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Modern geodetic and seismologic observations describe the behavior of fault slip over a vast range 
of spatial and temporal scales. Slip at sub-seismogenic speeds is evident from top to bottom of 
lithospheric faults and plays an important role throughout the earthquake cycle. Where earthquakes and 
tremor accompany slow slip, they help illuminate the spatiotemporal evolution of fault slip. Geophysical 
subsurface imaging and geologic field studies provide information about suitable environments of slow 
slip. In particular, exhumed fault and shear zones from various depths reveal the importance of multiple 
deformation processes and fault-zone structures. Most geologic examples feature frictionally weak and 
velocity-strengthening materials, well-developed mineral fabrics, and abundant veining indicative of near-
lithostatic fluid pressure. To produce transient slow slip events and tremor, in addition to the presence of 
high-pressure fluids a heterogeneous fault-zone structure, composition, and/or metamorphic assemblage 
may be needed. Laboratory and computational models suggest that velocity-weakening slip patches 
smaller than a critical dimension needed for earthquake nucleation will also fail in slow slip events. 
Changes in fluid pressure or slip rate can cause a fault to transition between stable and unstable fault 
slip behavior. Future interdisciplinary investigations of slow fault slip, directly integrating geophysical, 
geological and modeling investigations, will further improve our understanding of the dynamics of slow 
slip and aid in providing more accurate earthquake hazard characterizations.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Faults represent displacement discontinuities in rocks that ac-
commodate lithospheric deformation by fast (seismic) and slower 
(aseismic) slip (Fig. 1). While earthquakes involve fault slip veloci-
ties ranging from 10−4 to 1 m/s and produce high-frequency seis-
mic waves, slow slip, also referred to as fault creep, can be many 
orders of magnitude slower. However, there is no sharp boundary 
between the two modes of slip, and slow slip can sometimes in-
volve radiation of long-period seismic energy or secondary small 
seismic events in the fault zone. The slip behavior on a fault may 
vary spatially and we refer to a fault that accommodates a fraction 
of its slip aseismically as partially coupled. The fault creep rate can 
be steady or vary in time. We refer to distinct episodes of accel-
erated slip as slow slip events (SSEs), creep events and slow (or 
silent) earthquakes. Slip duration at a point on a fault during an 
earthquake is generally less than ∼10 s, while an SSE may endure 
from tens of seconds to tens of years.

For a fault to slip slowly requires a strengthening mechanism 
that puts on the brakes and contains fault slip velocities to sub-
seismogenic speeds. Independent of the process and physics in-
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volved, we refer to an increase of fault strength with rising slip 
rate as velocity strengthening, preventing fast earthquake rupture 
and promoting fault creep. Faults that weaken as slip rate increases 
are velocity weakening and may accelerate into a seismic stick-
slip event or may limit themselves to produce an SSE if the elastic 
load stress decays more rapidly during slip than the strength of the 
fault. Whether fault offset occurs by a seismic or slow mode of slip 
appears to depend on the make-up of fault materials, the fault’s 
environmental conditions, and the history and rate of loading. As 
geophysical observations improve, we find increasing evidence of 
slow slip in a wide range of tectonic regimes, fault environments 
and phases of the earthquake cycle of large ruptures. These ob-
servations and fault mechanical models also point to substantial 
complexity in fault behavior, including spatiotemporal transitions 
between slip modes. This has led to increased efforts in examin-
ing the geophysics, geology and mechanics of slow slip, in recent 
years.

Slow slip plays an important role in the earthquake cycle and 
associated earthquake hazard. If faults accommodate a substantial 
portion of their slip budget by slow slip, their seismic hazard is re-
duced. Observations of precursory SSEs and associated foreshocks 
suggest that accelerated creep can initiate or trigger some seis-
mic events. While in no way universal, these observations have 
renewed interest in precursory activity and suggest the possibility 
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Table 1
Glossary of terms.

Afterslip Post-earthquake slow slip on nearby fault sections relieving static coseismic stress change and decaying 
(∼logarithmically) with time.

Cataclasite Fault rock sheared by brittle fracturing and comminution of mineral grains.

Earthquake swarm Burst of earthquakes that does not exhibit clear mainshock–aftershock pattern.

Fault coupling The degree to which slip on a fault is accommodated by seismic vs. aseismic slip. Average coupling during an 
observation period can be expressed as a ratio ranging from <0 (accelerated creep), 0 (creep at long-term slip rate), 
1 (fully locked), and >1 (creep opposite to long-term slip direction) (Wang and Dixon, 2004).

Fault gouge Fine-grained, highly sheared fault zone material made of cataclasite that may also be chemically altered.

Low-frequency earthquake (LFE) Small (Mw � 3) and short (<1 s) seismic events contained in more enduring tremor signal indicative of shear slip 
(Beroza and Ide, 2011).

Magnetotellurics (MT) Geophysical imaging of lithospheric electrical conductivity structure using natural electromagnetic field variations as 
sources.

Mélange shear zone Fault zone structure with heterogeneous mechanical properties comprising blocks of variable composition in sheared 
sedimentary matrix.

Mylonite Foliated fault zone rock sheared by crystal plastic deformation mechanisms at high temperatures.

Rate and state friction Empirical expressions describing the experimentally observed (logarithmic) dependence of frictional strength on slip 
velocity (rate) and an evolving time-dependent effect (state) (Marone, 1998).

Receiver function analysis Characterization of body-wave scattering from teleseismic events to obtain a point measurement of crustal seismic 
velocity structure beneath a seismic station.

Repeating earthquakes Earthquakes with nearly identical seismic waveforms, locations and mechanisms inferred to re-slip the same rupture 
surface, often driven by surrounding slow slip.

Slow slip (also aseismic slip and fault 
creep)

Fault slip that is slow enough to not produce seismic energy associated with earthquakes.

Slow slip event (SSE) (also creep 
event and slow/silent earthquake)

Aseismic slip transient on a fault patch over durations ranging from minutes to decades. Some slow earthquakes 
generate low-frequency seismic energy.

Tectonic tremor Enduring low-frequency seismic signals generally interpreted as being associated with otherwise slow slip.

Triggered SSE Slow slip episode following an earthquake due to static or dynamic stress changes that is not afterslip.

Very-low-frequency earthquake 
(VLFE)

Similar to LFEs but longer (10–200 s) and larger (M 3–4) seismic events generally associated with tremor (Beroza and 
Ide, 2011).
of raising hazard warning levels at times of accelerated slow slip. 
Transient slow slip relieving stress increases from recent earth-
quake ruptures on nearby fault sections is called afterslip. Static 
stress changes or dynamic shaking from earthquakes may also lead 
to triggered SSEs of any size, both near and very far from a main-
shock. Postseismic slow slip of either kind helps expand the reach 
of stress interactions from an earthquake and may play an impor-
tant role in the generation of aftershocks and extended sequences 
of hazardous earthquakes.

There are many excellent recent review papers on various as-
pects of slow slip. Schwartz and Rokosky (2007), Rubinstein et al.
(2010), and Beroza and Ide (2011) focus on geophysical observa-
tions and the setting, properties and mechanics of episodic tremor 
and slip events below the base of the seismogenic zone. Peng and 
Gomberg (2010) and Schwartz (2015) highlight the wide spectrum 
of episodic slow slip characteristics. Obara and Kato (2016) relate 
slow earthquakes to large seismic ruptures, consider their similar-
ities and differences, and emphasize the role that SSEs can have 
in the initiation of some great earthquakes. Wang and Bilek (2014)
consider the role of seafloor morphology and other factors in the 
coupling of subduction thrusts around the world. Audet and Kim
(2016) review insights gained from seismic imaging of deep-seated 
slow slip zones on subduction thrusts, while Saffer and Wallace
(2015) examine the nature and environment of very shallow sub-
duction slip episodes. Avouac (2015) puts slow slip in the context 
of the earthquake cycle, considering kinematic and dynamic mod-
els of the release of elastic strain energy by seismic and aseismic 
slip on mechanically heterogeneous faults. While many of these re-
views were especially focused on subduction zones, Harris (2017)
addresses the role of aseismic fault creep on shallow continental 
faults and examines to what degree slow slip changes the character 
of large earthquakes on partially coupled faults. Rowe and Griffith
(2015) provide a geologic perspective focused on recognizing seis-
mic fault slip from a range of observables in exhumed fault zones.

Here, I present an overview of geodetic and seismological obser-
vations of slow slip, consider results from geophysical imaging of 
creeping faults, assess geologic studies of faults that may represent 
exhumed examples of slow slip and its environment, and finally 
discuss recent laboratory and theoretical studies that try to explain 
the mechanics and dynamics of slow slip. A glossary of terms (Ta-
ble 1) and summary of the tools of slow slip research (Table 2) 
are provided. The emphasis is on providing a balanced and inter-
disciplinary overview of recent advances in slow slip research and 
highlighting some outstanding questions for future investigations.

2. The geophysics of slow slip

While the initial discovery of fault creep came from obser-
vations of damage to manmade structures straddling faults, the 
quantification of slow slip in space and time requires geophysical 
observations. Geodetic measurements of surface deformation along 
faults allow for mapping out the kinematics of slow slip below the 
Earth’s surface. There are also certain types of seismic signals (e.g., 
repeating earthquakes, earthquake swarms, and tremors) that help 
illuminate slow slip at depth. Geophysical imaging (e.g., seismic 
tomography, receiver functions and electrical resistivity) provides 
valuable insights into the structure and environment of slow slip 
deep in the crust, including information about the width, compo-
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Table 2
Tools of slow slip research from top to bottom.

Distribution of slow slip in space and time 
(from steady creep to SSE)

Fault zone structure, fluids and conditions Fault zone rheology

Shallow: Upper 
few km

Onshore: creepmeters, InSAR, near-field GNSS 
and/or terrestrial surveying, and strainmeters. 
Limited microseismicity.

Onshore: Shallow geophysical imaging. 
Geologic field studies, drilling.

Frictional modeling of shallow afterslip, 
modulated surface creep and 
anthropogenically induced SSEs.

Offshore: Seafloor acoustic ranging, near-field 
ocean bottom pressure, and borehole pore 
pressure, strain- and tiltmeters. 
Time-dependent tremor and microseismicity 
as slow slip proxies.

Offshore: Marine seismic reflection 
imaging. Seafloor drilling.

Laboratory experiments considering 
frictional properties of fault zone 
materials.

