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The deformation regime that accommodates tectonic motion at plate boundaries
changes as pressures and temperatures increase with depth, transitioning from the
shallow frictional sliding of seismic ruptures to deep, viscous flow. We use recurring
swarms of low-frequency earthquakes in this transition zone to measure the recurrence
intervals and durations of accompanying slow slip across four plate boundaries. We
find these time scales systematically decrease with depth and linearly scale with one
another. Assuming a transition zone governed by episodic faulting, the observed time
scales produce an average slow slip rate of 7 &= 2 mm/d across all four plate boundaries
that is independent of depth. Thermal models place these slow slip dynamics within a
common, narrow range of temperatures. Our results suggest deep slow slip is the result
of the episodic unjamming of the plate boundary by frictional heterogeneities whose
relaxation is modulated by surrounding temperature-dependent viscous material.

slow slip | low-frequency earthquakes | frictional-viscous transition

The mode of deformation along tectonic plate boundary faults depends on pressure
and temperature that both increase with depth (1). Within the shallow seismogenic
zone (depths <30 km), deformation is governed by frictional instabilities sensitive to
pressure, and episodic earthquakes dominate fault motion. At greater depths, the primary
deformation mechanism along plate boundaries transitions to viscous flow with increasing
temperatures. This transition not only represents changes in the dynamics of deformation
(episodic to quasi-continuous motion) but also in the principal parameter that controls
the mechanism (pressure to temperature). Geological observations of exhumed plate
boundaries suggest that deformation within this transition zone results from an interplay
of the end-member frictional and viscous regimes (2—4). Because this transition is not
abrupt and likely plays out across some finite distance along the plate boundary, the
relative partitioning of this frictional-viscous interplay should evolve with depth and
depend on local temperature and pressure conditions.

Geodetic measurements of surface motion regularly image discrete episodes of fault
slip too slow to radiate seismically within this transition zone at a number of plate
boundaries, including subduction zones such as Nankai (5), Cascadia (6), Guerrero (7),
Hikurangi (8), as well as transform plate boundaries like the Parkfield section of the San
Andreas fault (9) and the North Anatolian fault (10, 11). Modeled as transient shear slip,
slow slip events can last from hours to years, recur over the same range of time scales, and
potentially release as much tectonic strain as a magnitude 7 earthquake (8, 12). While
slow slip can also occur at shallow depths (<15 km) (11, 13, 14), we focus here on deep
slow slip that samples the frictional—viscous transition downdip of the seismogenic zone.
Within this deep transition zone, the presence of fluids from metamorphic dehydration
of the subducting slab (4) allows for shear slip at depths below the seismogenic zone (15)
by elevating pore pressures (16, 17). Both fluids (18) and viscous deformation (19, 20)
have been proposed to keep deep slow slip slow, limiting the average speed of slow fault
slip to subseismic slip rates.

Although the energy release of slow slip is overwhelmingly aseismic, colocated swarms
of tiny repeating earthquakes on the plate boundary called low-frequency earthquakes
can function as a seismic proxy for slow slip (21, 22). Slow slip is thought to rapidly
load and trigger these seismic sources (23), generating many events from localized low-
frequency earthquake sources (24). The timing of these swarms of repetitive seismic
events provides a precise lens through which we can image slow slip dynamics with high
temporal resolution (25-28).

The behavior of low-frequency earthquakes, and by proxy slow slip, varies systemati-
cally with depth (29-33). Close beneath the seismogenic zone, swarms of low-frequency
earthquakes occur periodically and signal discrete episodes of slow slip (34, 35). At greater
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Characteristic depth dependence of low-frequency earthquakes across four tectonic plate boundaries. (A-D) Colored circles represent the source

locations of low-frequency earthquakes in three subduction zones (33, 37, 38)—green in (A) Cascadia, purple in (B) Nankai, and blue in (C) Guerrero, and orange
along the (D) Parkfield section of the San Andreas transform plate boundary (39). The color gradient in each region shows the relative depth of the low-frequency
earthquake sources, with lighter colors corresponding to deeper sources. The colored arrows in (A-D) indicate the direction and rate of tectonic motion. The
dashed dark red lines show the locations of the vertical profiles of slab geometry in (F). Top Right Inset maps show the regional geographical contexts, with dark
red lines showing plate boundaries and black likes showing geographical boundaries. (£) Cumulative event counts of two low-frequency earthquake sources
from each region, one shallow (dark color) and one deep (light color) that show how shallow sources emit infrequent swarms of low-frequency earthquakes,
while deep swarms occur more regularly. (F) Slab geometries and spatial distributions of low-frequency earthquake depth bins, shown as colored squares
whose size indicates the relative number of low-frequency earthquake families in each bin. The thick black lines are the slab profiles for the three subduction

zones (40, 41); Parkfield is shown as a vertical line.

