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Abstract 

More than a decade after the discovery of deep episodic slow slip and tremor, or slow 

earthquakes, at subduction zones, much research has been carried out to investigate the structural 

and seismic properties of the environment in which they occur. Slow earthquakes generally occur 

on the megathrust fault some distance downdip of the great earthquake seismogenic zone in the 

vicinity of the mantle wedge corner, where three major structural elements are in contact: the 

subducting oceanic crust, the overriding forearc crust and the continental mantle. In this region, 

thermo-petrological models predict significant fluid production from the dehydrating oceanic 

crust and mantle due to prograde metamorphic reactions, and their consumption by hydrating the 

mantle wedge. These fluids are expected to affect the dynamic stability of the megathrust fault 

and enable slow slip by increasing pore-fluid pressure and/or reducing friction in fault gouges. 

Resolving the fine-scale structure of the deep megathrust fault and the in situ distribution of 

fluids where slow earthquakes occur is challenging, and most advances have been made using 
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teleseismic scattering techniques (e.g., receiver functions). In this paper we review the 

teleseismic structure of six well-studied subduction zones (three hot, i.e., Cascadia, southwest 

Japan, central Mexico, and three cool, i.e., Costa Rica, Alaska, and Hikurangi) that exhibit slow 

earthquake processes and discuss the evidence of structural and geological controls on the slow 

earthquake behavior. We conclude that changes in the mechanical properties of geological 

materials downdip of the seismogenic zone play a dominant role in controlling slow earthquake 

behavior, and that near-lithostatic pore-fluid pressures near the megathrust fault may be a 

necessary but insufficient condition for their occurrence. 

 

Keywords  

Subduction zone, Teleseismic and geologic structure, Slow earthquakes 

 

1. Introduction 

Subduction zone great earthquakes (with moment magnitude Mw>8) are generated by rupture of 

the megathrust fault within the so-called “seismogenic zone”. There are many ways of 

determining the seismogenic zone based on a variety of indicators. In a static association with 

physical properties, the seismogenic zone is the portion of the fault that behaves in a brittle 

fashion. The depth to a specific geotherm commonly dictates the extent of the zone beyond which 

rocks deform by thermally activated creep processes (e.g., Handy et al., 2007). The strength of 

the brittle zone depends on the coefficient of friction on the fault and the pore-fluid pressure 

around the fault zone. Dynamically, the seismogenic zone is associated with the “locked” portion 

of the plate boundary fault as constrained by GPS and other geodetic data and coincides with the 

unstable slip region of fault rupture under rate and state friction (e.g., Lay et al., 2012). The 

extent of the seismogenic zone and the transition from unstable to stable slip depends on material 

https://www.researchgate.net/publication/288846487_Tectonic_faults_agents_of_change_on_a_dynamic_Earth?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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properties and pore-fluid pressure around the fault surface (e.g., Scholz, 1998). Knowledge of the 

extent, geometry and material properties of the megathrust fault zone is therefore crucial to 

constrain the static and dynamic conditions under which large potentially damaging subduction 

zone earthquakes occur.  

The megathrust fault remains largely inaccessible to direct sampling, except for exhumed 

ancient subduction thrust faults (e.g., Angiboust et al., 2015; Meneghini et al., 2010) and rare 

instances of direct drilling into the upper part of the subduction thrust (e.g., Chester et al., 2013). 

We therefore generally rely on indirect measurements to constrain its structure and physical 

properties via remote geophysical methods. Recent large-scale, high-density seismic array data 

have been very successfully in imaging the seismic structure of the subduction zone forearc, such 

as the megathrust fault zone, oceanic Moho, upper plate Moho, etc. using receiver functions. 

Detailed images from three-dimensional regional seismic tomography and interface reflection 

structure models also provide additional constraints on subduction zone properties.  

In recent years our view of the seismogenic zone has been improved by the discovery of 

widespread episodic slow slip events that occur downdip of the seismogenic zone. Slow slip 

events (sometimes referred to as slow earthquakes) had been recognized for some time in the 

literature using strainmeters (Linde et al., 1996) and seismometers (e.g., Kanamori and Stewart, 

1979), although their importance and locations only became apparent when networks of GPS 

stations started recording and documenting their widespread occurrence. Associated with slow 

slip, a new source of seismic energy (called non-volcanic tremor) in the forearc was discovered 

by Obara (2002) off southwest Japan, which appeared as coherent noise propagating across 

arrays of seismograph stations. Rogers and Dragert (2003) then found similar signals in the 

forearc of the Cascadia subduction zone that occurred concurrently with slow slip events and 

both phenomena recurred episodically, which led to the term “Episodic Tremor and Slip”, or 

https://www.researchgate.net/publication/236616896_A_slow_earthquake_sequence_on_the_San_Andreas_Fault?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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ETS. Although initial studies focused on subduction zones where young and warm plates are 

being subducted beneath a continental margin, episodic slow slip and/or tremor events were later 

recognized in various other subduction zones, in the shallow part of the megathrust fault near the 

trench (Saffer and Wallace, 2015, and references therein) as well as in the deeper parts of strike-

slip faults (e.g., Nadeau and Dolenc, 2005). In this paper we refer to episodic slow fault rupture 

events (with either or both documented slow slip and tremor) as slow earthquakes, and focus on 

the main deep subduction zone slow earthquakes, i.e. those that happen at depths of 30 to 45 km 

usually along a large extent of the subduction zone.  

These slow earthquakes display important characteristics that provide a deeper 

understanding of fault zone properties and dynamics. Slow slip events and tremor can be 

correlated both temporally and spatially (e.g., Cascadia and Japan, Bartlow et al., 2011; Hirose 

and Obara, 2010), or temporally only (e.g., Hikurangi, Yabe et al., 2014). It is possible to have 

observed slow slip without detectable tremor, and perhaps observed tremor without detectable 

slow slip (however, see Frank et al., 2015). Both deep slow slip and tremor generally occur near 

but downdip of the brittle-ductile transition, approximately coinciding with the transition from 

unstable to stable sliding in a region of conditional stability (e.g., Scholz, 1998; Fig. 1), although 

there may be a gap between the slow earthquake source region and the seismogenic zone in some 

cases (Hyndman et al., 2015). Their occurrence may be induced by fluid flow and fluid processes 

at the plate interface and within the overlying plate (Rubinstein et al., 2010, and references 

therein). Low frequency earthquakes (LFEs) have also been observed in coincidence with the 

slow slip and tremor in subduction zones, with focal mechanism and location consistent with 

interplate slip (Shelly et al. 2006, 2007). Recent seismic and numerical modeling results point to 

the contribution of elevated fluid pressure near the plate interface (Audet et al., 2009; Kodaira et 

al., 2004; Liu and Rice, 2007; Song et al., 2009). These findings are consistent with thermo-

https://www.researchgate.net/publication/252622165_Low_Frequency_Earthquake_Swarms_and_Non-Volcanic_Tremor_under_Shikoku_Japan?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/38412910_Spontaneous_and_Triggered_Aseismic_Deformation_Transients_in_a_Subduction_Fault_Model?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/276571816_Cascadia_Subducting_Plate_Fluids_Channelled_to_Forearc_Mantle_Corner_ETS_and_Silica_Deposition?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/8540853_High_pore_fluid_pressure_may_cause_silent_slip_in_the_Nankai_Trough_Science_304?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/8540853_High_pore_fluid_pressure_may_cause_silent_slip_in_the_Nankai_Trough_Science_304?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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petrological models that predict significant fluid production in the vicinity of the slow earthquake 

source region from dehydration of the subducting oceanic crust (Hyndman and Peacock, 2003). 

Nevertheless, the variety of thermal and petrologic conditions across different subduction zones 

precludes a simple relation between slow earthquakes and the thermal state or dehydration stages 

in the subducting plate in which they occur (Peacock, 2009). 