Intermediate: 
Seismogenic 
depth range

Onshore: Kinematic (time-dependent for SSE) 
model inversion of GNSS, InSAR etc. Repeating 
earthquakes and microseismicity in space and 
time.

Onshore: Probing of seismic velocities, 
velocity ratios and attenuation. Electrical 
resistivity. Geologic field studies of 
exhumed fault zones.

Modeling of afterslip and spontaneous or 
triggered SSEs as frictional, damage 
and/or viscous process.

Offshore: Model inversion of GNSS and 
seafloor geodetic measurements. Repeating 
earthquakes and microseismicity as slow slip 
proxies.

Offshore: Marine seismic reflection, 
tomography. Deep drilling.

Experiments considering range of fault 
zone materials, scales, deformation 
processes, and environmental conditions.

Deep: Below 
seismogenic 
zone

Model inversion of GNSS, and/or strainmeter, 
tiltmeter and InSAR data. Tremor and 
low-frequency earthquakes as proxies of slow 
slip in space and time.

Probing of seismic velocities, velocity 
ratios and attenuation. Electrical 
resistivity.

Modeling of deep afterslip transients, SSEs 
and tremor as frictional and/or 
mixed-mode process.

Geologic field studies of exhumed fault 
zones.

Experiments considering deformation 
processes at high temperature, pressure 
and fluid pressures.
sition and fluid pressure of creeping faults. I consider examples of 
slow slip behavior from top to bottom of mostly strike-slip and 
subduction fault systems (Fig. 1).

2.1. Geodetic observations

The first observations of offset manmade structures by slow 
slip were made on continental strike-slip faults, including the cen-
tral creeping segment of the San Andreas Fault (Steinbrugge et 
al., 1960), the Hayward Fault (Louderback, 1942), and the Ismet-
pasa segment of the North Anatolian Fault in Turkey (Ambraseys, 
1970). Creepmeters directly measure offsets across a fault sur-
face trace, using rods or wires to capture shallow slow slip and 
creep events at sub-mm accuracy and high temporal resolution 
(Bilham et al., 2004, and references cited therein). Frequent geode-
tic surveys of closely spaced measurement points across fault 
traces with theodolites, Global Navigation Satellite System (GNSS) 
receivers and other geodetic positioning systems capture shal-
low fault creep (e.g., Lienkaemper et al., 2014). Borehole strain-
and tiltmeters can detect short-term elastic deformation tran-
sients from nearby SSEs at or below the earth’s surface, which 
can be modeled to quantify the slip on the fault (e.g., Linde et 
al., 1996). The high spatial resolution (10s of m), global spatial 
coverage and precision (sub-cm over short distances) of synthetic 
aperture radar interferometry (InSAR) (Bürgmann et al., 2000)
is particularly well suited to image the distribution of shallow 
creep on faults around the world (e.g., Doubre and Peltzer, 2007;
Jolivet et al., 2012; Thomas et al., 2014a; Chaussard et al., 2015;
Turner et al., 2015; Pousse Beltran et al., 2016).

While early fault creep observations were limited to near the 
Earth’s surface, aseismic slip can also occur at all depths within 
the seismogenic zone of faults and below (Fig. 1). To map out the 
distribution of fault creep in the subsurface requires precise dis-
placement measurements over a range of distances from a fault 
and inverse modeling approaches (e.g., Harris and Segall, 1987;
Jolivet et al., 2015). Improvements in space geodetic measurements 
and model inversion schemes have led to improved resolution of 
the distribution of locked and creeping fault areas on continental 
strike-slip (e.g., Jolivet et al., 2015, Fig. 2c), thrust (e.g., Thomas et 
al., 2014a) and normal faults (e.g., Anderlini et al., 2016). Fig. 2 il-
lustrates the wide range of spatial and temporal scales of slow slip 
at the example of the central San Andreas Fault. Similarly complex 
slow-slip behavior has been found along many partially coupled 
continental faults around the world (Harris, 2017). A combination 
of continuous GNSS measurements, InSAR time series and other 
geodetic observations provide the spatial and temporal sampling to 
resolve time dependent variations of fault creep at depth, including 
SSEs and postseismic afterslip (e.g., Shirzaei and Bürgmann, 2013;
Avouac, 2015, and references cited therein; Rousset et al., 2016). 
Slow fault creep is likely down dip of the seismogenic zone, where 
high temperatures and pressures allow for continuous aseismic 
shearing (Savage and Burford, 1970; Blanpied et al., 1991); how-
ever, the width and rheological properties of this lower crustal 
deformation zone are difficult to ascertain (Bürgmann and Dresen, 
2008).

The apparent deficit of seismic moment release on many sub-
duction thrusts and oceanic transform faults suggests that slow slip 
must also be ubiquitous on many of the world’s offshore faults 
(Bird and Kagan, 2004). Creep on these oceanic plate boundary 
faults is more challenging to measure due to the sometimes-poor 
resolution of slip models based on terrestrial geodetic observa-
tions alone. The first-order distribution of coupling on subduction 
thrusts can be inverted from land-based GNSS velocities, but usu-
ally with little resolution near the trench (e.g., Chlieh et al., 2008;
Loveless and Meade, 2011). Seafloor measurement techniques are 
beneficial to better capture offshore slow slip. Direct-path acoustic 
ranging, ocean bottom pressure sensors, coupled GNSS – acoustic 
systems, and pore–pressure measurements in boreholes have all 
proven capable of observing slow slip on offshore faults (Bürgmann 
and Chadwell, 2014, and references cited therein; Wallace et al., 
2016; Araki et al., 2017).

As the landward edge of the locked portions of many subduc-
tion zones roughly coincides with the overlying coastline, details 
of slow slip behavior in the downdip region of subduction rup-
ture asperities are generally resolvable with terrestrial geodetic 
observations. The first detections of deep-seated subduction SSEs 
were made with continuous GNSS measurements in SW Japan 
and the Cascadia subduction zone (Hirose et al., 1999; Dragert 
et al., 2001). GNSS, tiltmeter and strainmeter observations clearly 
document SSEs deep on many of the world’s subduction thrusts, 
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Fig. 1. Fault structure and slip behavior of strike-slip and subduction thrust faults. (a) Schematic illustration of the distribution of seismic and aseismic slip and tremor on the 
partially coupled San Andreas Fault near Parkfield (modified from original image by Kaj Johnson, written comm., 2017). Fluids at high pressures in the lower crust may be 
derived from underlying paleo-subduction rocks. (b) Conceptual section across strike-slip fault illustrating depth distribution of fault zone rocks and deformation mechanism 
accommodating slow slip (based on Fagereng and Toy, 2011). (c) Distribution of seismic and aseismic slip and tremor on partially coupled subduction zone. Fluids at high 
pressure are derived from compaction of porous fault-zone mélange at shallow depths and metamorphic dehydration reactions in subduction slab deep below (based on 
Lay et al., 2012). (d) Close-up of fault-zone structure with ductile foliation (green dashed lines), competent lenses (green) with tensile veins (red) and shear-parallel veins 
(slickenfiber) making up a distributed fault-fracture mesh structure (modified from Sibson, 2017).
finding a wide range of SSE dimensions, slip and duration (e.g., 
Ohta et al., 2006; Outerbridge et al., 2010; Radiguet et al., 2012;
Avouac, 2015, and references cited therein). More enduring slip 
episodes spaced years apart often occur immediately down-dip of 
the locked megathrust, while smaller, shorter, and more frequent 
slip events are located further down dip at 30–40 km depth and 
are accompanied by abundant tremors (see section 2.2). Nishimura 
et al. (2013) resolve ∼150 of these short-term SSEs from continu-
ous GNSS time series in SW Japan. Not all subduction zones show 
such active slow-slip behavior. While the Sumatra megathrust fea-
tures creeping sections that are anti-correlated with the rupture 
zones of historic earthquakes (Chlieh et al., 2008) and accelerate 
during afterslip episodes (Hsu et al., 2006), a careful analysis of 
data from coastal continuous GNSS stations failed to find a sin-
gle spontaneous slow slip transient during a 10-yr period (Feng 
et al., 2015). However, Tsang et al. (2015) found evidence in coral 
microatoll growth records for a 1966–1981 deformation transient 
that they attribute to an enduring SSE on the Sumatra megathrust.

Yokota et al. (2016) relied on seafloor GNSS-acoustic measure-
ments to better detect offshore areas of low coupling on the 
Nankai subduction zone. The slow slip zones appear to bound 
and complement areas of peak slip in large historic earthquakes, 
including a zone of creep near the trench, up dip of the 1944 
M 8.1 Tonankai rupture zone (Fig. 3a). Araki et al. (2017) used 
observations of seafloor borehole pressure to document SSEs in 
this shallow zone, often accompanied by clusters of low-frequency 
earthquakes. These near-trench slip transients recur every 8 to 15 
months and accommodate roughly half of the total plate conver-
gence rate. Two of these SSEs were dynamically triggered by the 
2011 Tohoku-oki and 2016 Kumamoto earthquakes, suggesting the 
shallow megathrust is mechanically weak (Araki et al., 2017). In 
2014, Wallace et al. (2016) captured a large shallow SSE on the 
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Fig. 2. Geodetic observations of slow slip on the central creeping segment of the strike-slip San Andreas Fault. (a) Surface creepmeter records from instruments installed at 
the Taylor Winery (CWC3, CWN1) and nearby sites (see (c) for locations). The slip time series are detrended by the rates noted in the legend (modified from Bokelmann and 
Kovach, 2003). Inset image shows aerial view of place of first published creep evidence from fault-crossing structures at the winery (Steinbrugge et al., 1960). (b) 2006–2010 
InSAR and GNSS measurements along the creeping segment (modified from Turner et al., 2015). (c) 3D view of kinematic model of slow-slip-rate distribution on the fault 
inverted from InSAR and GNSS measurements between San Juan Bautista (SJB) and Parkfield (PKF) (modified from Jolivet et al., 2015). Colored circles show locations of 
correspondingly colored creepmeters whose records are shown in (a). Grey-shaded areas outline rupture contours of the 1989 M 6.9 Loma Prieta and 2004 M 6.0 Parkfield 
earthquakes. Arrows show the approximate extent of the 1906 M 7.9 San Francisco and 1857 M 7.9 Fort Tejon earthquake ruptures.
Hikurangi subduction thrust in New Zealand using a temporary ar-
ray of ocean bottom pressure sensors and permanent land-based 
GNSS stations (Fig. 3b). This slip patch was reactivated as part of 
a much larger, but less enduring slow slip episode that was dy-
namically triggered by the 2016 M 7.8 Kaikoura earthquake and 
propagated along a ∼300-km-long section of the shallow plate in-
terface (Wallace et al., 2017, Fig. 3c).