depths within the transition zone, the cadence of slow slip
(5, 27) and low-frequency earthquake swarms (30, 32, 36)
increases. This depth-dependent transition of slow slip and low-
frequency earthquake behavior from shallower, infrequent events
to deeper, quasi-continuous activity appears analogous to the
gradual shift from frictional slip to viscous creep we would expect
within the deep transition zone.

Here we investigate the dynamics of plate boundary motion
within the frictional-viscous transition zone downdip of the
seismogenic zone, the source region of deep episodic slow slip.
We quantify how the time scales of slow slip vary with depth by
systematically measuring the durations and recurrence intervals
of low-frequency earthquake swarms at three subduction zones
and one transform plate boundary (Fig. 1). These time scales
provide important constraints on the faulting mechanics within
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the transition from frictional slip to viscous creep, underscoring
the first-order control of temperature on slow slip dynamics at
the base of the seismogenic zone.

Depth Dependence of Low-Frequency
Earthquake Dynamics

We analyze the systematics of low-frequency earthquake activity
at the Nankai (37), Cascadia (33), Parkfield (39), and Guerrero
(38) plate boundaries (Fig. 1). All catalogs were built with
a matched-filtering approach that groups detected events into
families of similar events. Each family represents a single low-
frequency earthquake source location from which all of its
associated events originate (24). Every regional catalog is thus
made up of families that can each produce hundreds to thousands
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Fig. 2. Measuring the time scales of low-frequency earthquake swarms, a proxy for episodic slow slip. (A) Interevent times (points) and hourly event count
time series (lines) of two representative low-frequency earthquake sources in Nankai. The deep source (light purple) generates event swarms more often than
the shallow source (dark purple). (B) Autocorrelations of the two low-frequency earthquake event count time series in A. We measure the average duration D of
low-frequency earthquake swarms as the width of the central peak of the autocorrelation. The Inset zoom shows an example of the systematic trend of deeper
sources exhibiting shorter durations. (C) Fourier transform of the two low-frequency earthquake event count autocorrelation functions in (B). We measure the
average recurrence interval R of the low-frequency earthquake swarms as the period of the spectral peak, as shown by the triangles.

of low-frequency earthquakes. We show representative examples
of the cumulative seismic activity for updip and downdip families
from each plate boundary in Fig. 1E. Characteristic of all regions,
we see that updip sources produce infrequent and discrete bursts
of activity, while swarms of events from the downdip families
occur more often.

We estimate the time scales of this depth-dependent low-
frequency earthquake behavior by quantifying the average
recurrence and duration of the characteristic swarms of events
associated with regularly recurring slow slip. We first measure
the time history of every low-frequency earthquake family—each
defined by a common source location on the plate boundary—
by computing hourly counts of seismic activity. Each event
count time series quantifies when and how every low-frequency
earthquake source is active, notably capturing the event swarms
that signal episodes of slow slip. In each region, we spatially
group and sum the event count time series of low-frequency
earthquake sources into 5-km depth bins to estimate the average
seismic behavior ata given depth, assuming that sources at similar
depths share similar slow slip dynamics (SI Appendix, Materials
and Methods); we consider each of the nine families in Cascadia
individually (Fig. 1F). We measure the duration and recurrence
interval of low-frequency earthquake swarms by considering
the seismic activity as a point process quantified by the event
count time series (Fig. 24) (42, 43). The autocorrelations of the
depth-binned event count time series (Fig. 2B) encode the two
time scales of the low-frequency earthquake swarm dynamics
we seek to estimate. The width of the central peak around zero
lag represents the average duration of low-frequency earthquake
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swarms. With increasing lag times beyond this central peak, the
autocorrelation continues to lose power until a second peak
emerges at a lag time equal to the average recurrence interval
of low-frequency earthquake swarms. This second peak is often
not obvious within the time-domain autocorrelation, so we
instead measure the average recurrence interval as the peak of
the amplitude spectrum of the autocorrelation (Fig. 2C). We
estimate uncertainties for both durations and recurrence intervals
in each depth bin with a jackknife approach, recomputing the
event count time series by summing a random subset of low-
frequency earthquake families within the depth bin (S Appendix,
Materials and Methods).