Several reviews on the observations of slow earthquakes have been published recently 

(Beroza and Ide, 2011; Gomberg et al., 2010; Rubinstein et al., 2010; Schwartz and Rokowski, 

2007). In this review we focus on the structural and geological environment in which slow 

earthquakes occur as inferred primarily from teleseismic studies. In particular we examine 

structural properties of the slow earthquake source region at six well-studied subduction zones: 

Cascadia, Nankai, Mexico, Costa Rica, Alaska, and Hikurangi (Fig. 2). The first three are 

considered as “hot” subduction zones, i.e., for which the seismogenic zone is thermally controlled 

downdip before the mantle wedge corner, and the other three are cooler. We first define the 

forearc structural elements and describe their seismic properties based on thermo-petrological 

models of metamorphism. We then focus on subduction zone structure inferred from teleseismic 

scattering techniques and high-resolution tomographic studies for the six subduction zones. 

Lastly we discuss the controls that structure may have on slow earthquake behaviour. 

 

2. Seismic structure of the subduction zone forearc  

Slow earthquakes in subduction zones generally occur at and near the interface between the 

subducting slab and the overlying crust and mantle wedge (Fig. 1). The slab-mantle interface 

downdip of the forearc mantle corner is composed of some combination of heterogeneously 

deformed oceanic crust and sedimentary cover juxtaposed with hydrated and metasomatized 

materials. Recent receiver function studies of the slab-mantle interface have identified zones of 

https://www.researchgate.net/publication/222541385_Serpentinization_of_the_forearc_mantle_Earth_Planet?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/248805034_Thermal_and_metamorphic_environment_of_subduction_zone_episodic_tremor_and_slip_J_Geophys_Res_114B00A07?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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low seismic velocity and high P-to-S velocity ratio (Vp/Vs) at or near the top of the subducting 

lithosphere. Abers et al. (2005) reported a 2-8 km thick, low-velocity channel at the top of the 

downgoing plate at various subduction regions, that has up to 14% slower P-wave velocity (Vp) 

at depths less than 150 km. These low-velocity features also extend updip where the slab is 

juxtaposed to continental crust and have been interpreted as extensively hydrated assemblages in 

the subducting lithosphere (Abers, 2005; Bostock, 2013). Such hydrated materials can promote 

aseismic behavior at depths greater than the forearc mantle corner (Peacock and Hyndman, 

1999). 

There are two sources of fluids in subduction forearcs: evolved pore waters as the pore 

structure collapses and metamorphic dehydration reactions with increasing temperature and 

pressure, the latter likely being more important at the depths of slow earthquakes (e.g., Peacock et 

al., 2011). The thermal structure of the subducting slab is therefore the main control on the 

production of metamorphic fluids. Fig. 3 shows the pressure-temperature (P-T) of the subducted 

oceanic crust for the six subduction zones, from Syracuse et al. (2010), superimposed on 

metamorphic dehydration reactions of the subducted oceanic crust from Peacock and Wang 

(1999). We selected the P-T paths calculated for the case where the mechanical decoupling 

between the slab and the overriding plate occurs where slab temperature reaches 550°C (see also 

Wada et al., 2008). These curves were obtained for subduction zone segments that may not 

reflect local conditions such as a lateral change in temperature regime along strike (e.g., Costa 

Rica, Hikurangi and Alaska). The main dehydration reaction is from hydrated meta-basalts to the 

lower water content minerals of the eclogite field, which is accompanied by a large volume 

reduction and increase in rock density. Eclogite is also characterized by the highest seismic 

velocities among crustal rocks, similar to olivine-rich dunite (Christensen, 1996). An abrupt 

increase in the seismic velocity of subducting oceanic crust is taken to indicate the onset of 

https://www.researchgate.net/publication/280825570_Hydrous_minerals_in_the_mantle_wedge_and_the_maximum_depth_of_subduction_thrust_earthquakes?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/280825570_Hydrous_minerals_in_the_mantle_wedge_and_the_maximum_depth_of_subduction_thrust_earthquakes?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/248804583_Weakening_of_the_subduction_interface_and_its_effects_on_surface_heat_flow_slab_dehydration_and_mantle_wedge_serpentinization?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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eclogitization (Bostock et al., 2002; Rondenay et al., 2008), and the locus of peak fluid 

production. For Cascadia, Hyndman and Peacock (2003) calculated a fluid production of ~10-4 

m3/(m2 yr) from the dehydration of the oceanic crust at 35 km depth near the slow earthquake 

source region, and a similar amount is expected from the dehydration of partially serpentinized 

uppermost mantle (Peacock et al., 2011), which amounts to about one teacup per square meter 

per year. 

This fluid may: 1) remain trapped in the pore space of the dehydrating material, inducing 

high pore-fluid pressures, or 2) be transported into the overlying depleted peridotitic mantle 

wedge to produce serpentinite, mainly antigorite and lizardite, with some talc (Bostock et al., 

2002; Hyndman and Peacock, 2003). Rocks with elevated pore-fluid pressures are characterized 

by high Vp/Vs values (which can also be expressed as high Poisson’s ratios), much higher than 

rocks at dry conditions (Christensen, 1984). Fig. 4a shows Vp/Vs values measured in the 

laboratory at 1 GPa for various dry igneous and metamorphic rocks that are expected in a shallow 

(<45 km) subduction environment. Among these, lizardite has the highest Vp/Vs (2.1); most other 

rock types have Vp/Vs varying between 1.75 and 1.85. Fig. 4b shows laboratory measurements of 

Vp/Vs on a granite sample as a function of increasing confining pressure and pore-fluid pressure. 

These results show that elevated Vp/Vs values are obtained for rocks characterized by very high 

pore-fluid pressure, independent of confining pressure. Fluid transport into the mantle wedge and 

the production of serpentinites also strongly affects seismic velocities. These metamorphic rocks 

have seismic velocities significantly lower than the peridotite protolith (δVs ≈ -2 km/s) or similar 

to mafic lower crustal rocks (δVs ≈ 1 km/s). Low inferred seismic velocities in the mantle wedge  

thus indicate serpentinite-rich material. Most of these minerals are also highly anisotropic, which 

complicates interpretation of isotropic velocity models but can provide important additional 

https://www.researchgate.net/publication/252073842_Seismic_imaging_of_subduction_zone_metamorphism_Geology?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/222541385_Serpentinization_of_the_forearc_mantle_Earth_Planet?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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information on specific mineral abundances (e.g., Nikulin et al., 2009; Piana Agostinetti and 

Miller, 2014; Song and Kim, 2012).  

Constraining the quantity of H2O from downdip changes in seismic velocities of 

subducting material is therefore an important goal in studies of slow earthquake processes. In the 

following section we provide an overview of the constraints on the geologic environment of 

subduction zone forearcs from teleseismic scattering techniques that have been extensively 

studied in this regard. We note that teleseismic scattering data (i.e., receiver functions) are mainly 

sensitive to shear-wave impedance contrasts and velocity ratios; absolute velocities are more 

difficult to constrain.  

 

3. Global survey 

3.1 Cascadia 

The Cascadia subduction zone extends from northern California in the south to northern 

Vancouver Island in the north where the Juan de Fuca plate subducts beneath the North American 

plate; here we mainly focus on its northern extent (Fig. 5a). The forearc of the Cascadia 

subduction zone has been extensively studied from active and passive source surveys (e.g., 

Clowes et al., 1987; Green et al., 1986; Soyer and Unsworth, 2006). Bostock (2013) provides a 

recent review of the structural elements as determined from teleseismic receiver function and 

other geophysical studies. Here we focus on structures in the vicinity of the slow earthquake 

source region. 