2.2. Seismologic constraints

Even though slow slip is generally considered to be aseismic 
by definition, seismological observations of low-frequency seismic 
waves and the analysis of secondary seismic events provide valu-
able constraints on its occurrence. Some SSEs slip at rates that 
are fast enough that they emit some long-period seismic energy, 
which requires broadband seismometers to be detected (Beroza 
and Jordan, 1990). Such slow earthquakes, strongly or fully de-
pleted in high-frequency energy, are mostly found along oceanic 
transform faults and subduction zones (Beroza and Jordan, 1990, 
and references cited therein). Very-low-frequency earthquakes are 
relatively small (Mw = 3–4) slow earthquakes (Ito et al., 2007;
Beroza and Ide, 2011) that are found both in the very shallow 
(upper 5 km) and deep (30–40 km) portions of some subduction 
zones, generally in association with tectonic tremor (see below).

There are seismic signals that can reveal the existence and pro-
vide additional information about the spatiotemporal distribution 
of slow slip at depth. Repeating earthquakes have nearly iden-
tical seismic waveforms, indicating these events have effectively 
the same hypocenters and mechanisms. Such repeaters are under-
stood to result from recurring rupture of small asperities that are 
driven to failure by creep on the surrounding fault (e.g., Nadeau 
and McEvilly, 1999). The larger the repeating earthquakes in a 
sequence, the greater the increment of slip they record as they 
catch up with the creeping fault. Thus, the magnitude and recur-
rence intervals of repeating earthquakes can be used to estimate 
the slow slip driving their failures. The quantification of slow slip 
using repeaters often relies on a geodetically calibrated magnitude-
to-slip relation established for the San Andreas fault (Nadeau and 
Johnson, 1998). Slip estimates can also be deduced from relation-
ships assuming constant rupture area or stress drop (Rubinstein 
et al., 2012) or from frictional fault models (Beeler et al., 2001;
Mavrommatis et al., 2015). Not all creeping faults feature repeaters, 
and the absence of such events does not imply there is no slow 
slip.
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Fig. 3. Slow slip on subduction megathrusts from terrestrial and seafloor geodesy. (a) Interseismic coupling on the Nankai subduction zone in southwest Japan obtained 
from inversion of land-based GNSS (crosses) and seafloor GNSS-acoustic (squares with yellow arrows showing velocities with respect to Amurian plate). Very-low-frequency 
earthquakes (blue dots) and subducted seamounts and ridges (blue polygons) correlate with areas of inferred slow slip. Rupture zones of historic megathrust earthquakes 
correlate with areas of high coupling (modified from Yokota et al., 2016). (b) Spontaneous slow slip event near the trench on the Hikurangi megathrust captured by land-based 
GNSS and offshore seafloor pressure sensors (modified from Wallace et al., 2016). Zones of high-amplitude interface seismic reflectivity (dashed outlines) have been correlated 
with locations of previous SSEs and may highlight fluid-rich sediments that have been entrained down dip of subducting seamounts (Bell et al., 2010). (c) Unprecedented 
slow-slip episode involving most of the shallow Hikurangi megathrust triggered by the 2016 M 7.8 Kaikoura earthquake (green star and red rupture surface trace). The SSE 
followed strong dynamic stressing in the shallow accretionary wedge acting as a waveguide for the mainshock surface waves (modified from Wallace et al., 2017). Dashed 
lines show depth to the active plate interface.
Repeating earthquakes recur at quasi-regular intervals on creep-
ing sections of transform (e.g., Peng and Ben-Zion, 2005; Turner 
et al., 2015; Dominguez et al., 2016; Hayward and Bostock, 2017;
Materna et al., 2018), extensional (e.g., Valoroso et al., 2017;
Vuan et al., 2017), and convergent (e.g., Chen et al., 2007; Uchida 
and Matsuzawa, 2013; Meng et al., 2015; Dominguez et al., 2016;
Yao et al., 2017) plate boundary faults from around the world. 
Recurrence intervals are shortened during accelerated creep as-
sociated with postseismic afterslip and slow slip transients (e.g., 
Uchida and Matsuzawa, 2013; Turner et al., 2015; Uchida et al., 
2016) (Figs. 4a and 5a). Accelerated repeater occurrences suggest-
ing precursory slow slip also accompanied the foreshock sequences 
of the 2011 Mw 9.0 Tohoku-oki and 2014 Mw 8.2 Iquique, Chile 
earthquakes (Kato et al., 2012; Meng et al., 2015). Both along 
the central creeping segment of the San Andreas fault (Turner 
et al., 2015, Fig. 4a) and on the subduction thrust of northeast 
Japan (Uchida et al., 2016), repeating earthquakes reveal episodic 
slip-rate accelerations every few years, sometimes correlated with 
larger nearby earthquakes on the respective plate-boundary fault.

A subset of earthquake swarms (seismicity bursts that do not 
exhibit clear mainshock–aftershock patterns) appear to be the re-
sult of SSEs on partially coupled faults (Vidale and Shearer, 2006;
Lohman and McGuire, 2007). As other processes, such as fluid dif-
fusion, can also produce seismic swarms, their association with 
slow slip is often non-unique. A more rapid and near-linear prop-
agation rate (0.1–1 km/h) of swarm events may be an indicator 
of slow slip driving an episode (Roland and McGuire, 2009). Some 
foreshock sequences of large earthquakes are swarms, especially 
on oceanic transforms (Roland and McGuire, 2009) and subduction 
thrusts (Nishikawa and Ide, 2017, and references cited therein), 
suggesting that they illuminate SSEs that sometimes culminate in 
a larger seismic rupture (Brodsky and Lay, 2014).

The discovery of tectonic tremor down dip of the seismo-
genic zone of the Nankai subduction thrust in southwest Japan 
(Obara, 2002) opened a new chapter in the study of aseismic 
fault slip. To date, tremor activity has been found on at least a 
dozen plate boundary fault zones around the world (Obara and 
Kato, 2016, and original references cited therein). The tremor sig-
nal consists of enduring emissions (up to hours at a time) of 
low-frequency seismic energy and appears to be made up of a 
large numbers of short low-frequency earthquakes (<1 s duration) 
(Shelly et al., 2006; Shelly, 2017b). Tremor is sometimes accom-
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Fig. 4. Time-dependent slow slip from repeating earthquakes and LFEs on the 
central San Andreas Fault. (a) Subsurface slow-slip-rate changes inferred from 
repeating-earthquake recurrence intervals as a function of distance along the fault 
and time from 1984 to 2010 (modified from Turner et al., 2015). Red and blue ar-
eas indicate slip rates that are ≥20% higher or lower than the long-term average 
at that location, white shading indicates increased uncertainties. The creeping sec-
tion appears to accelerate in relatively regular pulses every ∼2 years. Postseismic 
accelerations from 1989 Loma Prieta (LP), 1998 San Juan Bautista (SJB) and 2004 
Parkfield (PKF) mainshocks endured for several years (see Fig. 2 for event locations). 
M ≥ 3 earthquakes are shown as black circles. (b) Lower-crustal afterslip of 2004 
Mw 6.0 Parkfield earthquake revealed by the ratio of the average rate of co-located 
low-frequency-earthquakes during the first 30 days and their average rate during 
the previous 6 months. The inset (c) shows cumulative number of events in the 
family of low-frequency earthquakes labeled C. The red star shows the hypocenter 
of the 2004 mainshock. The long-term fault slip rate is ∼34 mm/yr.

panied by much longer (10–200 s duration) very-low-frequency 
earthquakes (Beroza and Ide, 2011). Where independent geodetic 
data exist, it can be shown that tremors are the direct product 
of slow slip (e.g., Rogers and Dragert, 2003; Bartlow et al., 2011;
Nishimura et al., 2013); however, deep-seated slow slip may oc-
cur at times and in places without accompanying tremor (e.g., 
Wech and Bartlow, 2014, Fig. 5c). Tremor and/or slow slip episodes 
in the deep roots of the southwest Japan, Alaska, Cascadia, Costa 
Rica, Mexico, and New Zealand subduction zones recur at inter-
vals of months to several years (Obara and Kato, 2016, and original 
references cited therein), but tremor appears to occur nearly con-
tinuously along the eastern end of the Alaska-Aleutian subduction 
zone (Wech, 2016). Tremors and very-low-frequency earthquakes 
are also found in some poorly-coupled shallow sections of sub-
duction zones in Japan, New Zealand and Costa Rica, while in 
other areas shallow SSEs are accompanied by bursts of micro-
seismicity (Saffer and Wallace, 2015, and original references cited 
therein).

Along the 140-km-long section of the central San Andreas 
fault around Parkfield, tectonic tremor and low-frequency earth-
quakes illuminate slow-slip behavior on the lower crustal por-
tions of the fault (Guilhem and Nadeau, 2012; Shelly, 2017b;
Thomas et al., 2018). Template-matching analysis of more than 
a million low-frequency earthquakes resolved the location of 88 
well-located families hosting these events. This large number of 
events allows for detailed analysis of the modulation of slow slip 
by static stress changes from Earth tides (Thomas et al., 2012) and 
nearby earthquake ruptures (Johnson et al., 2013, Fig. 4b), and 
reveals frequent dynamic triggering by teleseismic and regional 
earthquakes (Shelly, 2017b, and references cited therein).

2.3. The environment of slow slip from geophysical imaging

To understand why faults creep where they do, it is important 
to understand the structure, make-up and physical environment of 
slowly slipping fault segments. This motivates geophysical imaging 
of faults at depth and geological studies of exhumed fault zones 
(see Section 3). Seismic imaging methods provide information 
about seismic wave speeds, and thus elastic properties affected by 
differences in composition, crack density and fluids in and near a 
fault zone. Electric resistivity measurements can provide comple-
mentary information about the distribution of conductive fluids. 
Repeated observations of fault-zone properties allow for studying 
any temporal variations associated with slow slip episodes, possi-
bly related to fracturing and fluid flow. It has not been easy to find 
a unique geophysical signature of slow slip, with the focus of such 
studies being on observations that reflect the presence and high 
pressure of fluids near the fault, as well as the thickness of the 
imaged fault zone. I summarize results from a few strike-slip and 
subduction zones below, well aware that there have been many 
equally intriguing findings in other areas.

