and the correlation of these properties with seismicity
rate is shown in Figure 4; slab age (Figure 4a), convergence velocity (Figure 4b), dip angle (Figure 4c), and
thermal parameter (Figure 4d). In contrast to the positive trend between MFT and seismicity rate, none of
these parameters show a clear correlation with intermediate-depth earthquake intensity. In particular, the
thermal parameter (¢) is defined as the product of slab age and convergence velocity perpendicular to the
trench (Kirby et al., 1996), where higher values of ¢ correspond to cooler slabs. This parameter provides a
proxy for slab temperature, assuming that heating of the subducting lithosphere is by conduction (Molnar
et al., 1979). The thermal state of a subduction zone has been assumed to control deep seismicity due to
temperature-dependent mineral breakdowns reactions (Kirby et al., 1991), yet ¢ is not correlated with
seismicity rate (Figure 4d).

3.2. Statistical Significance of the MFT Correlation With Seismicity Rate

We use three different statistical measures to evaluate the correlations between MFT and properties of the
incoming plate (Table S3): (1) the Pearson product-moment correlation coefficient, (2) the Kendall rank
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Figure 4. The seismicity rate of intermediate-depth earthquakes plotted against slab properties from Syracuse et al.
(2010): (a) age, (b) convergence velocity, (c) dip angle, and (d) thermal parameter.

correlation coefficient, and (3) the Spearman rank correlation coefficient. The Pearson's coefficient is used to
explore the linear dependence between two variables. The other two coefficients provide a measure of how
well the relationship between the two variables can be described by a monotonic function. In other words,
they test the extent to which the positive/negative relationship between two variables is systematic without
the necessity of a linear relationship. We also calculated the p-value to test the significance of the
correlations, where p varies between 0 and 1 and a small p-value indicates evidence against the null
hypothesis. In our analyses, the null hypothesis is that no correlation exists between the two variables.

We consider a correlation to be significant when p <« 0.05 and when the correlation coefficients are
higher than ~0.6.

Our analysis reveals high, statistically significant correlations between seismicity rate and MFT for all three
statistical tests (Figure S5). The correlation between seismicity rate and MFT (average of the top 10% of fault
throws) shows values of 0.86, 0.6, and 0.74 for the Pearson, Kendall, and Spearman coefficients, respectively
(Table S3). In contrast, none of the four other parameters (slab age, velocity, dip, and thermal parameter)
show a significant correlation, with coefficients <0.54, 0.21, and 0.32 for the Pearson, Kendall, and
Spearman coefficients, respectively (Figure S4). We also tested different definitions for MFT, using both
higher (20% and 30%) and lower (5%) percentages of the total fault throw to calculate MFT. The correlation
of seismicity rate with MFT is statistically significant for all definitions although using a higher percentage
(20 or 30% of the largest faults throws) results in slightly lower correlations.

The rank correlation coefficients (Kendall and Spearman) give slightly lower correlations than the linear
correlation coefficient (Pearson), because they are less sensitive to extreme values. The high value of the
Pearson coefficient partly stems from the high MFT and seismicity rate values Tonga and South
Peru-North Chile. Nevertheless, the fact that the rank dependence coefficients also show significant correla-
tions supports our finding of a positive relationship between MFT and seismicity rate.

4. Discussion

Our results indicate that bending-related faulting of the incoming plate may have a significant control on the
seismicity rate of intermediate-depth earthquakes. This relationship between shallow incoming plate faults
and intermediate-depth seismicity rate was previously shown for the Nazca and Cocos plates and was inter-
preted as fault reactivation (Ranero et al., 2005). However, Warren et al. (2007, 2008) found that rupture
directivity of intermediate-depth earthquakes was inconsistent with the orientation of outer-rise normal
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faults. Thus, the correlation that we observe may instead be explained by hydration along these faults, with
subsequent embrittlement of the hydrated regions at >70 km, in accordance with nucleation mechanisms
for intermediate-depth earthquakes.

4.1. Fault-Zone Damage Leads to Slab Hydration

Bending faults provide a pathway for fluid circulation and deep hydration within the downgoing plate (Emry
& Wiens, 2015; Grevemeyer et al., 2007; Iyer et al., 2012; Key et al., 2012; Nishikawa & Ide, 2015; Ranero
et al., 2003; Ranero & Sallares, 2004; Tilmann et al., 2008). The damage associated with faulting leads to
channels of increased permeability that allow deep fluid penetration into the oceanic lithosphere (e.g.,
Naif et al., 2015), and these fluids react with the host rock to form hydrous minerals (e.g., Andreani et al.,
2007). The ability of fluids to penetrate and react deep in the lithosphere is governed by properties such as
fracture density, permeability, and porosity, which are enhanced by faulting (Sibson, 2000). Importantly,
these physical properties are expected to evolve through progressive displacement on faults.