 The first studies of subduction zone structure from teleseismic receiver functions were 

carried out by Langston (1977, 1981) using a few broadband seismic stations in Oregon and 

British Columbia. Langston (1981) inferred the presence of a low-velocity zone that he 

interpreted as the crust of the subducting oceanic plate. Cassidy and Ellis (1993) corroborated 

https://www.researchgate.net/publication/281994103_Corvallis_Oregon_crustal_and_upper_mantle_structure_from_teleseismic_P_and_S_waves?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/251429601_Receiver_function_study_of_the_Cascadia_megathrust_Evidence_for_localized_serpentinization?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/237173433_LITHOPROBE-southern_Vancouver_Island_Cenozoic_subduction_complex_imaged_by_deep_seismic_reflections_Reply?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/32015050_Seismic_reflection_imaging_of_the_Juan_de_Fuca_plate?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/241142398_Deep_electrical_structure_of_the_northern_Cascadia_British_Columbia_Canada_subduction_zone_Implications_for_the_distribution_of_fluids?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/267511126_The_fate_of_the_downgoing_oceanic_plate_Insight_from_the_Northern_Cascadia_subduction_zone?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/267511126_The_fate_of_the_downgoing_oceanic_plate_Insight_from_the_Northern_Cascadia_subduction_zone?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/241213621_Evidence_for_the_subducting_lithosphere_under_Southern_Vancouver_Island_and_Western_Oregon_from_teleseismic_P_wave_conversions?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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these results using stations on northern Vancouver Island. The most significant breakthrough 

happened with the deployment of the temporary IRIS-PASSCAL CASC93 seismic network in 

central Oregon that delivered high-resolution images of deep subduction zone structure (Nabelek 

et al., 1996; Rondenay et al., 2001). These and more recent data from profiles across the 

subduction zone (Abers et al., 2009; Nicholson et al., 2005) reveal the continuity of the low-

velocity zone inferred by Langston (1981) extending from the coast to approximately the 

intersection of the subducting plate with the continental Moho, below which the signals become 

difficult to trace.  

 There are three main features in the seismic images of particular interest for this review. 

First, the ~4±1 km-thick low-velocity zone appears to be sandwiched between two higher 

velocity layers (Fig. 5b), implying that the inferred oceanic crust is characterized by S-wave 

velocities (Vs) that are low compared to both the underlying layer (representing either the mafic 

gabbroic part of the oceanic crust or the upper mantle of the subducting plate) and the overlying 

material (presumably gabbroic basement of the continental crust). Second, the signature of the 

low-velocity zone disappears at approximately 45 km depth (Fig. 5b), coincident with the peak of 

hydrated meta-basalt to eclogite reaction inferred from P-T paths of the oceanic crust based on 

thermal modeling (Peacock, 2009). As stated in Section 2, the transformation of hydrated meta-

basalts to eclogite increases the seismic velocities of the downgoing layer, which are similar to 

the surrounding mantle. This interpretation implies that free fluids are abundant at the mantle 

wedge corner of the subduction zone. Third, the absence of a seismically-observed continental 

Moho near the mantle-wedge corner (Fig. 5b) is interpreted as pervasive serpentinization of the 

forearc mantle wedge (mainly antigorite). These findings are consistent with electrical resistivity 

studies in the forearc of Cascadia (McGary et al., 2014; Soyer and Unsworth, 2006) and point to 
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significant fluid circulation and storage in the subduction zone forearc (e.g., Rondenay et al., 

2008; Nikulin et al., 2009). 

 The northern Cascadia subduction zone is where aseismic slow slip was discovered by 

Dragert et al. (2001) and Miller et al. (2002) using GPS data. Rogers and Dragert (2003) 

characterized the recurrence of aseismic slow slip in conjunction with non-volcanic tremor 

beneath southern Vancouver Island that firmly established the presence of slow episodic 

megathrust fault rupture downdip of the seismogenic zone. These so-called episodic tremor and 

slip (ETS) events were later found to occur all along Cascadia (Brudzinski and Allen, 2007) from 

the mapping of either or both slow slip and tremor (e.g., Kao et al., 2008; Szeliga et al., 2008; 

Wech et al., 2009). At the time the lack of precise tremor hypocenters fuelled the debate 

regarding the nature of the tremor signal, whether it was occurring within the overriding plate as 

the slow slip was progressing and changing the stress field to generate hydraulic fracturing (Kao 

et al., 2005; Rogers and Dragert, 2003), or via direct shear slip on the plate interface during slow 

slip (Shelly et al., 2006, 2007). Low Frequency earthquakes (LFE) families that form at least part 

of the tremor during slow slip have now been found all along the Cascadia margin (Plourde et al., 

2015; Royer and Bostock, 2014; Thomas and Bostock, 2015) and are consistent with shear slip 

on the plate interface (see also Rubin and Armbruster, 2013; Armbruster et al., 2014, for tremor 

locations). Interestingly, the location of LFE epicenters and inferred slow slip regions appears to 

coincide with the low-velocity signature inferred to be the downgoing oceanic crust (e.g., Audet 

et al., 2010; Bostock et al., 2012, Fig. 5b), suggesting that ETS may be related to deep fluid 

generation. Using teleseismic receiver functions, Audet et al. (2009) and Hansen et al. (2012) 

resolved an extremely high Vp/Vs (2.35±0.1) within the downgoing low-velocity zone around the 

slow earthquake source region (Fig. 4a, inset), interpreted as near-lithostatic pore-fluid pressure 

based on rock physical properties measured in the laboratory (Christensen, 1984, 1996). The 
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updip edge of the main ETS zone also appears to be located approximately 70 km downdip of the 

seismogenic zone and around the mantle wedge corner (Hyndman et al., 2015), which suggests 

that fluids rising above the forearc mantle corner and along the plate interface may be responsible 

for ETS. 

 

3.2 Southwest Japan 

In southwest Japan the young and warm Philippine Sea plate subducts beneath the Eurasian plate 

(Fig. 6a). Following the 1995 Kobe earthquake, the National Research Institute for Earth 

Sciences and Disaster Prevention established the high-sensitivity seismograph network (Hi-net), 

composed of 600 borehole seismic stations in Japan. These high-quality data allowed the 

cataloguing of LFEs by the Japan Meteorological Agency since 1999. In a milestone study, 

Obara (2002) studied high-frequency (1-8 Hz) continuous data temporally linked with the LFEs 

and discovered deep, long duration and long period tremor occurring along a narrow band of 

seismicity following the 35 to 40 km plate interface contour and near the intersection of the 

Philippine Sea plate with the mantle wedge corner, suggesting a link with the slab dehydration 

processes as discussed earlier. Since this discovery, several slow earthquake locations in 

southwest Japan have been described, each with its own frequency content, duration, recurrence 

interval and hypocentral location, some shallower than the main band of ETS. Obara (2011) 

provided a recent review of these various processes as well as their mutual interactions.  

 The high quality and density of seismic instrumentation in Japan have allowed detailed 

seismic velocity models. Particularly relevant for this review, Kodaira et al. (2004) provided a 

seismic tomographic velocity image showing a link between episodic slow slip and a dipping 

zone with high Poisson’s ratio, exceeding 0.34 (Vp/Vs of ~2.1), interpreted as the subducting 

oceanic crust of the Philippine Sea plate at the northeast end of the Nankai trough with high pore-
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fluid pressure. Shelly et al. (2006) used LFEs within tremor in Shikoku in a tomographic 

inversion and confirmed the spatial correspondence between deep tremor and the zone of inferred 

high pore-fluid pressure (Vp/Vs ~1.9-1.95). Using receiver functions, Shiomi and Park (2008) 

determined the azimuth, dip angle and depth of the slab Moho beneath the Kii Peninsula, and 

found that the dip angle of the slab Moho becomes steeper downdip of the tremor source region, 

which they interpreted as a consequence of dehydration and transformation from basalt to high 

density eclogite within the subducting oceanic crust. Kato et al. (2010) used linear seismic array 

data along the onshore profile of Kodaira et al. (2004) (Fig. 6a), and provided a strong spatial 

correlation between the occurrence of the slow-slip event and LFEs, and zones of high-pressure 

fluids near the plate interface. Tremors appear to occur along the slab-mantle interface above the 

zone with moderately high Vp/Vs (~1.85) (Figs. 4a, inset, and 6b; Kato et al., 2010).  Kitajima 

and Saffer (2012) reported inferred excess pore pressures (17-89 MPa) and low effective stresses 

in the region offshore Kii Peninsula where LFEs have been identified (Ito and Obara, 2006), 

which supports the direct link between LFEs and low effective stress and high pore pressure. 