Along the creeping San Andreas fault near Ciniega Winery 
(Fig. 1), seismic tomography (Thurber et al., 1997), fault zone 
trapped waves (Li et al., 1997) and a combination of head waves 
and direct P waves (Lewis et al., 2007) have been used to image 
a shallow low-velocity fault zone. The trapped S-waves suggest 
a ∼120-m thick shallow fault zone, while the seismic tomogra-
phy results show a ∼1-km-wide zone of high P-wave to S-wave 
velocity ratio down to ∼6 km. Bedrosian et al. (2004) use high-
resolution magnetotelluric imaging to document a zone of high 
conductivity and inferred fluid content alongside this section of the 
fault, which may help provide conditions for aseismic slip to mid-
crustal depth. Comparable results have been obtained along the 
southernmost section of the creeping section of the San Andreas 
fault near Parkfield, but also point to the likely complexity and 
heterogeneity of the fault zone (e.g., Lewis and Ben-Zion, 2010;
Becken et al., 2011; Zeng et al., 2016). The seismic velocity and 
electrical resistivity structure across the >15-km-deep San Andreas 
fault below the seismogenic zone at Parkfield (Fig. 6) also suggests 
a low-velocity zone and involvement of fluids (Becken et al., 2011;
Zeng et al., 2016). Fluids at high pressure may help explain the oc-
currence of slow-slip transients, evidenced by tectonic tremor and 
low frequency earthquakes, along the lower-crustal San Andreas 
fault in this area (Shelly, 2017a).

Particularly interesting imaging results of creeping versus 
earthquake-producing fault segments come from oceanic trans-
form faults. Using active source refraction seismology, Roland et 
al. (2012) document a strong, >2-km-wide low-velocity zone 
(Fig. 7b) along the central section of the Gofar transform fault 
on the East Pacific Rise (Fig. 7a), which they attribute to fluid-
filled fractures. This high-porosity section of the fault features 
abundant micro-seismicity and is inferred to be a zone of slow 
slip bounding seismic rupture asperities that lack a well ex-
pressed low-velocity zone. McGuire et al. (2012) provide evi-
dence of changing fault-zone properties during a foreshock swarm 
and apparent slow slip episode in the low-velocity zone adja-
cent to and preceding a Mw 6 mainshock of the Gofar trans-
form (Fig. 7c). The foreshock activity resulted in a ∼3% reduction 
in seismic shear-wave speeds, likely due to enhanced fluid cir-
culation in the 10-km-long swarm zone (McGuire et al., 2012;
Froment et al., 2014). These results suggest a strong contrast be-
tween a highly damaged and fluid-filled low-velocity fault zone 



R. Bürgmann / Earth and Planetary Science Letters 495 (2018) 112–134 119
Fig. 5. Time-dependent slow slip on subduction thrusts inferred from repeating earthquakes, tremors and GNSS data. (a) Afterslip after the Mw 9.0 Tohoku-oki megathrust 
earthquake from repeating earthquakes shown with onshore GNSS displacements, from 3 days after the March 11 mainshock through June 23, 2012. Each square offshore 
shows the location of a repeating earthquake sequence and is color-coded by the estimated cumulative postseismic creep (modified from Uchida and Matsuzawa, 2013;
Shirzaei et al., 2014). (b) Afterslip model inverted from the GNSS and repeating earthquake data taking into consideration the substantial contribution of viscoelastic relaxation 
(Hu et al., 2016) to the surface deformation (modified from Shirzaei et al., 2014). (c) Three-day snapshots of tremor locations (black circles) and slow slip rate (color scale in 
mm/day) inverted from GNSS- and strainmeter time series during an SSE on the Cascadia subduction thrust, in the summer of 2011. During mid-July (middle row), slow slip 
continued without producing resolvable tremor activity (modified from Wech and Bartlow, 2014).
Fig. 6. Profiles of (A) seismic P-wave velocity (modified from Zeng et al., 2016) and 
(B) electrical resistivity across the San Andreas fault (SAF) near Parkfield (modified 
from Becken et al., 2011). Black and red dots indicate microseismicity near the lines 
of section. Yellow circles are low-frequency earthquakes in the lower crust. The base 
of the crust is at ∼30 km depth.

hosting abundant micro-seismicity and episodic aseismic slip and 
a high-velocity zone hosting large earthquake ruptures.

Geodetic and seismic observations have revealed that many 
subduction zone thrusts experience (often time-dependent) slow 
slip, ranging in depth from deep below the seismogenic zone to 
the trench (see sections 2.1 and 2.2). Geophysical imaging studies 
have been aimed at finding correlative changes in fault zone prop-
erties. Teleseismic receiver functions show that seismic velocities 
are greatly reduced and P-wave to S-wave velocity ratios are highly 
elevated in deep subduction thrusts around the world that host 
tremor and slow slip, suggesting a zone of high porosity and fluid 
pressure (Audet and Kim, 2016 and references cited there). Audet 
and Bürgmann (2014) find that the recurrence intervals of SSEs 
in the tremor zone of global subduction zones linearly decrease 
with the seismic velocity ratios of the overlying forearc crust, sug-
gesting that SSE behavior is controlled by temperature-dependent 
silica deposition, permeability reduction and fluid overpressure. At 
the Cascadia margin, the zone of low seismic velocities and in-
ferred fluid overpressure widens with depth and does not appear 
to extend into the updip locked zone of the megathrust (Audet 
and Schaeffer, 2018). From active source seismology, Nedimovic et 
al. (2003) find that the deep-seated creeping portion of the Casca-
dia megathrust exhibits a wide zone of strong reflections (>4 km 
wide), while the shallower locked section features a much nar-
rower (<2 km) reflection. The wider zone of low velocities and 
reflections at depth hosting episodic slow slip may reflect a vol-
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Fig. 7. Seismic swarm activity and slow slip, velocity structure and time-dependent seismic velocity along the Gofar transform fault. (a) Seismicity before and after the 18 
September 2008 Mw 6.0 earthquake (orange circle). Foreshocks on 10–12 September (yellow dots) and aftershocks on 18–20 September (red dots) delineate the extent of an 
inferred precursory SSE and the mainshock rupture, respectively (modified from McGuire et al., 2012). The refraction profile (bold line) crosses through the foreshock zone. 
(b) Seismic P-wave velocity model (modified from Roland et al., 2012) showing low-velocity zone to the base of the crust. Black dots in (a) and (b) are background seismicity. 
(c) Measurements of precursory change in seismic P-wave velocity (dv/v) (black dots) during 439 events in the inferred slow-slip zone before the mainshock (day 262). The 
blue curve shows earthquake rate (events per 12 h) in the larger area (modified from McGuire et al., 2012).
ume of interlayered rock units and ductily sheared and/or fluid 
saturated fault zone material.

Fluid-rich subducted sediments and high fluid pressure have 
also been inferred from seismic reflection imaging of shallower 
slow slip zones of subduction thrusts in Japan (e.g., Kodaira et 
al., 2004; Tobin and Saffer, 2009) and New Zealand (Bell et al., 
2010, Fig. 3b). In contrast, seismic velocities appear to be high, and 
seismic P-to-S velocity ratios low, in well coupled portions of sub-
duction thrusts hosting great megathrust earthquakes (Zhao et al., 
2011; Audet and Schaeffer, 2018). However, at intermediate depths 
of the subduction plate interface offshore Nicoya, Costa Rica, Audet 
and Schwartz (2013) find high P-to-S velocity ratios along both 
coupled and creeping sections.

Further evidence for fluid-filled porosity in areas of slow sub-
duction slip comes from complementary magnetotelluric imaging. 
High electric conductivity is found in the deep-seated tremor zone 
of the Cascadia subduction zone where the onset of eclogitization 
of the downgoing oceanic crust is expected to contribute abun-
dant fluids (Wannamaker et al., 2014). High-resistivity is found in 
the fully-coupled updip section of the megathrust that also lacks 
a well-developed low-seismic-velocity zone (Audet and Schaeffer, 
2018). Heise et al. (2017) document the electrical resistivity struc-
ture of a 12-to-15-km deep portion of the partially coupled Hiku-
rangi subduction interface. They find that a zone of high resistivity 
corresponds to a locked patch on the plate interface inferred from 
geodesy, while areas of high conductivity match the location of 
weak coupling and SSEs. Some of the areas of high conductivity co-
incide with zones of slow wave speed, high P-wave to S-wave ve-
locity ratios and seismic attenuation on the plate interface (Bassett 
et al., 2014; Eberhart-Phillips and Bannister, 2015), supporting the 
view that these are zones of high fluid content and overpressure 
(Saffer, 2017).

The geophysical imaging studies described above lend support 
to the idea that fluids and/or fluid-saturated sediments on faults 
enable (often episodic) aseismic fault slip and suppress the nu-
cleation of earthquake ruptures. The observations allow for fault 
zone composition and structure (e.g., a sheared mélange of uncon-
solidated ocean sediments or serpentinite-rich material) to play 
a role in producing conditions for slow slip at depth. Details of 
the subsurface geometry, physical properties and environment of 
fault zones at depth are generally difficult to resolve and there 
continues to be a need for improved methodologies and rigorous 
integration of complementary constraints from multiple observa-
tion types.
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3. The geology of slow slip

Inspired by the geophysical observations of fault creep and its 
environment in different settings (Section 2), geologists have set 
out to evaluate exhumed fault zones for diagnostic evidence of 
slow slip and its causes (e.g., Sibson, 1977). What are the geologic 
signatures of fault creep, slow slip events and tectonic tremor? 
What materials, environmental conditions, mineral deformation 
mechanisms, and structures should we expect to find in such out-
crops? How do these slow slip features differ from faults slipping 
seismically?

One might argue that the lack of evidence of seismic slip is 
diagnostic of fault creep, or, as Fagereng and Toy (2011) put it, as-
sume that faults are “aseismic until proven guilty of seismic slip”. 
There are few unambiguous indicators of slip at seismic speeds, 
but solid evidence includes frictional rock melt and mineral-
reaction products that indicate high peak temperatures in the fault 
zone from earthquake slip (Sibson, 1989; Fagereng and Toy, 2011;
Rowe and Griffith, 2015). Other proposed diagnostics of dynamic 
slip include microscopic fabrics indicating fluidized granular flow 
in fault-zone rocks, polished fault-surface morphologies, and the 
geometry and distribution of secondary brittle structures that can 
be related to dynamic stress fields of a propagating earthquake 
rupture (Rowe and Griffith, 2015 and references cited therein). 
However, as slow slip can be closely associated with seismic slip 
in space and time, observations of such high slip-speed indicators 
do not necessarily rule out an important role of slow slip in an 
outcrop.