Fault displacement and length scaling relationships (Cowie & Scholz, 1992; Schultz et al., 2006) suggest that
for greater fault displacement (and therefore greater fault throw), a larger volume of the incoming plate is
damaged. This provides the potential for enhanced hydration on larger faults, and thus, more hydrous
minerals would then be available at intermediate depths to cause dehydration embrittlement. Gouge thick-
ness (Scholz, 1987) and damage zone (DZ) thickness (Faulkner et al., 2011; Savage & Brodsky, 2011; Shipton
& Cowie, 2001) increase with increased fault displacement. Hence, the ability of fluids to migrate through
the rock is dependent on the DZ structure. Within the core of a fault, the permeability may be low due to
the presence of fault gouge. However, in material adjacent to the fault core, the permeability can be an order
of magnitude higher as a result of cracking in the region known as the DZ (Caine et al., 1996; Evans
et al., 1997).

Mitchell and Faulkner (2012) showed that fracture density, DZ width, and fault displacement control overall
DZ permeability and that fault-related fracturing and permeability scale with fault displacement. The displa-
cement (d) is scaled with the width of damage surrounding the fault (DW):

ad

DW =
b+d

ey

where DW is in meters and a and b are constants with values of 96.25 and 147.16, respectively (Mitchell &
Faulkner, 2012; Savage & Brodsky, 2011) based on regression of fault-zone data (Faulkner et al., 2011).
Cowie and Scholz (1992) showed that the fault length (L) can be scaled with the displacement:

d/L « 0.01 (2

Assuming Andersonian faults with 60° dip, displacement can be estimated from the fault throw. Using
equations (1) and (2), the area of the DZ due to faulting can be estimated:

DZ = L-DW ©)]

where DZ has units of m?. The faults related DZ increases the permeability around the fault and allows fluid
infiltration and subsequent hydration (Reynolds & Lister, 1987; Riipke & Hasenclever, 2017).

For the bending faults in this study, the DZ width, estimated from the fault-throw, shows a quasi-linear rela-
tionship with the seismicity rate (Figure 5). As hydration kinetics are relatively fast (Martin & Fyfe, 1970),
the limiting factor for slab hydration is the supply of water through brittle slab fractures and faults
(Riipke et al., 2013). Although mineral production during hydration reactions has the potential to seal cracks
(e.g., Michibayashi et al., 2008), the reaction also results in a positive volume change that can generate
additional fracturing and permeability (Audet et al., 2009; Jamtveit et al., 2009). The relationship between
mechanical faulting and the extent of plate hydration has been observed in extensional faults at continental
rifts (Pérez-Gussinyé & Reston, 2001), where faults have been found to serve as fluid conduits for hydration.
Bayrakci et al. (2016) used seismic tomography of a continental margin offshore from western Spain to deter-
mine that the volume of serpentine had a linear dependence with the amount of fault displacement, consis-
tent with the linear relationship presented in this study (Figure 5). We conclude that fault displacement
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Figure 5. (left) Seismicity rate plotted against damage-zone width estimated from fault displacements. Data from this study show a similar relationship to the esti-
mated extent of hydration as a function of damage-zone width as determined from seismic data by Bayrakci et al. (2016) for the Iberia rifted margin. (right)
Schematic diagram of a subduction zone, illustrating the relationship between bending faulting, incoming plate hydration, and intermediate-depth seismicity
(modified from Billen, 2009).

controls the overall DZ structure and permeability of the subducted plate and that bending faults function as
conduits for fluid infiltration into the oceanic lithosphere. Therefore, MFT provides a proxy for the extent of
hydration in the slab, which later leads to intermediate-depth seismicity.