 

3.3 Central Mexico 

On the west coast of central Mexico the Cocos plate is subducting beneath the North American 

plate along the Middle America Trench from the Tehuantepec Ridge in the southeast to the 

junction with the oceanic Rivera plate toward the northwest (Fig. 7a). Recent geophysical 

observations in central Mexico from dense seismic and GPS network data show that: 1) the plate 

interface dip shallows to nearly horizontal 150-300 km from the trench at a depth of ∼45 km 

(Fig. 7b; Kim et al., 2010, 2012; Perez-Campos et al., 2008); and 2) from the geodetic data there 

is almost no tectonic or interseismic coupling between the two plates along the flat slab portion 

(Larson et al., 2004).  
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Aseismic slow slip events along the Mexican subduction zone were discovered shortly 

after Cascadia (Lowry et al., 2001); the results highlighted differences in slip duration and 

estimated seismic moment (Kostoglodov et al., 2003). Subsequent studies showed a variety of 

slow slip behavior, in particular long-term (~1 year) slow-slip events (Kostoglodov et al., 2010; 

Larson et al., 2007; Vergnolle et al., 2010; Radiguet et al., 2011) and non-volcanic tremors and 

LFEs (Frank et al., 2013, 2014; Husker et al., 2012; Payero et al., 2008) at a depth of 40-45 km 

near the plate interface (Fig. 7b, colored points). The greatest concentration of slow-slip 

displacement has been located just downdip of the seismogenic zone, based on thermal models 

(Fig. 7b, thick yellow line; Kostoglodov et al., 2010). Non-volcanic tremors occur in two distinct 

regions above the flat slab (Fig. 7b; Frank et al., 2014). Some tremors are triggered by transient 

stresses induced by teleseismic earthquakes and occur with the slow-slip events at or near the 

region where the slab geometry turns flat (Frank et al., 2013, 2014). Approximately 50 km farther 

downdip, the tremors occur more or less continuously, and are observed over a relatively shorter 

time period (several days) (Frank et al., 2013, 2014).  

The low Vs layer (denoted as “ultra-slow velocity layer” (USL) by Song et al., 2009) atop 

the subducted Cocos crust appears to be in direct contact with overlying continental crust 

material (Kim et al., 2010, 2012; Perez-Campos et al., 2008), and the seismic velocity variations 

along the plate interface outline the seaward (updip) and landward (downdip) limits of the 

seismogenic zone (Song and Kim, 2012). The updip region near the Pacific coast shows a smaller 

Vs contrast at the base of the overlying crust in the strongly-coupled (geodetically-locked) 

seismogenic zone, where megathrust earthquakes are mostly concentrated (Fig. 7b, grey circles). 

Such a contrast abruptly increases toward the northeast at the transition zone, where the slow-slip 

events predominantly occur and where there is an absence of large-magnitude thrust earthquakes. 

Beyond this frictional transition zone, and where strong dehydration is concluded to occur 
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(Manea and Manea, 2011), anomalously low Vs (2.4–3.4 km/s) are observed below the 

continental crust within a 4±1 km thick layer (Kim et al., 2010; Song et al., 2009) with high 

Vp/Vs (1.8-2.1; Kim et al., 2010; Fig. 4a, inset), interpreted as relict serpentinized mantle (Kim et 

al., 2013; Perez-Campos et al., 2008). The hydrous minerals talc and serpentine are proposed to 

explain extremely low Vs and high Vp/Vs (Kim et al., 2010, 2013). Husker et al. (2012) suggested 

that the local conditions (i.e., temperature, pressure, and fluid content) are adequate to 

continuously generate tremor in the flat slab portion. 

Around the transition from seismogenic to slow slip, there is evidence for seismic 

anisotropy larger than 5% with the foliation plane oriented 20±10 degrees steeper than the plate 

interface, which is consistent with crystallographic preferred orientation developed in S-C 

mylonites (Song and Kim, 2012). These results were interpreted in terms of a rheological 

transition from a brittle regime with hydrostatic pore-fluid pressure gradient updip to a semi-

brittle regime within a mylonitic shear zone with near-lithostatic fluid pressures coincident with 

the source region of the slow-slip events (Song and Kim, 2012).  

 

3.4 Costa Rica  

The Nicoya Peninsula in northwestern Costa Rica is located along the Middle America Trench in 

a region of large lateral variations in the nature of the subducting plates (Fig. 8a) that affect the 

seismogenic behaviour of the megathrust fault (Newman et al., 2002). In the northwest, the 

subducting plate is formed at the East Pacific Rise and the plate interface is mostly locked along 

the margin according to GPS data and experiences large infrequent earthquakes. To the southeast, 

the subducting plate is formed at the Cocos-Nazca spreading centre and the plate interface is 

partially locked and generates frequent slow slip events. These changes along the margin are 

thought to reflect the change in the orientation of fabric and inferred permeability structure of the 
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oceanic plate, which controls fluid circulation and local heat flow, leading to small-scale 

differences in the thermal regime (Harris et al., 2010). Along-strike variation in permeability 

structure of the incoming plate may also affect the degree of plate hydration and the subsequent 

build-up of pore-fluid pressure at greater depth, which in turn affect the rheology and stability of 

the plate interface.  

 The Nicoya Peninsula experiences areas of large slow-slip events approximately every 2 

years (Jiang et al., 2012), in two main areas located offshore (northwest coastal area) and onshore 

(in the southeast) (Fig. 8a). The onshore slow slip appears to be irregular and coincides with 

major tremor episodes (Walter et al., 2011). However, much of the tremor consists of short 

duration, minor episodes without geodetically detectable slip. Interestingly, tremor occurs in 

freely slipping regions where the plate interface is weakly coupled as inferred from GPS data, 

both updip and downdip of the seismogenic zone (Walter et al., 2011). LFEs are also found 

coincident with tremor and slow slip at the updip edge of the seismogenic zone (Walter et al., 

2013), as well as outside of the main tremor-producing area, near the downdip extent of the 

seismogenic zone, below the mantle wedge corner (Fig. 8; Brown et al., 2009). 

 Seismic investigations of subduction zone forearc structure beneath the Nicoya Peninsula 

include those of DeShon and Schwartz (2004, 2006; Fig. 8) who used P- and S-wave tomography 

models from regional earthquake data to infer widespread serpentinization of the forearc mantle, 

similar to findings in Cascadia. Unfortunately, such seismic tomography models are not as 

accurate as receiver functions in delineating sharp velocity contrasts and may not resolve a thin 

LVZ (Audet et al., 2009). The profile shown on Fig. 8 is therefore not directly comparable to 

other subduction zone profiles shown in this paper; however it gives insight into the extent of 

mantle wedge serpentinization. MacKenzie et al. (2010) used a dense array of broadband stations 

and receiver function inversion and found a low-velocity zone in the forearc. The station density 
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https://www.researchgate.net/publication/252444649_Persistent_tremor_within_the_northern_Costa_Rica_seismogenic_zone?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
https://www.researchgate.net/publication/252444649_Persistent_tremor_within_the_northern_Costa_Rica_seismogenic_zone?el=1_x_8&enrichId=rgreq-e9c3bdcc-9ae9-418e-91c6-25368065526f&enrichSource=Y292ZXJQYWdlOzI5MTE4NTc3MztBUzozMjI4ODA3NzkyOTI2NzRAMTQ1Mzk5MjE4NTIwNA==
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did not allow the mapping of the LVZ where slow-slip occurs. Linkimer et al. (2010) used 

receiver functions to study the nature of crustal terranes from the simultaneous determinations of 

Moho depth and Vp/Vs of the overlying crust and found relatively high Vp/Vs (1.80-1.92) for the 

Nicoya Peninsula. Audet and Schwartz (2013) used receiver functions from an expanded network 

on the Nicoya Peninsula and showed that the dipping 4±1 km-thick low-velocity zone is 

characterized by high Vp/Vs (>2.4±0.3) (Fig. 4a, inset) and inferred high pore-fluid pressures, 

similar to Cascadia. Interestingly, the Vp/Vs of the overriding forearc crust appears to increase 

from ~1.75 in the northwest to ~1.95 in the southeast. Such large differences are difficult to 

explain in terms of lithology due to the uniform surface geology along the peninsula. These 

variations are interpreted as a change in fluid content within the forearc crust due to variable 

dehydration of the incoming plate beneath Nicoya Peninsula. To the northwest, the colder plate 

formed at the East Pacific Rise may be characterized by high permeability, trench-parallel normal 

faults that allow fluids to migrate out of the subduction zone efficiently. In the southeast, lower 

permeability and warmer temperatures of the subducting crust formed at the Cocos-Nazca 

spreading center may supply more fluids to the overriding plate. The lateral gradient in fluid 

content within the upper plate, increasing from northwest to southeast, may then decrease the 

strength and frictional resistance along the plate boundary and produce a lateral change in plate 

coupling, thus controlling the segmentation of seismogenic behaviour, including slow slip and 

tremor. 