We observe in Fig. 3 a systematic linear decrease with
depth of both the recurrence intervals and durations of low-
frequency earthquake swarms in every region. The low-frequency
earthquake swarms symptomatic of slow slip last from hours to
about a week and recur every few days to every few months. The
recurrence intervals and durations of low-frequency earthquake
behavior along the Parkfield section of the San Andreas transform
plate boundary are 2 to 5 times shorter than those in subduction
zones (35). We show in Fig. 3C that the durations and recurrence
intervals of slow slip at every plate boundary scale linearly with
one another. While the regional linear trends can vary by up to
a factor of 5 (81 Appendix, Table S5), a single trend across all
plate boundaries can explain our observations. Extrapolating this
linear relationship to the longer time scales over which GNSS
data constrain slow slip, we see that geodetic estimates of slow
slip durations and recurrence intervals are compatible with the
observed trend (SI Appendix, Fig. S84).
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Fig. 3. Systematic decrease of the time scales of low-frequency earthquake
swarms with depth. We utilize regularly recurring swarms as a proxy for slow
slip. (A) Estimated average slow slip recurrence interval R as a function of
depth. A range of linear trends is estimated by iterative resampling of the
data within every depth bin. (B) Estimated average slow slip duration D as
a function of depth. (C) Linear scaling of low-frequency earthquake swarm
recurrence interval as a function of duration. The observed linear trends
imply that the ratio R/D is constant and does not vary as a function of depth.

A Model of Episodic Slow Slip

This consistent trend of decreasing time scales of low-frequency
earthquake swarms with increasing depth across multiple plate
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boundaries suggests common dynamics that control the timing
of the slow slip that drives low-frequency earthquake activity. If
we assume that the long-term fault motion of the transition zone
is equal to the long-term rate of plate motion V7 and is constant
with depth (44), we can then define a model of episodic fault
motion to describe slow slip dynamics (35). This model supposes
that the expected long-term fault motion over the recurrence
interval R is entirely accommodated during an episode of slow
slip of duration D. We write this model out as

D(2)Vs(z) = R(2) VL, [1]

where both slow slip time scales D and R can vary as a function
of depth z, and Vs(z) is the average rate of fault motion during
slow slip as a function of depth z. With V7 assumed to be equal
to the regional long-term rate of plate motion (Fig. 1), we can
predict the slow slip rate Vs at a given depth z with estimates of
the recurrence interval R(z) and duration D(z) of slow slip.

This model of episodic fault motion assumes that every single
low-frequency earthquake occurs during regularly recurring
discrete event swarms of duration D. The ratio of the duration
to the recurrence interval D/R predicts the fraction of time over
which all low-frequency earthquakes will occur. To evaluate how
well this model describes the observed seismic activity, we calcu-
late the episodicity e—defined as the fraction of low-frequency
earthquakes whose cumulative sum of interevent times is smaller
than the fraction D/R of the total catalog time—for every
low-frequency earthquake family (S/ Appendix, Materials and
Methods). We observe that the large majority of families in
all regions exhibit episodicities of more than 0.7 with no
resolvable variation in depth (S Appendix, Fig. S8). Assuming
that every individual low-frequency earthquake signals slow slip,
an episodicity of ¢ < 1 implies that there is interepisode fault
motion between the regularly recurring slow slip events that are
characterized by R and D. If we incorporate interepisode slip
as quantified by the episodicity ¢ into our model, we find that
the slow slip rate V; scales with (1 — ¢) (SI Appendix, Materials
and Methods). The observed episodicities of >0.7 (SI Appendix,
Fig. $8) thus imply a minor bias of up to 30% in our estimates of
slow slip rate Vs. We conclude that a model of episodic faulting
without interepisode slip is sufficient to explain the first-order
behavior of low-frequency earthquakes.