4.2. The Effect of Incoming Plate Structure on Intermediate Depth Earthquakes

Previous studies have investigated the relationship between the thermal structure of the slab, dehydration,
and intermediate-depth seismicity (Abers et al., 2013; Hacker et al., 2003; van Keken et al., 2011; Wei et al.,
2017). The premise behind such studies is that dehydration and breakdown of hydrous minerals cause
intermediate-depth seismicity, as the thermo-petrological state of the slab determines when mineral phase
boundaries are crossed, controlling the depth of earthquakes (Gorbatov & Kostoglodov, 1997; Hacker
etal., 2003; Peacock, 2001). Fracturing, elevated fluid pressure, and stress heterogeneities due to dehydration
may all contribute to the nucleation of intermediate-depth earthquakes (Davies, 1999; Ferrand et al., 2017;
Gasc et al., 2017).

The correlation of thermal structure and slab age with intermediate-depth seismicity suggests that the
nucleation mechanism is temperature dependent (Brudzinski et al., 2007). This could be associated with
the specific rheology of the hydrous minerals that have formed due to the brittle-ductile-brittle transitions
characteristic of many hydrous minerals (Brantut et al., 2011; Jung et al., 2009; Proctor & Hirth, 2016;
Raleigh & Paterson, 1965). Alternatively, seismicity may result from dehydration embrittlement and the
related change of fluid pressure and stress heterogeneities (Ferrand et al., 2017; Hirth & Guillot, 2013;
Okazaki & Hirth, 2016). Although the pressure-temperature conditions in the slab are a first-order control
on the release of fluids at intermediate depths, here we find that a mechanical parameter, fault throw, deter-
mines the net availability of fluids and therefore controls the intensity of intermediate-depth seismicity.

5. Conclusions

We show a significant correlation between a global data set of intermediate-depth seismicity rates and the
occurrence of shallow faulting caused by plate bending. Other parameters of the subducted slab such as plate
age, convergence velocity, dip angle, and thermal parameter do not show a statistically significant correla-
tion. Our results suggest that shallow processes associated with bending faults of the incoming plate have
a strong control over intermediate-depth seismicity rate. We propose that the hydration extent of the
subducted slab, estimated from its faulting, exerts a primary control on the prevalence of intermediate-depth
seismicity. Thermo-petrological models that seek to describe intermediate-depth earthquakes through
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mineral phase stability and breakdown of hydrous phases should also account for the extent of hydration
within the slab.

References

Abers, G. A. (2000). Hydrated subducted crust at 100-250 km depth. Earth and Planetary Science Letters, 176(3-4), 323-330.

Abers, G. A., Nakajima, J., van Keken, P. E., Kita, S., & Hacker, B. R. (2013). Thermal-petrological controls on the location of earthquakes
within subducting plates. Earth and Planetary Science Letters, 369, 178-187.

Andreani, M., Mével, C., Boullier, A. M., & Escartin, J. (2007). Dynamic control on serpentine crystallization in veins: Constraints
on hydration processes in oceanic peridotites. Geochemistry, Geophysics, Geosystems, 8, Q02012. https://doi.org/10.1029/2006GC001373

Audet, P., Bostock, M. G., Christensen, N. I., & Peacock, S. M. (2009). Seismic evidence for overpressured subducted oceanic crust and
megathrust fault sealing. Nature, 457(7225), 76.

Barcheck, C. G., Wiens, D. A, van Keken, P. E., & Hacker, B. R. (2012). The relationship of intermediate-and deep-focus seismicity to the
hydration and dehydration of subducting slabs. Earth and Planetary Science Letters, 349, 153-160.

Bayrakci, G., Minshull, T., Sawyer, D., Reston, T. J., Klaeschen, D., Papenberg, C., et al. (2016). Fault-controlled hydration of the upper
mantle during continental rifting. Nature Geoscience, 9(5), 384.

Benioff, H. (1963). Source wave forms of three earthquakes. Bulletin of the Seismological Society of America, 53(5), 893-903.

Billen, M. L. (2009). Tectonics: Soaking slabs. Nature Geoscience, 2(11), 744.

Brantut, N., Schubnel, A., & Guéguen, Y. (2011). Damage and rupture dynamics at the brittle-ductile transition: The case of gypsum.
Journal of Geophysical Research, 116, B01404. https://doi.org/10.1029/2010JB007675

Brudzinski, M. R., Thurber, C. H., Hacker, B. R., & Engdahl, E. R. (2007). Global prevalence of double Benioff zones. Science, 316(5830),
1472-1474.

Cai, C., Wiens, D. A., Shen, W., & Eimer, M. (2018). Water input into the Mariana subduction zone estimated from ocean-bottom seismic
data. Nature, 563(7731), 389.