 On September 5, 2012, a magnitude Mw 7.6 earthquake ruptured a portion of the plate 

interface beneath the Nicoya Peninsula (Yue et al., 2013; Fig. 8a). Co-seismic slip models 

obtained using GPS and seismic data indicate that the rupture initiated offshore at a depth of 13 

km, and migrated downdip to the intersection of the plate interface with the upper plate Moho, 

immediately updip of the deep LFE source region but within a tremor-producing area. The largest 
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co-seismic large-slip patch overlaps a geodetically locked portion of the megathrust fault, but 

does not extend into the main slow slip regions. Afterslip following the earthquake is bounded by 

the slow-slip area to the southeast, suggesting differences in frictional properties along strike 

(Malservisi et al., 2015) or that shear stress has been released in that area by slow slip. These 

results indicate a strong lateral variability in seismogenic zone properties that seem to correlate 

with subduction zone structure inferred from seismic and geophysical studies.  

 

3.5 Alaska 

The Alaska subduction margin exhibits east-to-west increases in subducting plate age and slab 

dip, and a decrease in slab temperature along the Aleutian trench, and is seismically active at a 

range of spatial and temporal scales. In particular, the tectonics of the easternmost part of the 

margin (Fig. 9a) are complex due to Yakutat and earlier terrane accretion since the Mesozoic 

(Plafker et al., 1994).  

In the eastern Aleutian arc, an imaged, thin (3-5 km) low-velocity layer has ~20-40 % 

slower Vs at the top interface of the Yakutat slab (~20-25 km depth) beneath the forearc 

continental crust (Fig. 9b). In this layer, Vs is estimated to be 2.0–2.5 km/s, which results in 

elevated Vp/Vs of 1.9-2.3 based on receiver function modeling (Kim et al., 2014; Fig. 4a, inset). 

The low-velocity anomalies at this depth may reflect properties of incoming, highly-sheared, 

fluid-saturated trench-fill sediments (von Huene et al., 1998; 2012). The subducting sedimentary 

column below the plate boundary is expected to have much slower (~10-30%) velocities than 

subducted oceanic crust lithologies. Alternatively, velocities at the top of the plate could be 

reduced by fluids in overpressured channels within or immediately below the plate interface. 

Elevated fluid pressures would arise from dehydration-produced fluids migrating upward, 
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encountering permeability barriers along the thrust zone. In addition to high fluid pressure, crack 

anisotropy might contribute to such high Vp/Vs (exceeding 2.0; Wang et al., 2012). 

Slow slip events in Alaska have been less well identified compared to those in the other 

subduction zones studied due to their long durations and long time intervals between the 

episodes. The scarcity of documented slow slip may express a different behavior under a cooler 

forearc environment, or it could reflect the limited availability of continuous geophysical data in 

the region. Slow slip occurs downdip of the seismogenic zone, defined here as the rupture zone of 

the 1964 earthquake (Ohta et al., 2006; Wei et al., 2012; Fig. 9a) and also represents a transition 

between completely locked and slipping segments of the plate interface inferred from GPS data 

(Zweck et al., 2002). Peterson and Christensen (2009) identified tremor signals on the downdip 

edge of the region with the highest slip during slow slip, approximately 50 km downdip of the 

seismogenic zone (Fig. 9a). The majority of the tremors that were observed after the onset of 

slow slip are bursts lasting between 10 and 15 min. Tremor depth estimates range widely over the 

region, partly due to inadequate station coverage (Peterson and Christensen, 2009). The source 

region of the slow slip and tremor coincides with the region where both seismic velocities and 

thickness of the thrust zone gradually increase with increasing metamorphic grade in the 

metasedimentary channel before the Yakutat slab subducts into the mantle beneath central Alaska 

(Kim et al., 2014; Fig. 9b). This region also roughly coincides with the mantle wedge corner, 

although this boundary is difficult to locate on the seismic image (Fig. 9b). Interestingly, the 

seismic signature of the LVZ extends within the rupture zone of the 1964 earthquake, updip of 

the slow slip source region. 

Brown et al., (2013) identified tremor-like signals, composed of hundreds of LFEs along 

the Aleutian Trench, in four segments from east to west: Kodiak Island, Shumagin Gap, 

Unalaska, and Andreanof Islands. The LFE hypocenters along the arc are located at the downdip 
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edge of the most recent large magnitude (Mw>8.0) earthquakes (Brown et al., 2013). Although 

their depth estimates are not well constrained, they suggest that the tremor activity marks the 

downdip rupture limit for great megathrust earthquakes in this subduction zone. These results 

indicate that tremors are also widespread in cold oceanic forearc environments.  

 

3.6 Hikurangi 

The Hikurangi margin, northern New Zealand, is characterized by subduction of the Hikurangi 

Plateau (Fig. 10a). Spatial variations in plate coupling at the Hikurangi subduction zone are well 

constrained by a dense network of geodetic stations, where full plate interface coupling based on 

GPS data occurs at shallow levels to the northeast, and extends to further depth to the southwest 

(Wallace et al., 2004). Slow slip events with a period of approximately two years have been 

detected downdip of the locked portion in both areas and follow a similar spatial pattern, with 

slow slip being much shallower to the northeast (Wallace and Beavan, 2010). Both long-term and 

short-term slow slip events occur along the Hikurangi margin. Recently, a slow slip event was 

detected in the deep portion of the plate interface at the central Hikurangi margin, at a depth 

similar to the slow slip occurring to the southwest (Wallace and Eberhart-Philips, 2013), thus 

suggesting discontinuous coupling along both dip and strike. Tremor is found along the downdip 

edge of the deep slow slip events in the approximate vicinity of the mantle wedge corner (Fry et 

al., 2011; Ide, 2012), and is more elusive at shallower depths. Tremor activity associated with the 

2010 slow-slip event is also identified to the northeast of the profile (Fig. 10a; Kim et al., 2011). 

The along-strike variations in the depth of deep slow slip events and tremor are taken to reflect 

lateral variations in the temperature of the plate interface based on modeling heat flow data (Yabe 

et al., 2014). In this region, the depth to the 350°C and 600°C isotherms, where deep slow slip 
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and tremor originate, increases from 15 and 25 km in the northeast to 35 and 60 km in the 

southwest, respectively.  

There is an abundance of high-resolution three-dimensional regional velocity models from 

P- and S-wave travel-time tomography studies (Eberhart-Phillips and Reyners, 2012; Reyners et 

al., 2006); in comparison, teleseismic scattering studies of the Hikurangi margin are sparse. 