Thus, just as it has been challenging to find geologic diagnostics 
documenting dynamic earthquake slip, it is difficult to confidently 
document slow slip speeds in field outcrops. Nonetheless, a num-
ber of recent studies have put forward examples of exhumed fault 
zones from various tectonic settings that exhibit features that can 
be related to slow slip and/or the generation of tremor. Slow slip 
has been inferred based on the dominance of fault zone materials 
that are known to be increasing their frictional strength with in-
creasing slip velocity, observations of ductile shear fabrics due to 
dislocation and/or pressure-solution creep, and evidence of near-
lithostatic fluid pressure from abundant veins in an outcrop. As 
many creeping faults also produce abundant microseismicity or 
tremor at depth, geologic studies have also focused on exhumed 
faults that exhibit evidence of both slow and dynamic fault slip. 
Given that slow slip occurs over a very wide range of depths and 
temperatures (Fig. 1), I discuss the geology of slow slip from top 
to bottom, drawing on examples from strike-slip and subduction 
settings.

3.1. The geology of shallow creeping faults

Faults that currently creep near the Earth’s surface provide di-
rect access to geologists. Cashman et al. (2007) compare near-
surface fault-zone structures in unconsolidated sediments above 
creeping and seismic sections of the San Andreas Fault and find 
contrasting degrees of cataclasis, porosity and fabric development 
that may be diagnostic of seismic and aseismic slip. The SAFOD 
was drilled through two actively creeping fault strands at ∼2.7 km 
depth and 110–115 ◦C (Zoback et al., 2010; Lockner et al., 2011). 
Well-casing deformation documents the locations of active slow 
slip, coincident with foliated gouge zones consisting of metaso-
matic reaction products of serpentinite and quartzofeldspathic host 
rock, dominantly the smectite clay mineral saponite (Fig. 8a). Sam-
ples from the ∼2-m-wide gouge zones (Fig. 8a) are frictionally 
weak (μ ≈ 0.15) and strongly velocity strengthening in character, 
whereas rocks from the surrounding ∼200-m-wide damage zone 
are modestly velocity strengthening but have higher friction val-
ues (μ ≈ 0.5) (Carpenter et al., 2011; Lockner et al., 2011). Fluid 
pressures in the fault zone are not elevated. As saponite is un-
stable at >150 ◦C, other mineral phases such as talc, which is 
stable throughout the seismogenic zone (Moore and Rymer, 2007), 
or high fluid pressure may be responsible for creep inferred at 
greater depths on the San Andreas fault. Microstructural investi-
gations of SAFOD samples and experimental results suggest that 
pressure solution creep (fluid-assisted diffusive mass transfer) may 
also play an important role in accommodating both shallow and 
deeper aseismic slip (e.g., Richard et al., 2014). Serpentinite en-
trained in the fault zone has also been observed in outcrops along 
the creeping section of the San Andreas (Moore and Rymer, 2007)
and here mineralogic composition may be the primary cause of 
shallow fault creep.

Along creeping sections of the reverse Longitudinal Valley Fault 
in Taiwan (e.g., Thomas et al., 2014b, Fig. 8b), and the strike-slip 
North Anatolian Fault in Turkey (e.g., Kaduri et al., 2017, Fig. 8c), 
there are fault outcrops of heterogeneous mixtures of clays and 
other velocity-strengthening and low-friction minerals, suggesting 
lithological control of shallow fault behavior. Both of these studies 
infer that, in addition to frictional sliding, pressure-solution creep 
is an important deformation mechanism contributing to the devel-
opment of foliated gouge fabrics and localization of aseismic slip.

Field investigations of exhumed subduction thrusts, raised from 
a few km deep and temperatures <250 ◦C, constrain the environ-
ment and mechanical processes of shallow slip on megathrusts 
(Saffer and Wallace, 2015, and references cited therein). Examples 
include the exhumed Shimanto accretionary prism in SW Japan 
(Saito et al., 2013) and the Franciscan subduction complex in Cali-
fornia (Meneghini and Moore, 2007). The shallow fault zones con-
tain sedimentary clay minerals and quartz and feature abundant 
veining that intensifies with depth. Free water in the subducted 
crust and dehydration of opal and clay minerals provide sources 
of water. Deformation of such subduction mélange shear zones 
tends to be distributed across multiple fault strands and involves 
heterogeneous lithologies and fluids at high pressure. Experiments 
on geologic samples (Saito et al., 2013) and materials from sci-
entific drilling of active near-trench thrusts (Ikari et al., 2013;
Ikari and Kopf, 2017) allow for both velocity-strengthening and un-
stable slip (see Section 4.2), consistent with geodetic and seismo-
logic evidence of low frictional strength and variable slip behavior 
of shallow subduction thrusts (see Section 2).

3.2. The geology of slow slip at seismogenic depths

Geophysical evidence (see section 2) documents aseismic fault 
slip at all depths, including the seismogenic zone that contains 
most small and large earthquakes and generally coincides with 
the depth extent of large earthquake ruptures (e.g., Sibson, 1982). 
Fagereng and colleagues (Fagereng et al., 2010; Fagereng and 
den Hartog, 2017, and related references cited therein) examined 
macro- and microstructures in an exhumed megathrust in the 
Chrystalls Beach Complex, New Zealand to argue that pressure 
solution creep in concert with frictional sliding (Fig. 9a) allows 
for the dominantly aseismic accommodation of megathrust slip at 
temperatures of 250–300 ◦C. The geometry of associated tensile 
and shear veins organized in a fault–fracture mesh (Figs. 1d and 
9b) suggests that episodic slip occurred in a fluid-overpressured, 
heterogeneous shear zone, possibly reflecting the occurrence of 
associated small earthquakes or tremor (Fagereng et al., 2010;
Fagereng and Harris, 2014). Rowe et al. (2011) describe another 
plate-boundary subduction thrust exposed at Pasagshak Point, Ko-
diak Island, which features evidence for seismic deformation (in-
cluding frictional rock melt), rapid aseismic slip episodes suggested 
by non-foliated cataclasites (Fig. 9c), and slow fault creep indi-
cated by well-organized cataclastic shear foliations (Fig. 9d), with 
pressure solution and granular flow accommodating slow slip at 
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Fig. 8. Geologic examples of faults experiencing active shallow creep. (a) Core sample from the San Andreas fault from SAFOD borehole at ∼2.7 km depth, 110–115 ◦C and 
moderate fluid pressure (original image from M. Zoback, written comm., 2017). The actively creeping gouge zone, dominantly composed of saponite, is frictionally weak and 
velocity strengthening (Lockner et al., 2011). (b) Core sample from Longitudinal Valley thrust fault at ∼50 m depth, juxtaposing the Lichi mélange with footwall conglomerates 
(from Thomas et al., 2014a, 2014b original image provided by M. Thomas, written comm., 2018). (c) Field exposure of creeping North Anatolian Fault segment near Ismetpasa 
(from Kaduri et al., 2017, original image provided by F. Renard, written comm., 2018). The gouge zone shown in the close-up has substantially higher concentrations of quartz 
and insoluble smectite and other sheet silicates than the volcanic host rocks.
ambient temperatures of about 250 ◦C. While the unique associ-
ation of geologic features with rapid and slow slip remains chal-
lenging, these observations seem consistent with the behavior in-
ferred for partially coupled fault zones from geophysical observa-
tions.

3.3. Geological evidence of slow slip near the brittle-ductile transition

Near the base of the seismogenic zone, rising temperatures and 
pressures allow for an increasing role of ductile deformation pro-
cesses in some minerals, providing conditions for aseismic shear 
and a transition to increasingly viscous deformation (e.g., Handy et 
al., 2007). Angiboust et al. (2015) examine the remnants of a paleo-
subduction thrust in the Swiss Alps exhumed from 30–40 km 
depth and 400–500 ◦C paleo-temperatures (Fig. 10). They docu-
ment mylonitic shear zones, tens-of-meters thick cataclastic fault 
strands, and abundant tensile veins, all of which appear to be mu-
tually overprinted. The inferred several-orders-of-magnitude fluc-
tuations of deformation rates may reflect the occurrence of slow 
slip at highly variable speed, as well as the occurrence of dynamic 
slip, possibly in the form of tremor. The pervasive veining is indica-
tive of high fluid pressures. Similarly heterogeneous materials and 
deformation styles, as well as abundant veining are found in other 
fault zones exhumed from comparable depths, such as the Beagle 
Channel thrust shear zones in southern Chile (Hayman and Lavier, 
2014) and the exhumed Damara accretionary prism in Namibia 
(Fagereng et al., 2014).
Behr et al. (2018) examined an exhumed subduction com-
plex in outcrops on Syros Island, Greece, which they argue to 
be a representative candidate for a slow-slip and tremor pro-
ducing fault zone. Faulting occurred near the transition from 
blueschist to eclogite metamorphic assemblages, at 450–550 ◦C. 
Here, blueschist-grade rocks exhibit distributed viscous deforma-
tion by dislocation creep, whereas eclogite blocks in the blueschist 
matrix deform by brittle shear fracture and tensile veining. Thus, 
the coexistence of aseismic and seismic failure indicated for deep-
seated tremor-source regions may be a reflection of variable meta-
morphic grade, rather than heterogeneous composition.

In the wide brittle–ductile transition regime, heterogeneous 
composition, metamorphic grade and fluid pressure conditions 
may allow seismic and aseismic frictional slip, tensile fracturing, 
pressure-solution creep, and dislocation creep to coexist to pro-
duce deformation that may be highly variable in space and in time 
and allows for the generation of SSEs and tremor.