Caine, J. S., Evans, J. P., & Forster, C. B. (1996). Fault zone architecture and permeability structure. Geology, 24(11), 1025-1028.

Chapple, W. M., & Forsyth, D. W. (1979). Earthquakes and bending of plates at trenches. Journal of Geophysical Research, 84(B12),
6729-6749.

Cowie, P. A., & Scholz, C. H. (1992). Displacement-length scaling relationship for faults: Data synthesis and discussion. Journal of
Structural Geology, 14(10), 1149-1156.

Davies, J. H. (1999). The role of hydraulic fractures and intermediate depth earthquakes in generating subduction zone magmatism.
Nature, 398(6723), 142.

Di Giacomo, D., Bondar, I, Storchak, D. A., Engdahl, E. R., Bormann, P., & Harris, J. (2015). ISC-GEM: Global Instrumental Earthquake
Catalogue (1900-2009), III. Re-computed MS and mb, proxy MW, final magnitude composition and completeness assessment. Physics of
the Earth and Planetary Interiors, 239, 33-47.

Emry, E. L., & Wiens, D. A. (2015). Incoming plate faulting in the Northern and Western Pacific and implications for subduction zone water
budgets. Earth and Planetary Science Letters, 414, 176-186.

Evans, J. P, Forster, C. B., & Goddard, J. V. (1997). Permeability of fault-related rocks, and implications for hydraulic structure of fault
zones. Journal of Structural Geology, 19(11), 1393-1404.

Faccenda, M., Burlini, L., Gerya, T. V., & Mainprice, D. (2008). Fault-induced seismic anisotropy by hydration in subducting oceanic plates.
Nature, 455(7216), 1097.

Faccenda, M., Gerya, T. V., & Burlini, L. (2009). Deep slab hydration induced by bending-related variations in tectonic pressure. Nature
Geoscience, 2(11), 790-793.

Faccenda, M., Gerya, T. V., Mancktelow, N. S., & Moresi, L. (2012). Fluid flow during slab unbending and dehydration: Implications for
intermediate-depth seismicity, slab weakening and deep water recycling. Geochemistry, Geophysics, Geosystems, 13, Q01010. https://doi.
0rg/10.1029/2011GC003860

Faulkner, D., Mitchell, T., Jensen, E., & Cembrano, J. (2011). Scaling of fault damage zones with displacement and the implications for fault
growth processes. Journal of Geophysical Research, 116, B05403. https://doi.org/10.1029/2010JB007788

Ferrand, T. P., Hilairet, N., Incel, S., Deldicque, D., Labrousse, L., Gasc, J., et al. (2017). Dehydration-driven stress transfer triggers inter-
mediate depth earthquakes. Nature Communications, 8, 15247.

Gasc, J., Hilairet, N., Yu, T., Ferrand, T., Schubnel, A., & Wang, Y. (2017). Faulting of natural serpentinite: Implications for intermediate
depth seismicity. Earth and Planetary Science Letters, 474, 138-147.

Gorbatov, A., & Kostoglodov, V. (1997). Maximum depth of seismicity and thermal parameter of the subducting slab: General empirical
relation and its application. Tectonophysics, 277(1-3), 165-187.

Green, H. W., & Houston, H. (1995). The mechanics of deep earthquakes. Annual Review of Earth and Planetary Sciences, 23(1), 169-213.

Grevemeyer, L., Ranero, C. R, Flueh, E. R., Kldschen, D., & Bialas, J. (2007). Passive and active seismological study of bending-related
faulting and mantle serpentinization at the Middle America trench. Earth and Planetary Science Letters, 258(3-4), 528-542.

Hacker, B. R. (2008). H20 subduction beyond arcs. Geochemistry, Geophysics, Geosystems, 9, Q03001. https://doi.org/10.1029/
2007GC001707

Hacker, B. R., Peacock, S. M., Abers, G. A., & Holloway, S. D. (2003). Subduction factory 2. Are intermediate-depth earthquakes in sub-
ducting slabs linked to metamorphic dehydration reactions? Journal of Geophysical Research, 108(B1), 2030. https://doi.org/10.1029/
2001JB001129

Hilde, T. W. (1983). Sediment subduction versus accretion around the Pacific. Tectonophysics, 99(2-4), 381-397.

Hirth, G., & Guillot, S. (2013). Rheology and tectonic significance of serpentinite. Elements, 9(2), 107-113.