Henrys et al. (2013) showed P-wave velocity structure of the forearc system from the active 

source data beneath the southern North Island. Bannister et al. (2007) used receiver functions to 

image subduction zone structure along a dense line of broadband stations running perpendicular 

to the trench, from Hawke’s Bay to the backarc (Fig. 10a). The crust of the downgoing Hikurangi 

Plateau is imaged as a low-velocity zone that follows Wadati-Benioff seismicity, down to 60 km 

(Fig. 10b). Reyners et al. (2006) also observed a region with reduced velocities (Vp <8.0 km/s) 

down to ~65 km depth along the similar profile region, and interpreted such feature as the 

subducted crust of the plateau. Eberhart-Phillips and Reyners (2012) documented velocity 

variations near the plate interface in the region southwest of the profile are closely related to the 

distribution of plate coupling (Wallace and Beaven, 2010). They suggested that the area of deep 

slow slip may correspond to zones of high pore-fluid pressure with elevated Vp/Vs above the 

slab. Observed lower Vp and higher Vp/Vs in the shallower slow slip region may indicate 

abundant fluid flux in forearc accretionary wedge (Eberhart-Phillips and Reyners, 2012).  

Taken together, slow earthquake observations, thermal modeling and seismic velocity 

models indicate that temperature may be the main factor controlling the depth and lateral extent 

of the seismogenic zone at the Hikurangi margin (Yabe et al., 2014). In the northeast, the higher 

slab temperatures and fluid generation (with inferred high pore-fluid pressure) lower the depth to 

the brittle-ductile transition, as well as the depth of unstable to stable sliding, compared to the 

southwest. Importantly, tremors appear to occur at the downdip limit of the slow slip source 
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region, where the plate interface is ~600°C. These results suggest that slow earthquakes reflect 

the transient rheology of subducting material, controlled by variations in temperature and fluid 

generation along strike and dip, as opposed to the location of the mantle wedge corner.  

 

4. Discussion 

4.1 Structural controls on deep slow earthquake occurrence 

There are at least two important features relating deep slow earthquake occurrence and the 

geologic structure across all subduction zones examined above. First, tremor and LFEs appear to 

occur near the top of the LVZ, whereas regular Wadati-Benioff seismicity is mostly restricted to 

the lower oceanic crust and upper mantle. Although tremor was originally thought to reflect 

hydrofracturing within the overlying continental crust (Kao et al., 2005), source mechanisms of 

repeating LFEs during tremor indicate that they represent shear slip on a fault (Bostock et al., 

2012; Shelly et al. 2007). Second, deep ETS events occur downdip of the locked zone around the 

transition from unstable to stable slip, near the intersection of the downgoing plate with the 

overlying Moho and where the plate interface is ~30 to 40 km deep (Fig. 1). At least for Cascadia 

there is an apparent gap between the locked zone and the slow earthquake source region, perhaps 

reflecting a thermal control on the extent of the seismogenic zone for warm subduction zones. 

The clustering of tremors and LFEs near the top of the LVZ suggests that it represents the 

deep extension of the megathrust fault or shear zone. The dipping LVZ observed in nearly all 

subduction zones worldwide is undoubtedly associated with material being entrained into the 

subduction zone (Bostock, 2013; Vannucchi et al., 2012). The exact nature of this material is 

debated, however, and has been interpreted either as some portion of the downgoing oceanic 

crust containing meta-basaltic rocks, subducted sediments, upthrusting serpentinite from the 

mantle wedge, or a tectonic “melange” composed of some or all of these elements and forming a 
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thick shear zone (e.g., Vannucchi et al., 2012). This is an important question that needs to be 

resolved but is somewhat outside the scope of this review. Bostock (2013) recently compiled 

global observations of the LVZ and its depth extent and concluded that it represents the 

subducting, overpressured meta-basaltic oceanic crust (or some part thereof), but other models 

were considered as well. 

More important for this review are the unusual properties (i.e., low seismic velocities, 

high Vp/Vs and Poisson’s ratio) of the LVZ and its spatial correlation with the slow earthquake 

source region. It is often suggested that tremor occurrence is directly linked with the dehydration 

of the downgoing plate from prograde metamorphic reactions (Brantut et al., 2011; Fagereng and 

Diener, 2011). This is supported by the distribution of tremor signals around the transition from 

fluid-saturated meta-basalts to eclogitic rocks that peaks at roughly 40-45 km depth in northern 

Cascadia, southwest Japan and Mexico according to thermo-petrological models (Fig. 3; 

Peacock, 2009). However, a simple correspondence between the depth of tremor and the peak of 

eclogitization (or any particular metamorphic reaction or temperature regime (Peacock, 2009)) 

does not hold for all subduction zones where deep slow earthquakes occur.  

Regardless of the particular thermo-petrological conditions, the elevated Vp/Vs within the 

LVZ is likely to be related to pore-fluid pressures in excess of hydrostatic values (Fig. 4b), and 

may be close to lithostatic values (Audet et al., 2009; Christensen, 1984; Peacock et al., 2011). 

We note that elevated Vp/Vs obtained in these studies may in fact be biased due to the non-

uniform sampling of highly anisotropic rocks (Wang et al., 2012). However the consistently high 

Vp/Vs values obtained at various subduction zones (Fig. 4a, inset) supports that the interpretation 

of excessive pore-fluid pressure is valid. These inferred high pore-fluid pressures have two main 

implications: 1) the effective normal stress acting on the plate boundary is very low, perhaps on 

the order of a few MPa (Kitajima and Saffer, 2012); and 2) their persistence as the oceanic plate 
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reaches the continental Moho suggests the presence of a low-permeability plate boundary that 

prevents fluid migration into the overriding plate at the Myr time scale (Audet et al., 2009; 

Peacock et al., 2011). The low effective normal stresses are consistent with the triggering and 

modulation of tremor by small dynamic stresses such as passing surface waves (Rubinstein et al., 

2007) and tidal stresses (Royer et al., 2015; Rubinstein et al., 2008), as well as numerical 

modeling of slow slip (Liu and Rice, 2007; Rubin, 2008; Segall et al., 2010). Based on the spatial 

correspondence between the LVZ and the slow earthquake source region, it is tempting to 

conjecture that high pore-fluid pressures inferred from elevated Vp/Vs values are responsible for 

deep episodic slow earthquake activity. However, regions of high Vp/Vs are not limited to the 

tremor producing area and extend both updip and downdip of this zone (Figs. 5-7, 9, 10). This 

suggests that near-lithostatic pore-fluid pressures may be a necessary but insufficient condition 

for slow earthquake occurrence.  

As stated above, one implication of the LVZ characterized by high pore-fluid pressure is 

that the megathrust fault (or the top of the LVZ) is characterized by low vertical permeability. 

Indeed, maintaining near-lithostatic pore-fluid pressures necessarily implies that fluids do not 

easily flow upward to re-equilibrate along a hydrostatic pressure gradient. A plate boundary seal 

may be generated via a reduction in grain size due to shearing or mineral precipitation producing 

platy minerals such as clays. However, permeability is a dynamic and anisotropic property that 

varies over time scales of months to years and is temperature-dependent. Laboratory experiments 

show that bulk permeability of quartz gouges decrease exponentially at elevated pressures and 

temperatures following some perturbation (Giger et al., 2007). In a subduction zone, 

perturbations in the seal integrity may be generated by incremental volume changes due to 

prograde (or retrograde) metamorphic reactions, via hydro fracturing, or from mineral breakages 

during slow shear slip. Over the time scale of subduction (i.e., several Myrs), the fluids may flow 
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or diffuse across the plate boundary and accumulate into the overlying plate and modify its 

structural and rheological properties. It is therefore apparent that slow earthquakes occur in a 

fluid-rich environment that likely controls the seismogenic properties of the megathrust fault. 

The fate and redistribution of fluids at those depths is a matter of debate and depends 

primarily on the hydrological properties (porosity, permeability) of the various subduction zone 

elements as well as the stable mineral assemblages that produce or consume those fluids. 