4. The mechanics of slow slip

4.1. Slow slip in computational models

The most commonly used framework to model the mechan-
ics of slow slip is rate-and-state friction (Dieterich, 1979). These 
empirically derived friction equations are based on laboratory ex-
periments that show that the shear stress supported by a fric-
tional surface is well described as a logarithmic function of the 
fault slip rate and one or more state variables characterizing the 
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Fig. 9. Examples of outcrop structures associated with slow slip on subduction thrusts at seismogenic depths. (a) Mélange shear zone in the Chrystalls Beach Complex with 
sandstone lenses in foliated mudstone matrix deformed by pressure-solution creep (Fagereng and den Hartog, 2017, original image from Å. Fagereng, written comm., 2018). 
(b) Mutually cross-cutting extension veins and slickenfiber shear veins in Chrystalls Beach shear zone (Fagereng and Harris, 2014, original image from Å. Fagereng, written 
comm., 2018). (c) Non-foliated cataclasite indicative of accelerated aseismic or seismic slip in Pasagshak Point subduction thrust. White arrows point to sandstone clasts, 
black arrows indicate melt-bearing fault rock clasts indicative of coeval seismic slip. (d) Foliated and asymmetrically folded clast-rich cataclasite indicative of steady fault 
creep. Fabrics are self-similar over several orders of magnitude and reflect deformation of the mudstone matrix by pressure-solution creep (Rowe et al., 2011, original images 
from C. Rowe, written comm., 2018).
time-dependent state of asperity contacts. The state and frictional 
strength adjust to a new slip rate over a critical slip distance Dc , 
with empirical constants a and b describing the immediate and 
slip-dependent changes of friction, respectively (Fig. 12c and d, see 
Marone, 1998; Avouac, 2015 and many references therein). In a 
velocity-strengthening fault, an increase in sliding velocity will al-
ways lead to an increase in the steady-state coefficient of friction 
(a > b, Fig. 12c), and slip remains aseismic. Slow slip will also oc-
cur in a velocity-weakening fault, if the effective stiffness of the 
system is greater than a critical stiffness or, equivalently, if the 
slip zone is smaller than a critical patch size (h∗). In that case, 
with increasing slip, the elastic stress release exceeds the rate of 
frictional strength loss, thus stabilizing slip. In this slip-stability 
framework, model parameters inferred near the upper and lower 
regions of the seismogenic zone appear to favor the occurrence of 
slow slip and spontaneous SSEs. While rate-and-state friction mod-
els are empirical constructs, much effort has gone into illuminating 
the underlying mechanisms (Chen et al., 2017, and references cited 
therein) and exploring the factors producing the rich fault slip be-
havior observed in these models, in the laboratory and in nature.
The rate-and-state friction expressions underlie a large num-
ber of computational models of slow slip, earthquake nucleation 
and SSEs. Such models have explored the spatiotemporal evolution 
of slow slip through the earthquake cycle (Fig. 11; e.g., Barbot et 
al., 2012; Johnson et al., 2013; Avouac, 2015) and examined con-
ditions for and the dynamics of SSEs (e.g., Liu and Rice, 2009;
Segall et al., 2010). The competition of dynamic weakening (e.g., 
thermal pressurization) and strengthening (e.g., dilatancy) mech-
anisms in such models allows for destabilization and stabiliza-
tion of fault slip, and there are conditions under which slip 
can transition between slow and seismic slip velocities in space 
and time (e.g., Chen and Lapusta, 2009; Shibazaki et al., 2011;
Noda and Lapusta, 2013). Models that invoke heterogeneous fric-
tional fault properties (Skarbek et al., 2012) may be appropriate to 
represent the variable materials, structures and slip modes found 
in many natural faults (see Sections 2 and 3) and considered in 
some laboratory experiments (see Section 4.2).

There are alternative approaches to rate-and-state friction when 
modeling slow slip. To capture the increasing contributions of 
viscous deformation processes near the brittle–ductile transition, 
Shimamoto and Noda (2014) develop a friction-to-flow model of a 
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Fig. 10. Geologic examples of exhumed deep subduction thrusts suggested to have deformed by slow slip accompanied by tremor. (a) Alpine subduction thrust exhumed 
from 30–40 km depth, near Moiry Lake, Switzerland. Mylonitic granitic gneiss overlies an ∼100-m-thick foliated cataclasite lens, intermixed continental and oceanic rocks, 
and ophiolitic metasediments (based on Angiboust et al., 2015). (b) Close-up of foliated cataclasite at Moiry Lake. Deformation involves grain-scale cataclasis of granitic 
gneiss, opening of several generations of quartz and epidote veins, mylonitic overprinting, and reorientation of veins (original image from S. Angiboust, written comm., 2017). 
(c) Dilational shear fracture filled with quartz offsetting a brittle eclogitic lens. The fracture is oriented at low angles to and merges into the foliation of the surrounding 
ductile blueschist matrix (original image from Behr et al., 2018).
fault zone with rate-state friction transitioning into a ductile shear 
zone with a power-law rheology. Ando et al. (2012) and Lavier et 
al. (2013) use alternative formulations with brittle and ductile fault 
rheologies to model transient slow slip and tremor in the transi-
tion regime. Yin et al. (2018) invoke a viscoplastic rheology of the 
transition zone to model deep-seated SSEs. Montesi (2004) shows 
that stress-driven afterslip on a velocity-strengthening fault zone 
is functionally similar to the case of a power-law fault rheology re-
lating strain rate to stress with a very large power-law exponent n. 
To model lower-crustal SSEs and associated tremor characteris-
tics, Ben-Zion (2012) employs a model of interacting cellular slip 
patches that have both ductile (power-law) and frictional prop-
erties. A viscoelastic damage rheology (Ben-Zion and Lyakhovsky, 
2006) can also be used to represent fault zones that accommodate 
both seismic and aseismic strain.

4.2. Slow slip in the laboratory

Much of what we know about the mechanics of slow slip comes 
from experimental studies exploring the behavior of frictional fault 
surfaces and fault-zone materials over a range of loading and envi-
ronmental conditions. Substantial effort has focused on establish-
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Fig. 11. Numerical rate-and-state friction model of the earthquake cycle on the partially coupled San Andreas fault at Parkfield (modified from Barbot et al., 2012). (a) Cross-
section of the distribution of velocity-weakening (white) and velocity-strengthening (gray) frictional properties in the model. Black circles show the critical patch size (h∗) 
for unstable slip decreasing with depth. (b)–(f) Evolution of slip (gray contours of cumulative slip at 0.1-m intervals) and slip velocity (color contours) through the earth-
quake cycle. Rupture spontaneously nucleates near the hypocenter of the 2004 M 6 Parkfield earthquake (red star), dynamically propagates to the north, and is followed by 
aseismic afterslip away from the rupture that transitions into steady interseismic loading.
ing which materials offer increasing frictional resistance to rising 
sliding velocity and the factors and processes that stabilize fault 
slip (e.g., Marone, 1998). In recent years, laboratory experiments 
have explored a wider range of fault-zone materials and prop-
erties and considered variable experimental conditions, geometry 
and scale.

Experiments aimed at shallow fault properties find that uncon-
solidated clay-rich fault materials exhibit velocity-strengthening 
behavior, over a wide range of compositions indicative of dilation 
strengthening in granular materials (Ikari et al., 2009; Saffer et al., 
2012). Certain minerals, including some clays, serpentine minerals 
and talc, are found to be velocity strengthening in the labora-
tory over a wide range of conditions, suggesting that composition 
alone can promote slow slip over temperature and depth ranges 
at which these materials are stable (Moore and Rymer, 2007;
Lockner et al., 2011). Ikari and Kopf (2017) describe experiments 
on weak clay-rich fault samples collected by shallow drilling from 
seven plate-boundary faults. When they sheared samples at very 
low slip velocities consistent with steady tectonic loading (∼nm/s), 
they found unstable slip and SSEs, even though most of those sam-
ples were velocity-strengthening at the much higher sliding rates 
(∼μm/s) that are usually applied in such experiments. These find-
ings are consistent with recent geophysical evidence of shallow 
earthquake ruptures and SSEs described in Section 2, which require 
a weakening mechanism to allow such instabilities to initiate.

Other experiments find that faults can exhibit bimodal (ei-
ther fast or slow) slip behavior due to the activation of diverse 
weakening or strengthening processes by strong variations in slip 
speed. For example, a velocity strengthening fault can become 
unstable at high slip rates due to dynamic weakening processes 
(e.g., Kohli et al., 2011, and references cited therein), suggest-
ing that it is possible for a dynamic rupture to break through 
an otherwise creeping section of a fault. On the other hand, slip 
acceleration can also produce dilatant strengthening, putting the 
brakes on fault slip and leading to velocity-strengthening behav-
ior (Kaproth and Marone, 2013). Kaproth and Marone (2013) also 
find seismic wave speed reduction in a serpentinite fault zone ac-
companying slow slip, indicating dilatant processes associated with 
precursory slow slip. Experiments in which fluid pressure is con-
trolled in experimental faults show that rising fluid pressure can 
both stabilize and destabilize fault slip through the effects of com-
peting compaction and dilation processes on fluid flow, pressure 
and frictional strength during sliding (e.g., Scuderi et al., 2017;
Faulkner et al., 2018). Experiments conducted at hydrothermal 
conditions approaching the brittle–ductile transition of crustal 
rocks find that inferred rate-and-state frictional fault properties are 
strongly dependent on sample mineralogy and associated plastic 
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Fig. 12. Slow and fast slip in the heterogeneous Zuccale fault zone on Elba Island, Italy (based on Collettini et al., 2011; original images from C. Collettini, written comm., 
2018). (a) Schematic view and (b) photograph of the Zuccale Fault containing foliated phyllosilicate-rich layers surrounding stronger lenses of mafic and carbonate material. 
Velocity-step experiments on (c) frictionally weak and velocity-strengthening (a > b) foliated material and (d) strong and velocity-weakening (a < b) mafic lens material. 
Corresponding micrographs of (e) phyllosilicate-rich foliated sample fault and (f) powdered mafic fault material used for the experimental results in (c) and (d).
and pressure-solution deformation mechanisms (He et al., 2013). 
More work exploring the mechanical and chemical effects of fluids 
and temperature will be needed to better understand the various 
processes and factors involved in this behavior.