Iyer, K., Riipke, L. H., Phipps Morgan, J., & Grevemeyer, I. (2012). Controls of faulting and reaction kinetics on serpentinization and double
Benioff zones. Geochemistry, Geophysics, Geosystems, 13, Q09010. https://doi.org/10.1029/2012GC004304

Jamtveit, B., Putnis, C. V., & Malthe-Serenssen, A. (2009). Reaction induced fracturing during replacement processes. Contributions to
Mineralogy and Petrology, 157(1), 127-133.

Jung, H., Fei, Y., Silver, P. G., & Green, H. W. (2009). Frictional sliding in serpentine at very high pressure. Earth and Planetary Science
Letters, 277(1), 273-279.

Jung, H., Green Ii, H. W., & Dobrzhinetskaya, L. F. (2004). Intermediate depth earthquake faulting by dehydration embrittlement with
negative volume change. Nature, 428(6982), 545-549.

BONEH ET AL.

3695


https://doi.org/10.1029/2006GC001373
https://doi.org/10.1029/2010JB007675
https://doi.org/10.1029/2011GC003860
https://doi.org/10.1029/2011GC003860
https://doi.org/10.1029/2010JB007788
https://doi.org/10.1029/2007GC001707
https://doi.org/10.1029/2007GC001707
https://doi.org/10.1029/2001JB001129
https://doi.org/10.1029/2001JB001129
https://doi.org/10.1029/2012GC004304
http://www.geomapapp.org/
http://www.geomapapp.org/
http://www.marine-geo.org/link/entry.php?id=MGL1204
http://www.marine-geo.org/link/entry.php?id=MGL1204
http://www.marine-geo.org/link/entry.php?id=MGL1204
http://www.isc.ac.uk

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL081585

Key, K., Constable, S., Matsuno, T., Evans, R. L., & Myer, D. (2012). Electromagnetic detection of plate hydration due to bending faults at
the Middle America Trench. Earth and Planetary Science Letters, 351, 45-53.

Kirby, S. H., Durham, W. B., & Stern, L. A. (1991). Mantle phase changes and deep-earthquake faulting in subducting lithosphere. Science,
252(5003), 216-225. https://doi.org/10.1126/science.252.5003.216

Kirby, S. H., Stein, S., Okal, E. A., & Rubie, D. C. (1996). Metastable mantle phase transformations and deep earthquakes in subducting
oceanic lithosphere. Reviews of Geophysics, 34(2), 261-306.

Ludwig, W.J., Ewing, J. I., Ewing, M., Murauchi, S., Den, N., Asano, S., et al. (1966). Sediments and structure of the Japan Trench. Journal
of Geophysical Research, 71(8), 2121-2137.

Martin, B., & Fyfe, W. (1970). Some experimental and theoretical observations on the kinetics of hydration reactions with particular
reference to serpentinization. Chemical Geology, 6, 185-202.

Masson, D. (1991). Fault patterns at outer trench walls. Marine Geophysical Researches, 13(3), 209-225.

Meade, C., & Jeanloz, R. (1991). Deep-focus earthquakes and recycling of water into the Earth's mantle. Science, 252(5002),

68-72.

Michibayashi, K., Hirose, T., Nozaka, T., Harigane, Y., Escartin, J., Delius, H., et al. (2008). Hydration due to high-T brittle failure within in
situ oceanic crust, 30 N Mid-Atlantic Ridge. Earth and Planetary Science Letters, 275(3), 348-354.

Mitchell, T., & Faulkner, D. (2012). Towards quantifying the matrix permeability of fault damage zones in low porosity rocks. Earth and
Planetary Science Letters, 339, 24-31.

Molnar, P., Freedman, D., & Shih, J. S. (1979). Lengths of intermediate and deep seismic zones and temperatures in downgoing slabs of
lithosphere. Geophysical Journal International, 56(1), 41-54.

Naif, S., Key, K., Constable, S., & Evans, R. L. (2015). Water-rich bending faults at the Middle America Trench. Geochemistry, Geophysics,
Geosystems, 16, 2582-2597. https://doi.org/10.1002/2015GC005927

Nedimovi¢, M. R., Bohnenstiehl, D. R., Carbotte, S. M., Canales, J. P., & Dziak, R. P. (2009). Faulting and hydration of the Juan de Fuca
plate system. Earth and Planetary Science Letters, 284(1-2), 94-102.