Katayama et al. (2012) suggested that slow earthquakes might be linked with a contrast in 

permeability across the Moho above the subducting plate. In this model, slab-derived fluids are 

forced to flow toward the mantle wedge corner due to the extremely low permeability of the 

upper gabbroic layer just above the continental Moho, resulting in the local accumulation of 

fluids and the build-up of pore-fluid pressure. Serpentinites, in particular lizardite that is stable at 

low pressure and temperature conditions, incorporate significant amounts of water in their crystal 

structure, and may act to focus fluids near the mantle wedge corner in close proximity to the slow 

earthquake source region (Katayama et al., 2012). In a related but contrasting model, Hyndman et 

al. (2015) propose that the low permeability of sheared serpentinites blocks the vertical expulsion 

of fluids from the dehydrating oceanic crust and restricts flow along the plate interface. Upon 

reaching the mantle wedge corner, the fluids are released into the more permeable overlying 

forearc crust. This flux of fluids is inferred from low Vp/Vs values found above the mantle wedge 

corner within the overlying crust, which may be explained by the precipitation of silica into 

quartz veins. This model is also consistent with the bulk of tremor activity occurring near the 

mantle wedge corner in most subduction zones studied here (i.e., Cascadia, southwest Japan, 

Costa Rica and Alaska), producing a gap in seismogenic behaviour of the megathrust as opposed 

to a smooth transition from unstable to stable sliding (Hyndman et al., 2015). Alternatively, 

serpentinites (in particular antigorites) have much lower viscosity than that of major mantle-
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forming minerals and may be directly responsible for tremor generation via viscous relaxation of 

tectonic stresses (Hilairet et al., 2007). Finally, temperature may also directly affect the lateral 

and depth extent of the slow earthquake source region by controlling the depth to the brittle-

ductile transition in a fluid-rich environment (Yabe et al., 2014). These models confirm a 

prominent role for metamorphic-derived fluids in the generation of slow earthquakes. 

 

4.2 Structural controls on deep slow earthquake recurrence 

Although a link between deep slow earthquakes and subduction zone structure and physical 

conditions has been established, the factors associated with variations in recurrence times remain 

poorly understood. Early attempts at explaining the periodicity of ETS appealed to modulation by 

periodic external forces including seasonal hydrologic loads (Lowry, 2006) and the Earth’s 14-

month pole tides (Shen et al., 2005). In the first case periodic slow fault slip may be a resonant 

response to small cyclical stress perturbations driven by climatic redistribution of the atmosphere, 

hydrosphere and cryosphere. These perturbations are largest near the coastline near the tremor 

source regions, may and modify the fault shear and normal stress to drive slow fault rupture 

during peak shear or peak slip-rate. In the second case, ETS periodicity may be related to pole-

tide-induced stresses that modulate the stress field at the downdip edge of the seismogenic zone 

and may trigger slow fault rupture when conditions are favourable. In both cases, however, the 

large range of observed periods across different subduction zones (6 months to >2 years) and 

even across different segments (9 to 21 months in Cascadia) is difficult to reconcile with external, 

cyclical loads.  

 Alternative models invoke a role for the structure and geology of the subduction forearc 

environment in controlling or modulating the recurrence time of deep slow earthquakes. In 

Cascadia the segmentation of ETS along strike correlates qualitatively with the overriding forearc 
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structure and geology, where the recurrence interval duration is inversely proportional to upper 

plate topography and spatially correlated with Bouguer gravity highs that were interpreted as 

megathrust asperities (Brudzinski and Allen, 2007). Wech and Creager (2011) compiled a tremor 

catalogue in northern Cascadia and found that the interval between tremor episodes and their 

duration decreases with increasing depth of the plate interface, suggesting that the megathrust 

fault weakens with depth. Using receiver function data, Audet and Bürgmann (2014) measured 

and compiled Vp/Vs (as a proxy for in-situ pore-fluid pressure) within the LVZ in six subduction 

zone forearcs and found that there is no correlation with tremor periodicity both at the global and 

local scale. Interestingly, there does seem to be a correlation between Vp/Vs of the overriding 

crust and tremor recurrence times. In northern Cascadia this is manifested as a decrease in forearc 

crust Vp/Vs with increasing depth to the plate interface, interpreted as a progressive enrichment in 

quartz content due to the strong temperature-dependent solubility of silica in slab-derived fluids 

(Manning, 1994) and its the precipitation into quartz veins into the upper continental crust 

(Hyndman et al., 2015). Such quartz enrichment requires significant amounts of silica-rich 

sediments that are entrained into the subduction zone. This observation suggests that temperature 

may be the main control on tremor periodicity via temperature-dependent permeability of quartz-

rich fault gouge (Audet and Bürgmann, 2014; Giger et al., 2007).  

 

5. Conclusions and future directions 

Teleseismic scattering images of the various structural elements in subduction zone forearcs 

obtained from teleseismic scattering techniques provide constraints on the thermo-petrological 

environment of the deep extension of the megathrust fault. These images identify the distribution 

of inferred pore-fluid pressure and hydrated mineral assemblages and their potential effects on 

the stability of the megathrust fault in the slow earthquake source region. Fluids appear to 
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facilitate slow slip through near-lithostatic pore-fluid pressures that reduce the effective normal 

stress and allow slip to occur at otherwise frictionally stable conditions. Slow slip may also be 

influenced by the contact of the fault with variably serpentinized mantle wedge, which controls 

the permeability of the system. Slow earthquake recurrence times correlate with the geology (i.e., 

Vp/Vs) of the overlying continental crust, thus reflecting either a direct control of bulk 

composition and strength on megathrust processes, or the dynamic control of temperature-

dependent permeability on pore-pressure evolution via precipitation processes. Despite 

significant differences across the subduction zones examined here, we conclude that near-

lithostatic pore-fluid pressures inferred from high Vp/Vs values are necessary for slow 

earthquakes to occur, but appear to be insufficient. These studies also point to both hydrologic 

and petrologic properties of the various subduction zone elements in determining where slow 

earthquakes occur. However, untangling these various effects is challenging and will require 

advances in multiple fields of research. 

  Avenues for future research linking slow earthquakes and the geology of subduction zone 

forearcs include numerical simulations of megathrust fault slip that incorporate material 

properties reflecting the petrology of the various structural elements to assess the role of rock 

composition in seismogenic processes (e.g., Liu and Rice, 2009). Ideally these models would 

incorporate realistic hydrological properties and fluid fluxes to make predictions that can be 

tested using seismic or other geophysical data. This effort will require laboratory measurements 

of rock properties in shear experiments at various hydrothermal conditions that reflect those of 

slow earthquake source regions.  

 Seismic investigations can also contribute to a deeper understanding of megathrust 

processes by increasing the resolution of seismic images and focusing on adjacent parts of the 

subduction zone forearc. For example, it will be important to use offshore seismic data to provide 
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structural information of the incoming plate and conditions along the plate boundary interface 

from the trench through the seismogenic zone. Receiver function analysis using data from ocean 

bottom seismometers (OBS) from the Cascadia Initiative (Toomey et al., 2014) may be able to 

provide constraints on material properties and/or pore-fluid pressure around the (offshore) 

megathrust by tracing the up-dip extent of the low-velocity zone in Cascadia (Audet, 2015; 

Janiszewski and Abers, 2015).  