In laboratory experiments on modestly velocity-weakening 
faults, a finite SSE will develop if the slip patch size remains within 
a critical dimension (h∗) related to the effective stiffness of the 
loading system (see section 4.1). In this case, elastic stress decays 
more rapidly than the frictional strength, preventing dynamic ac-
celeration. In experiments where the system stiffness is near the 
transition value separating stable and unstable behavior, complex 
transient slow slip behavior can be produced (e.g., Leeman et al., 
2016). McLaskey and Kilgore (2013) explore friction experiments 
on meter-scale samples larger h∗ and find that small foreshocks 
in the slow slip zone accompany the slow nucleation phase before 
the experimental mainshock. Very high stressing rates during the 
slow slip period may trigger such small asperity failures, which 
are reminiscent of precursory earthquake swarms and SSEs ob-
served prior to some earthquake ruptures. Using a sample that 
is sized close to the critical nucleation dimension, McLaskey and 
Yamashita (2017) find that faulting can be made to switch from 
aseismic to seismic slip simply by rapidly increasing the load-
ing rate. They suggest that this could explain the transition from 
tremorogenic to silent slow slip found by Wech and Bartlow (2014, 
see Fig. 5c) and the emergence or magnitude increases of repeating 
earthquakes and LFEs during afterslip episodes (Chen et al., 2010;
Veedu and Barbot, 2016; Hatakeyama et al., 2017).

Natural faults often feature discontinuities and irregular surface 
morphology and contain heterogeneous materials, such as more 
competent lenses of rocks with different composition or metamor-
phic grade (see Section 3). Harbord et al. (2017) explore the role of 
fault-surface roughness and find that a combination of roughness 
and normal stress influences the stable or unstable accommoda-
tion of slip, with rougher fault surfaces favoring slow slip. They 
suggest that their results qualitatively support the idea that rough 
seafloor topography entering subduction zones promotes creeping 
subduction thrust behavior (Wang and Bilek, 2014). A foliated fault 
gouge fabric and contribution of pressure-solution creep in multi-
mineralic fault-zone materials also promote velocity-strengthening 
behavior (e.g., Niemeijer and Spiers, 2006; Collettini et al., 2009;
Collettini et al., 2011). The highly heterogeneous frictional prop-
erties deduced from laboratory experiments of field samples from 
such fault zones (Fig. 12) suggest mixed-mode behavior with coex-
isting slow slip and seismic events (e.g., Collettini et al., 2011, and 
references cited there). It is difficult for small-scale experiments 
(Pec et al., 2016) to fully capture the heterogeneous structures 
and multiple deformation processes found in natural fault zones 
(e.g., Figs. 8–10). Results from larger-scale experiments involving 
semi-brittle rock analogue materials (Reber et al., 2015) suggest 
that the interaction of viscous flow and a system of tensional and 
shear fractures can produce fault-zone structures and slip behav-
iors resembling those observed in such heterogeneous natural fault 
zones.

In summary, as laboratory scientists consider a more diverse set 
of experimental parameters, inspired by geophysical and geological 
observations, they find more complex and diverse fault-zone be-
haviors that are not always captured by existing theoretical frame-
works. These results suggest that spatial and temporal changes in 
conditions (e.g., composition, micro-structure, fluid pressure, and 
slip rate) found in natural fault systems are likely to promote spa-
tial and temporal variations in the occurrence of slow slip.
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4.3. Slow slip in the natural laboratory

Ideally, we can explore the mechanics of slow slip on natural 
faults, by closely studying their response to manmade or natu-
ral changes in boundary conditions. There is evidence of induced 
slow slip associated with triggered seismicity due to injection of 
wastewater near preexisting faults (Duboeuf et al., 2017 and refer-
ences cited therein). Bourouis and Bernard (2007) find sequences 
of repeating micro-earthquakes on faults near an active injection 
site in Soultz, France, at ∼3 km depth indicative of slow slip ini-
tiated by fluid pressure increases. Induced creep of up to ∼0.2 m 
was distributed on a ∼400-m wide fault, illuminated by the re-
peaters. Guglielmi et al. (2015) and Duboeuf et al. (2017) carried 
out field experiments in which rapid fluid injections induced aseis-
mic fault slip that was associated with induced microseismicity. 
Comparison of the slip measurements, relying on what is effec-
tively a 3D borehole creepmeter, and seismic moment release sug-
gests that most of the induced deformation is aseismic (Duboeuf 
et al., 2017). Considering lab experiments, modeling and seismo-
logical observations, Zoback et al. (2012) conclude that slow slip, 
either from fluid pressure increases and/or from high clay content 
in the fault zone material, is an important deformation mecha-
nism associated with shallow hydraulic fracturing. Consistent with 
laboratory and computational models, these natural-laboratory ex-
periments suggest that decreased effective normal stress in a fault 
zone may lead to slow slip, while also stimulating induced seis-
micity.

Examples of natural experiments illuminating slow-slip me-
chanics include slow slip accelerations induced by coseismic stress 
changes and tidal modulation of slow slip. Hatakeyama et al.
(2017) examine the changing character of small repeating earth-
quakes located in the afterslip zone of the 2011 Tohoku-oki 
(Fig. 5). They find that the accelerated loading rates during the af-
terslip transient caused systematic increases in magnitude and slip 
area of repeating earthquakes and allowed patches on the plate 
interface, which had slipped aseismically in previous decades, to 
repeatedly slip in small earthquakes. As afterslip rates decayed, so 
did the size of the repeating earthquakes and the emergent seis-
mic sources started to disappear again. These results are consistent 
with similar observations following the 2004 Parkfield earthquake 
and numerical rate-and-state friction models that predict such 
variable slip behavior for small velocity-weakening fault patches 
embedded in a velocity-strengthening fault zone (Chen et al., 
2010).

The response of creeping, tremor-producing fault zones near the 
brittle–ductile transition to tidal stress cycles represents another 
example of a natural slow-slip experiment (Hawthorne and Rubin, 
2010; Thomas et al., 2012). Beeler et al. (2013b) examine the re-
sponse of low-frequency earthquakes to very small (<±300 Pa) 
tidal shear-stress changes (Thomas et al., 2012) to argue that rate-
dependent friction at extremely low effective normal stress could 
explain the observed correlation, while aseismic shearing of the 
fault zone by dislocation creep or other ductile deformation mech-
anisms cannot. Houston (2015) find that the correlation of tremor 
occurrence and tidal stress on the Cascadia subduction thrust be-
comes stronger as slow slip accumulates during an SSE. This sug-
gests that the subduction thrust has both an intrinsically low co-
efficient of friction and near-lithostatic fluid pressure, and that the 
fault further weakens with ensuing transient slow slip. The obser-
vation that tremors strongly respond to tides while regular earth-
quakes do not appears consistent with the frequency-dependent 
frictional response of laboratory faults to oscillatory loads at high 
fluid pressures (Bartlow et al., 2012). Improved seismologic and 
geodetic monitoring of natural creeping faults should allow for 
many more of these natural-laboratory experiments and improved 
understanding of the mechanics of slow slip.
5. Discussion and new frontiers of slow-slip research

5.1. The ingredients of slow slip

There are a number of successful recipes for slow fault slip, 
SSEs and tremor. Based on the geophysical, geological, and model-
ing insights discussed above, good ingredients for fault creep are: 
(1) a velocity-strengthening fault zone material (many available 
mixes of clays and other phyllosilicates will do, especially if they 
are arranged in a continuous foliated fabric), and/or (2) modestly 
velocity-weakening fault patches that are smaller than a critical 
dimension needed for earthquake nucleation, and/or (3) abundant 
fluids at high pressure, and/or (4) high fault roughness and het-
erogeneous fault structure and composition over a wide range of 
scales. If all else fails, increasing temperature and pressure to a 
level at which some of the fault-zone material is ductile should 
produce aseismic slip in a weakened mylonitic shear zone. Adding 
water almost always helps, as the chemical reactions and mechan-
ical processes that fluids facilitate generally favor slow slip and 
weaken faults. Beware, stirring up a fault too rapidly or very slowly 
can destabilize the slip and result in an earthquake.

To make a slow earthquake with a velocity-strengthening fault 
is difficult. A velocity-weakening fault patch that has a dimension 
small enough, or stiffness high enough, so that the load stress de-
cays more rapidly than the frictional fault strength is better for 
producing an SSE. High fluid pressure has been found to help in 
this effort. Making an SSE also benefits from dilatant fracturing, 
as this helps quench the fault slip and prevent runaway failure. 
However, as for slow slip in general, suddenly increasing water 
pressure or slip rate can sufficiently weaken a fault to induce un-
stable seismic fault slip. If we also want our fault to provide a taste 
of tremor (i.e., a little but not too much seismic slip in places), we 
may need especially high fluid pressure to hold open cracks against 
the lithostatic stress and a fault-zone mix that is spatially variable 
in composition or metamorphic grade.

5.2. The strength of aseismic faults

Just because a fault slips slowly does not mean that it sup-
ports less stress than its seismogenic counterpart. While the fric-
tional strength of most rocks is found to be high (Byerlee and 
Brace, 1968), intrinsically low-friction materials, dynamic weak-
ening mechanisms, and high fluid pressure may leave both seis-
mic and aseismic natural faults to be much weaker. Nonetheless, 
laboratory experiments find that low-friction materials, such as 
some phyllosilicates, also tend to be velocity-strengthening, while 
stronger fault-zone materials exhibit both stable and unstable slip 
(e.g., Ikari and Kopf, 2017).

Geophysical measurements of stress orientations and heat 
flow suggest that both strike-slip and subduction plate bound-
ary faults may not support more than a few 10s-of-MPa shear 
stress. However, there has been debate about if creeping faults are 
weaker than seismogenic ones (e.g., Hardebeck and Michael, 2004;
d’Alessio et al., 2006; Gao and Wang, 2014; Hardebeck and Love-
less, 2018). For example, heat flow data suggest that megathrusts 
that host great earthquakes tend to be weaker than largely un-
coupled sections (Gao and Wang, 2014). On the other hand, stress 
inversion data indicate that creeping subduction thrusts have lower 
effective friction coefficients than the, still quite weak, locked re-
gions (Hardebeck and Loveless, 2018).

At the scale of plate boundary faults, not only the intrinsic fric-
tional properties of fault-zone materials and fluid pressure, but 
also the larger-scale structure and combination of seismic and 
aseismic deformation processes determine the effective strength of 
a fault (e.g.,Wang and Bilek, 2014). Slow-slipping faults that also 
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Fig. 13. Moment (Mo ) versus duration (t) of seismic and aseismic slip events and proposed scaling relationships (simplified from Gomberg et al., 2016). See Gomberg et al.
(2016) for source event information about the SSEs, very-low-frequency earthquakes (VLFE), low-frequency earthquakes (LFE), and earthquakes shown in various colors and 
symbols. Transitions from unbounded to bounded slip dimensions roughly correspond to transitions from n ≈ 3 to n ≈ 1 in the scaling relationship Mo ∝ tn . Dashed and 
dotted lines denote representative stress drops and rupture propagation velocities for the different event types. SSEs have several orders of magnitude lower stress drops 
(∼50 kPa) than earthquakes (∼5 MPa).
produce tremor appear to be especially weak and are easily trig-
gered to slip by very low stress changes from nearby earthquakes, 
dynamic shaking, or tidal stresses (see Section 4.3). This may 
be explained by the combined effect of intrinsically low-friction 
fault materials, near-lithostatic fluid pressure, and abundant fluid-
filled fractures in the fault zone (e.g., Hawthorne and Rubin, 2010;
Thomas et al., 2012; Houston, 2015; Beeler et al., 2018).