Nishikawa, T., & Ide, S. (2015). Background seismicity rate at subduction zones linked to slab-bending-related hydration. Geophysical
Research Letters, 42, 7081-7089. https://doi.org/10.1002/2015GL064578

Okazaki, K., & Hirth, G. (2016). Dehydration of lawsonite could directly trigger earthquakes in subducting oceanic crust. Nature, 530(7588),
81-84.

Parsons, B., & Molnar, P. (1976). The origin of outer topographic rises associated with trenches. Geophysical Journal International, 45(3),
707-712.

Peacock, S. A. (1990). Fluid processes in subduction zones. Science, 248(4953), 329-337.

Peacock, S. M. (2001). Are the lower planes of double seismic zones caused by serpentine dehydration in subducting oceanic mantle?
Geology, 29(4), 299-302.

Pérez-Gussinyé, M., & Reston, T. J. (2001). Rheological evolution during extension at nonvolcanic rifted margins: Onset of serpentinization
and development of detachments leading to continental breakup. Journal of Geophysical Research, 106(B3), 3961-3975.

Plank, T., & Langmuir, C. H. (1998). The chemical composition of subducting sediment and its consequences for the crust and mantle.
Chemical Geology, 145(3), 325-394.

Pozgay, S. H., Wiens, D. A., Conder, J. A., Shiobara, H., & Sugioka, H. (2009). Seismic attenuation tomography of the Mariana subduction
system: Implications for thermal structure, volatile distribution, and slow spreading dynamics. Geochemistry, Geophysics, Geosystems, 10,
Q04XO05. https://doi.org/10.1029/2008GC002313

Proctor, B., & Hirth, G. (2016). “Ductile to brittle” transition in thermally stable antigorite gouge at mantle pressures. Journal of Geophysical
Research: Solid Earth, 121, 1652-1663. https://doi.org/10.1002/2015JB012710

Raleigh, C., & Paterson, M. (1965). Experimental deformation of serpentinite and its tectonic implications. Journal of Geophysical Research,
70(16), 3965-3985.

Ranero, C. R., Morgan, J. P., McIntosh, K., & Reichert, C. (2003). Bending-related faulting and mantle serpentinization at the Middle
America trench. Nature, 425(6956), 367.

Ranero, C. R., & Sallares, V. (2004). Geophysical evidence for hydration of the crust and mantle of the Nazca plate during bending at the
north Chile trench. Geology, 32(7), 549-552.

Ranero, C. R., Villasefior, A., Phipps Morgan, J., & Weinrebe, W. (2005). Relationship between bend-faulting at trenches and intermediate-
depth seismicity. Geochemistry, Geophysics, Geosystems, 6, Q12002. https://doi.org/10.1029/2005GC000997

Reynolds, S. J., & Lister, G. S. (1987). Structural aspects of fluid-rock interactions in detachment zones. Geology, 15(4), 362-366.

Riipke, L. H., & Hasenclever, J. (2017). Global rates of mantle serpentinization and H2 production at oceanic transform faults in 3-D
geodynamic models. Geophysical Research Letters, 44, 6726-6734. https://doi.org/10.1002/2017GL072893

Riipke, L. H., Schmid, D. W., Perez-Gussinye, M., & Hartz, E. (2013). Interrelation between rifting, faulting, sedimentation, and mantle
serpentinization during continental margin formation—Including examples from the Norwegian Sea. Geochemistry, Geophysics,
Geosystems, 14, 4351-4369. https://doi.org/10.1002/ggge.20268

Ryan, W. B., Carbotte, S. M., Coplan, J. O., O'Hara, S., Melkonian, A., Arko, R., et al. (2009). Global multi-resolution topography synthesis.
Geochemistry, Geophysics, Geosystems, 10, Q03014. https://doi.org/10.1029/2008GC002332

Savage, H. M., & Brodsky, E. E. (2011). Collateral damage: Evolution with displacement of fracture distribution and secondary fault strands
in fault damage zones. Journal of Geophysical Research, 116, B03405. https://doi.org/10.1029/2010JB007665

Scholz, C. H. (1987). Wear and gouge formation in brittle faulting. Geology, 15(6), 493-495.

Schultz, R. A., Okubo, C. H., & Wilkins, S. J. (2006). Displacement-length scaling relations for faults on the terrestrial planets. Journal of
Structural Geology, 28(12), 2182-2193.

Shillington, D. J., Bécel, A., Nedimovi¢, M. R., Kuehn, H., Webb, S. C., Abers, G. A., et al. (2015). Link between plate fabric, hydration and
subduction zone seismicity in Alaska. Nature Geoscience, 8(12), 961.