 Another promising avenue for seismic investigation is the characterization of seismic 

anisotropy around the slow earthquake source region (e.g., Piana Agostinetti and Miller, 2014; 

Song and Kim, 2012). Highly sheared rocks contain strong fabrics that provide information on 

the shearing process and the particular rock types involved. For instance, sheared serpentinites 

are highly anisotropic and this fabric influences the mechanical properties of the megathrust fault 

by favouring slip along weak planes (e.g., Bezacier et al., 2010; Faccenda et al., 2008; Fagereng 

et al., 2010; Katayama et al., 2009; Nikulin et al., 2009). Together with improved characterization 

and modeling of rock seismic properties (e.g., Cossette et al., 2015) from representative field 

samples, this line of work is likely to yield important insights into the effects of rock textures and 

fluids in understanding seismic images of subduction zone structures in the slow earthquake 

source region.  
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Figure 1. Cross sectional schematic figure of slow earthquakes in the subduction zone, 
highlighting the seismogenic zone, transition zone, and stable sliding zone. The boundaries 
between these zones are approximate. Major structural elements are also highlighted: the oceanic 
crust and mantle, and continental crust and mantle. The grey shaded area shows the variably 
serpentinized mantle wedge corner. Slim grey dashed lines represent approximate isotherms 
(200°C labels) and show the cooling effect of the slab on mantle wedge temperatures. The grey 
triangle shows the location of the volcanic arc. Figure modified from Peacock et al. (2011). 
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Figure 2. Global map of selected subduction zones. Slab geometry models are indicated by the 
colors in the inset. The subduction geometries are from Slab1.0, and plate boundary from Bird 
(2003). Black boxes indicate regions for which individual seismic images are shown in Figs 5-10. 
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Figure 3. Pressure-temperature (P-T) conditions of subducting oceanic crust. a. Metamorphic 
facies of meta-basaltic (EA, epidote-amphibolite; EB, epidote blueschist; GS, greenschist; Px 
Gran, pyroxene granulite) and eclogitic (amph, amphibole; ctoid, chlorotoid; laws, lawsonite; zoi, 
zoisite) oceanic crust (Peacock and Wang, 1999). Eclogite facies are shaded in light grey, and 
partial melting reactions for basaltic compositions in dark red. b. Calculated P-T paths and 
metamorphic assemblages encountered by subducting oceanic crust in six subduction zones 
(Syracuse et al., 2010). Colored bands show P-T path between top and bottom of oceanic crust; 
colored dots show P-T values where the oceanic crust enters the eclogite field. Although the 
range of P-T paths varies widely, most paths cross the basalt-to-eclogite reaction at ~500°C 
within a depth range of 40 to 65 km. Grey shaded area indicates the depth range of deep slow 
earthquakes in most subduction zones. Figure modified from Peacock and Wang (1999). 
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Figure 4. Laboratory measurements of Vp/Vs values from Christensen (1984, 1996). a. Vp/Vs 
values for various rock samples measured at a confining pressure of 1.0 GPa plotted as a function 
of silica content. Selected samples are LIZ: Lizardite; ANT: Antigorite; GAB: Gabbro; BAS: 
Basalt; ECL: Eclogite; LHZ: Lherzolite; AND: Andesite; GRA: Granite; QTZ: Quartzite. 
Colored bars in the inset show the range of Vp/Vs values estimated from receiver functions 
(Audet et al., 2009; Audet and Bürgmann, 2014; Audet and Schwartz, 2013; Hansen et al., 2012; 
Kato et al., 2010; Kim et al., 2010, 2012, 2014). The red hatched bar indicates upper bounds from 
Audet and Bürgmann (2014) for Mexico. b. Vp/Vs measured on a granite sample as a function of 
confining pressure and pore-fluid pressure at undrained conditions and ambient temperature. 
Samples with high pore-fluid pressure (shown here as differential pressure = confining pressure – 
pore-fluid pressure) maintain high Vp/Vs values throughout the experiment. 
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Figure 5. Teleseismic image for the northern Cascadia subduction zone. a. Profile location 
(A-A’), slow slip events (34 events) highlighted as light purple region (Szeliga et al., 2008) 
and magenta contours (Gomberg et al., 2010), LFE zones in orange (Kao et al., 2009; 
Gomberg et al., 2010), and tremors (Idehara et al., 2014) in yellow dots. b. Teleseismic 
migration image along A-A’ (Nicholson et al., 2005; Bostock et al., 2012). Colors denote 
perturbations to S-velocity (dVs/Vs) needed to generate observed seismic wavefields. 
Seismicity from the Canadian National Earthquake Database and LFEs (Bostock et al., 2012) 
are shown as grey circles and yellow diamonds, respectively. Dashed lines indicate 
interpreted features from the image. 
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Figure 6. Teleseismic image for the southwest Japan subduction zone. a. Profile location (A-
A’), slow slip events highlighted as light purple region and magenta contours (Miyazaki et 
al., 2006), LFEs in yellow stars (reported by Japan Meteorological Agency), and tremors 
(Idehara et al., 2014) in yellow dots. b. Receiver function image along A-A’ (Kato et al., 
2010). Blue color indicates a negative impedance contrast across the velocity discontinuity 
whereas red color represents a positive impedance contrast. Relocated earthquakes and LFEs 
(Kato et al., 2010) are shown as grey circles and yellow stars, respectively.  
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Figure 7. Teleseismic image for the central Mexico subduction zone. a. Profile location (A-
A’), slow slip events highlighted as light purple region and magenta contours (Yoshioka et 
al., 2004), LFEs in black dots (Frank et al., 2014) and tremors (Idehara et al., 2014) in yellow 
dots. b. Teleseismic migration image along A-A’ (Kim et al., 2012). Colors denote 
perturbations to S-velocity (dVs/Vs) needed to generate observed seismic wavefields. 
Relocated earthquakes (Pardo and Suarez, 1995) and 1120 LFEs are shown as grey circles 
and colored points, respectively (Frank et al., 2014). The orange and yellow boxes indicate 
the two LFE-active source regions: the yellow box is the region that was active during the 
large 2006 slow-slip event and is referred to as the transient zone; the orange box is the 
LFE/tremor sweet spot, where near-continuous LFE and tremor activity is observed. The 
thick yellow band above the subduction interface shows the calculated location of slip that 
occurred during the 2006 slow slip event (Kostoglodov et al., 2010). TMVB – Trans-
Mexican Volcanic Belt. TR – Tehuantepec Ridge.  
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Figure 8. Seismic image for the Costa Rica subduction zone. a. Profile location (A-A’), geodetic 
slow slip events highlighted as light purple region (Outerbridge et al., 2010), and LFEs in yellow 
(Brown et al., 2009). The 2012 Mw 7.6 earthquake rupture zone (Yue et al., 2013) is shown as 
grey contour. b. Tomography images along A-A’ showing both P-wave (left) and Vp/Vs (right) 
anomalies relative to a 1-D velocity profile (DeShon et al., 2006). Grey-shaded area indicates 
more poorly resolved velocity model. Seismicity and LFEs (approximate location, from Brown et 
al., 2009) are shown as grey and yellow circles, approximately. NP – Nicoya Peninsula. 
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Figure 9. Teleseismic image for the Alaska subduction zone. a. Profile location (A-A’), slow 
slip earthquakes highlighted as light purple region (Ohta et al., 2006), and non-volcanic 
tremors in yellow circles (Peterson and Christensen, 2009), which appear to occur at the 
region where the slab starts to dip steeply. The 1964 earthquake rupture zone (Zweck et al., 
2002) is shown as grey contour. b. Teleseismic migration image along A-A’ (Kim et al., 
2014). Colors denote perturbations to S-velocity (dVs/Vs) needed to generate observed 
seismic wavefields. Relocated earthquakes (Ferris et al., 2003; Li et al., 2013) and non-
volcanic tremors (Peterson and Christensen, 2009) are plotted as grey and yellow circles, 
respectively. Uncertainty of the location of non-volcanic tremors is shown as a vertical bar. 
The top plate interface (horizontal distance of 0-380 km), the bottom interface of the thrust 
zone (0-180 km), and the bottom interface of Yakutat terrane (0-380 km) are denoted by 
dashed lines. The imaged thin red band (0-180 km) is very low-velocity megathrust zone, 
which sits at the top of the subducted Yakutat crust. 
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Figure 10. Teleseismic image for the Hikurangi subduction zone. a. Profile location (A-A’), 
slow slip earthquakes highlighted as light purple region and magenta contours (McCaffrey et 
al., 2008), and tremors (Idehara et al., 2014) in yellow dots. b. Receiver function image along 
A-A’ (Bannister et al., 2007). Note that colors are reversed from those in Fig. 6b: blue color 
indicates the positive impedance contrast across the velocity discontinuity whereas red color 
represents the negative impedance contrast. Specific discontinuities in seismic velocities 
(land Moho? crustal discontinuity?) are difficult to identify unambiguously from this image. 
Earthquakes are shown as circles. Yellow line highlights the location of SSE in central 
Hikurangi (Wallace and Eberhart-Phillips, 2013). TVZ - Taupo Volcanic Zone. 
 

 