5.3. The thickness of creeping faults

The width of a creeping fault zone determines the strain rate, 
and thus the dominant deformation processes accommodating 
slow slip (Fig. 1). As fault zone composition, brittle structures 
(e.g., tensile and shear fractures) and ductile deformation mecha-
nisms (e.g., pressure-solution and dislocation creep) all contribute, 
slow slip need not reflect displacement on a single or few dis-
crete fault surfaces. Shallow creeping faults near the Earth’s sur-
face are usually very narrow (Figs. 2 and 8). Enduring repeat-
ing micro-earthquake sequences, driven to failure by surround-
ing slow slip in strike-slip and thrust environments (Fig. 4A and 
5A), are indicative of the actively creeping fault remaining quite 
thin across the seismogenic zone. Similarly, the recurrence of ef-
fectively collocated low-frequency and very-low-frequency earth-
quakes in deep, tremor-producing fault zones, and the ease with 
which large-scale SSEs propagate over hundreds of km (Fig. 5c) 
suggests quite localized fault creep. Geophysical imaging and geo-
logic studies suggest that the thickness of fault damage zones and 
zones of high fluid content increases with depth from 100s of m 
to several km (Figs. 6 and 7). However, active fault strands within 
such zones may be more localized in m- to 10s-of-m wide shear 
zones (Figs. 9 and 10, Rowe et al., 2013). Careful consideration 
of micro- and macro-scale geological, geophysical and laboratory 
observations will be needed to better understand the structures 
accommodating slow slip of actively creeping faults from top to 
bottom.

5.4. The wide spectrum of fault slip events

With improving temporal resolution and accuracy of geodetic 
and seismic observations, it has become apparent that slow slip 
involves transients with a wide range of sizes, recurrence intervals 
and durations at all depths (Peng and Gomberg, 2010). SSEs distin-
guish themselves from earthquakes by their orders-of-magnitude 
lower slip rates, propagation velocities and stress drops, and much 
longer event durations. A systematic scaling between slip-event 
magnitude (expressed as seismic moment Mo) and duration (t) 
has been proposed, Mo ∝ tn , where n appears to be about three 
for fast seismic events and approaches one for SSEs (e.g., Ide et 
al., 2007). Gomberg et al. (2016), however, find that the scaling 
for both fast and slow events appears to transition from n = 3
to n = 1 in this relationship, as slip patches reach the up- and 
down-dip boundaries of their respective slip zone, thus changing 
from unbounded to bounded slip (Fig. 13). To date, the largest 
documented SSEs have been of equivalent moment magnitude of 
about Mw 7.2; however, Meade and Loveless (2009) argue that 
changes in seismic coupling at decadal time scales may repre-
sent long-lasting, Mw ≈ 8 SSEs. Mavrommatis et al. (2015) used 
GNSS time series and repeating earthquake data to document ac-
celerating slow slip rates on the subduction thrust in northeast 
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Japan over a 15-year period preceding the 2011 Tohoku-oki earth-
quake, with added moment release during this time equivalent to 
an Mw 7.7 event (A. Mavrommatis, 2017, pers. comm., red square 
in Fig. 13). This suggests that the spatial and temporal scales of 
SSEs may indeed be quite open ended. More observational and 
theoretical work will be needed to establish to what degree the 
wide spectrum of tremor and SSE behaviors can be described in a 
consistent mechanical framework (Hawthorne and Bartlow, 2018;
Ide and Maury, 2018).

5.5. Slow slip, the earthquake cycle and earthquake hazard

Better understanding of slow slip during all phases of the 
earthquake cycle should allow for improved earthquake hazard 
assessment. Relatively steady interseismic creep below the seis-
mogenic zone strongly contributes to the overall stress build up 
leading to eventual earthquake ruptures. Thus, model estimates of 
deep slip rates form an important ingredient of long-term haz-
ard assessments (Field et al., 2014). Fault creep at seismogenic 
depths reduces a fault’s overall seismic potential, but not necessar-
ily the ground motion of earthquakes on partially coupled faults 
(Field et al., 2014; Harris, 2017). Slip accelerations or SSEs dur-
ing the interseismic phase of the earthquake cycle produce tran-
sient stress increases on nearby locked patches that temporarily 
increase earthquake probabilities (e.g., Mazzotti and Adams, 2004;
Shirzaei et al., 2013). For example, stress and earthquake hazard 
on the Cascadia megathrust are raised (Mazzotti and Adams, 2004)
during each episode of slow slip and tremor below the locked 
zone (Fig. 5c). However, the earthquake-probability increases dur-
ing these recurring SSEs are probably modest (Beeler et al., 2013a). 
On the other hand, it is possible that a “runaway SSE” propagat-
ing further up dip than usual, becomes the nucleation phase of an 
eventual great megathrust earthquake (Segall and Bradley, 2012), 
motivating continuous monitoring of slow slip in space and time.

Precursory SSEs and associated foreshock sequences have pre-
ceded some large earthquakes (Fig. 7, Roeloffs, 2006; Kato et al., 
2012; Meng et al., 2015; Radiguet et al., 2016; Socquet et al., 
2017). The durations of these precursory slip transients range from 
seconds to years and their slip areas and inferred slip also span a 
wide range (Roeloffs, 2006). The preseismic slip often occurs ad-
jacent to the coseismic rupture, rather than within the eventual 
nucleation zone and rupture. While a direct correlation between 
slow slip accelerations and some larger earthquakes can be docu-
mented (e.g., Uchida et al., 2016), most SSEs occur without sub-
sequent large earthquakes. Thus, rather than being an inherent 
part of the earthquake-nucleation process, the association of SSEs 
with subsequent earthquake ruptures may simply reflect triggering 
relationships similar to those between earthquakes (Freed, 2005). 
While improved observations of slow slip are not likely to lead to 
reliable short-term earthquake predictions, refined characterization 
of slow slip episodes and their relation to large earthquakes con-
tinues to be a promising area of research (Obara and Kato, 2016).

Postseismic slow slip comes in two flavors. Stress-driven after-
slip relieves coseismic stress increases on nearby fault sections that 
are capable of slow slip (Figs. 4, 5a, b and 11e, Ingleby and Wright, 
2017 and references cited therein). Static and dynamic stresses 
from a mainshock rupture can also lead to triggered postseismic 
SSEs relieving stress that had already built up during the preced-
ing inter-SSE period (Fig. 3c, Taira et al., 2014; Araki et al., 2017;
Wallace et al., 2017; Rolandone et al., 2018). Together with other 
postseismic relaxation mechanisms, slow slip of either type can 
enhance static stress changes at large distances from a main-
shock and trigger subsequent events (e.g., Hearn et al., 2002;
Freed, 2005).
5.6. New frontiers of slow-slip research

Recent advances in the understanding of slow slip from geo-
physical, geological and modeling studies described in Sections 2
through 4 point the way to future interdisciplinary investigations. 
It seems particularly important to further integrate evidence from 
multiple geophysical techniques, complementary geologic outcrops, 
and experimental and computational models. Below are a few ex-
amples of promising and challenging targets of future slow slip 
research.

As most seismic and aseismic moment release occurs below the 
sea floor, geophysical seafloor observations will greatly enhance 
slow-slip research. Given the recent success of such observations 
in global subduction zones (Figs. 3 and 5, Wallace et al., 2016;
Yokota et al., 2016; Araki et al., 2017), these most hazardous plate-
boundary fault systems justifiably are top-priority targets for future 
research (McGuire et al., 2017). Recent studies of precursory earth-
quake swarm activity and reduced seismic velocities in the Gofar 
transform fault (see Fig. 7, McGuire et al., 2012) and the discovery 
of repeating earthquakes driven by slow slip on the Mendocino 
transform fault (Materna et al., 2018) point to oceanic transform 
faults also being great targets for future integrated seafloor geode-
tic and seismologic investigations of slow slip.

Much progress has been made in finding exhumed fault zones 
that provide new insights on the environment, structures and pro-
cesses of slow slip. The integration of observations from the thin-
section to regional outcrop scale with laboratory experiments on 
samples collected from such sites (e.g., Fig. 12), illuminates the role 
of multiple deformation processes and structures producing slow 
slip. Geophysical and modeling studies should explicitly consider 
the constraints provided by these geologic studies, while geolo-
gists should formulate their hypotheses in the context of geodetic 
and seismologic phenomena (e.g., the spatial and temporal scales 
of slow slip and associated seismic activity, Figs. 4 and 5) and geo-
physical constraints on the environment of slow slip (e.g., Figs. 6
and 7).

Important frontiers in experimental research lie in further ex-
plorations of the roles of scale and water. Better understanding 
the roles of slip patch dimension, heterogeneous fault zone com-
position, fault-surface morphology, and secondary structures re-
quires larger-scale experiments or well-designed natural-laboratory 
investigations. Ideally, experimental studies should be accompa-
nied by computational models that allow for examining the degree 
to which experimental insights can be scaled to the spatial and 
temporal scales of natural systems. Crustal fluids and the spatio-
temporal variability of fluid pressure play a fundamental role in 
fault behavior and the occurrence of earthquakes and slow slip 
(Sibson, 2017). Fluids influence faults through the magnitude of 
effective normal stress, the development of fluid filled fractures, 
chemical reactions and phase transitions, and the activation of 
pressure-solution creep and plastic deformation mechanisms. In-
creasing fluid pressure can both stabilize and destabilize fault slip. 
Future experiments should aim to more fully illuminate the mech-
anisms and consequences of fluid effects on active faulting.

Finally, slow slip also plays an important role in the mechanics 
of landslides (e.g., Handwerger et al., 2016), glaciers (e.g., Lipovsky 
and Dunham, 2017) and volcanoes (e.g., Dmitrieva et al., 2013). 
Studies of slow slip in these systems is likely to improve our un-
derstanding of the behavior and hazard of tectonic faults, and vice 
versa.
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