Shipton, Z., & Cowie, P. (2001). Damage zone and slip-surface evolution over um to km scales in high-porosity Navajo sandstone, Utah.
Journal of Structural Geology, 23(12), 1825-1844.

Sibson, R. H. (2000). Fluid involvement in normal faulting. Journal of Geodynamics, 29(3-5), 469-499.

Stern, R. J. (2002). Subduction zones. Reviews of Geophysics, 40(4), 1012. https://doi.org/10.1029/2001RG000108

Syracuse, E. M., van Keken, P. E., & Abers, G. A. (2010). The global range of subduction zone thermal models. Physics of the Earth and
Planetary Interiors, 183(1), 73-90.

Tilmann, F.J., Grevemeyer, L., Flueh, E. R., Dahm, T., & Gofiler, J. (2008). Seismicity in the outer rise offshore southern Chile: Indication of
fluid effects in crust and mantle. Earth and Planetary Science Letters, 269(1-2), 41-55.

BONEH ET AL.

3696


https://doi.org/10.1126/science.252.5003.216
https://doi.org/10.1002/2015GC005927
https://doi.org/10.1002/2015GL064578
https://doi.org/10.1029/2008GC002313
https://doi.org/10.1002/2015JB012710
https://doi.org/10.1029/2005GC000997
https://doi.org/10.1002/2017GL072893
https://doi.org/10.1002/ggge.20268
https://doi.org/10.1029/2008GC002332
https://doi.org/10.1029/2010JB007665
https://doi.org/10.1029/2001RG000108

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL081585

Van Avendonk, H. J., Holbrook, W. S., Lizarralde, D., & Denyer, P. (2011). Structure and serpentinization of the subducting Cocos plate
offshore Nicaragua and Costa Rica. Geochemistry, Geophysics, Geosystems, 12, Q06009. https://doi.org/10.1029/2011GC003592

van Keken, P. E., Hacker, B. R., Syracuse, E. M., & Abers, G. A. (2011). Subduction factory: 4. Depth-dependent flux of H20 from sub-
ducting slabs worldwide. Journal of Geophysical Research, 116, B01401. https://doi.org/10.1029/2010JB007922

Wadati, K. (1928). Shallow and deep earthquakes. Geophysical Magazine, 1, 162-202.

Warren, L. M., Hughes, A. N., & Silver, P. G. (2007). Earthquake mechanics and deformation in the Tonga-Kermadec subduction zone from
fault plane orientations of intermediate- and deep-focus earthquakes. Journal of Geophysical Research, 112, B05314. https://doi.org/
10.1029/2006JB004677

Warren, L. M., Langstaff, M. A., & Silver, P. G. (2008). Fault plane orientations of intermediate-depth earthquakes in the Middle America
Trench. Journal of Geophysical Research, 113, B01304. https://doi.org/10.1029/2007JB005028

Wei, S. S., Wiens, D. A., van Keken, P. E., & Cai, C. (2017). Slab temperature controls on the Tonga double seismic zone and slab mantle
dehydration. Science Advances, 3(1), €1601755. https://doi.org/10.1126/sciadv.1601755

Wilkins, S. J., Schultz, R. A., Anderson, R. C., Dohm, J. M., & Dawers, N. H. (2002). Deformation rates from faulting at the Tempe Terra
extensional province, Mars. Geophysical Research Letters, 29(18), 1884. https://doi.org/10.1029/2002GL015391

Worzewski, T., Jegen, M., Kopp, H., Brasse, H., & Castillo, W. T. (2011). Magnetotelluric image of the fluid cycle in the Costa Rican sub-
duction zone. Nature Geoscience, 4(2), 108.

Yamasaki, T., & Seno, T. (2003). Double seismic zone and dehydration embrittlement of the subducting slab. Journal of Geophysical
Research, 108(B4), 2212. https://doi.org/10.1029/2002JB001918

Zhao, D., Wang, Z., Umino, N., & Hasegawa, A. (2007). Tomographic imaging outside a seismic network: Application to the northeast
Japan arc. Bulletin of the Seismological Society of America, 97(4), 1121-1132.

References From the Supporting Information

Bilek, S. L., Schwartz, S. Y., & DeShon, H. R. (2003). Control of seafloor roughness on earthquake rupture behavior. Geology, 31(5), 455-458.

Billen, M. L, & Gurnis, M. (2005). Constraints on subducting plate strength within the Kermadec trench. Journal of Geophysical Research,
110, B05407. https://doi.org/10.1029/2004JB003308

Bondar, 1., Engdahl, E. R., Villasefior, A., Harris, J., & Storchak, D. (2015). ISC-GEM: Global instrumental earthquake catalogue (1900
2009), I1. Location and seismicity patterns. Physics of the Earth and Planetary Interiors, 239, 2-13.

Bondar, I., & Storchak, D. (2011). Improved location procedures at the International Seismological Centre. Geophysical Journal
International, 186(3), 1220-1244.

Boston, B., Moore, G. F., Nakamura, Y., & Kodaira, S. (2014). Outer-rise normal fault development and influence on near-trench
décollement propagation along the Japan Trench, off Tohoku. Earth, Planets and Space, 66(1), 135.

Bouchon, M., Marsan, D., Durand, V., Campillo, M., Perfettini, H., Madariaga, R., & Gardonio, B. (2016). Potential slab deformation and
plunge prior to the Tohoku, Iquique and Maule earthquakes. Nature Geoscience, 9(5), 380.

Faccenna, C., Holt, A. F., Becker, T. W., Lallemand, S., & Royden, L. H. (2018). Dynamics of the Ryukyu/Izu-Bonin-Marianas double
subduction system. Tectonophysics, 746, 229-238.

Han, S., Carbotte, S. M., Canales, J. P., Nedimovi¢, M. R., Carton, H., Gibson, J. C., & Horning, G. W. (2016). Seismic reflection imaging of
the Juan de Fuca plate from ridge to trench: New constraints on the distribution of faulting and evolution of the crust prior to sub-
duction. Journal of Geophysical Research: Solid Earth, 121, 1849-1872. https://doi.org/10.1002/2015JB012416

International Seismological Centre (2015). On-line Bulletin.

Kimura, G., Hashimoto, Y., Kitamura, Y., Yamaguchi, A., & Koge, H. (2014). Middle Miocene swift migration of the TTT triple junction and
rapid crustal growth in southwest Japan: A review. Tectonics, 33, 1219-1238. https://doi.org/10.1002/2014TC003531

Massell, C. G. (2002). Large-scale structural variation of trench outer slopes and rises.

Miller, M. S., Gorbatov, A., & Kennett, B. L. N. (2005). Heterogeneity within the subducting Pacific slab beneath the Izu-Bonin-Mariana
arc: Evidence from tomography using 3D ray tracing inversion techniques. Earth and Planetary Science Letters, 235(1-2), 331-342.

Nakamura, Y., Kodaira, S., Cook, B. J., Jeppson, T., Kasaya, T., Yamamoto, Y., et al. (2014). Seismic imaging and velocity structure
around the JFAST drill site in the Japan Trench: Low V p, high V p/V s in the transparent frontal prism. Earth, Planets and Space,
66(1), 121.

Naliboff, J. B., Billen, M. L, Gerya, T., & Saunders, J. (2013). Dynamics of outer-rise faulting in oceanic-continental subduction systems.
Geochemistry, Geophysics, Geosystems, 14, 2310-2327. https://doi.org/10.1002/ggge.20155

Uyeda, S., & Ben-Avraham, Z. (1972). Origin and development of the Philippine Sea. Nature Physical Science, 240(104), 176.

Van der Hilst, R., Widiyantoro, S., & Engdahl, E. (1997). Evidence for deep mantle circulation from global tomography. Nature, 386(6625),
578.

Zhou, Z., Lin, J., Behn, M. D., & Olive, J. A. (2015). Mechanism for normal faulting in the subducting plate at the Mariana Trench.
Geophysical Research Letters, 42, 4309-4317. https://doi.org/10.1002/2015GL063917

BONEH ET AL.

3697


https://doi.org/10.1029/2011GC003592
https://doi.org/10.1029/2010JB007922
https://doi.org/10.1029/2006JB004677
https://doi.org/10.1029/2006JB004677
https://doi.org/10.1029/2007JB005028
https://doi.org/10.1126/sciadv.1601755
https://doi.org/10.1029/2002GL015391
https://doi.org/10.1029/2002JB001918
https://doi.org/10.1029/2004JB003308
https://doi.org/10.1002/2015JB012416
https://doi.org/10.1002/2014TC003531
https://doi.org/10.1002/ggge.20155
https://doi.org/10.1002/2015GL063917


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