Estimating the rate of slow slip Vs using Eq. 1, we find a
slip rate that is about 7 £ 2 mm/d and is consistent across all
four plate boundaries (Fig. 4). This estimate reflects an average,
combined rate of slip of both aseismic slow slip and seismic low-
frequency earthquakes, even if the latter represents only a tiny
fraction of the total geodetic moment (7). This average slip rate,
which we predict with a simple model of episodic slow slip whose
only constraint is the long-term plate motion, is compatible
with typical geodetic models of slow slip (~0.1 to 1 mm/d;
SI Appendix, Table S7).

While we assume that the long-term fault motion V; does not
vary with depth, the observed depth-independence of the slow
slip rate Vs emerges from the data as the linear scaling between
R and D we see in Fig. 3C. Eq. 1 shows how R/D effectively
scales the long-term plate motion to an average slow slip rate. We
can estimate a depth-independent R/D per region as the slope
of the linear trends in Fig. 3C (8] Appendix, Table S5). A single
best-fit slope R/D across all four plate boundaries suggests that
on average slow slip rates are about 60 times faster than long-term
plate motion. That the slow slip rate is roughly constant in depth
and almost the same in multiple plate boundaries suggests the
same mechanism controls the episodic dynamics and average rate
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Fig. 4. Similar slow slip rate and dynamics across four plate boundaries are primarily controlled by temperature. (A and B) Slow slip rate as predicted by the
model of episodic fault motion (Eqg. 1), as a function of depth and pressure (A) and temperature (B). Points represent slip rates predicted from measurements
at a given depth, while bold lines show the slip rate predicted from the fitted linear trends in Fig. 3C whose slopes are equivalent to the ratio of time scales
R/D. The dashed green line extrapolates the slow slip rate in Cascadia to the depths of the entire slow slip region (29, 44). The gray shaded region indicates the
average slip rate of 7 + 2 mm/d. We use regional thermal models to predict the temperature at the plate interface associated at a given depth and pressure
(15, 45-47). The limits of pressure and temperature in A and B are set to encompass the regional thermal models, as shown by the box in D. Temperature
predicts slow slip over a narrower range of values relative to pressure, with an onset of slow slip at about 400° across four plate boundaries. (C) Slip rates of
earthquakes, slow slip, and long-term plate motion. The black horizontal curve represents an average earthquake slip rate, the points are the estimated slow
slip rates, and the squares are the long-term rates of plate motion for each region. (D) Pressure and temperature conditions of regional thermal models and
deformation regimes (15, 45-47). The box indicates the common temperature and pressure range of slow slip in Aand B.

of slow slip across these varied tectonic contexts, despite their
differences in geometry and lithology.

Temperature Dependence of Slow Slip
Dynamics

This model of episodic fault motion does not prescribe any depth
dependence of slow slip time scales and does not explain why the
recurrence interval R and duration D both systematically decrease
with depth (Fig. 3). If the long-term rate of fault motion VJ
that loads the system is fixed, then the decrease of recurrence
intervals with depth suggests that the time needed for the fault
to reach failure also decreases with depth. To then maintain a
depth-independent ratio of R/D (Fig. 3C) and slow slip rate
(Fig. 4 A and B), slow slip durations must also shorten with
depth. A systematic decrease in fault strength with depth would
explain why deeper slow slip events become both shorter and
more frequent to balance the budget of fault motion across the
transition zone.

Whatever parameter controls the depth dependence of fault
strength must be consistent across four plate boundaries that
have different geometries, lithologies, and tectonic contexts.
The primary parameters that control faulting are pressure and
temperature (1). Of these two, temperature is the most likely
parameter that would control fault strength downdip of the
seismogenic zone. Experimental work has demonstrated that
increasing temperatures weaken Earth materials (48, 49). Fault
zone chemistry, including precipitation and dissolution, is also
strongly dependent on temperature and can facilitate slow slip
(2, 50). If we consider the depths of low-frequency earthquakes
across four plate boundaries (Fig. 1F and SI Appendix, Fig.
S3), pressure is an unlikely primary control on episodic slow
slip dynamics. Low-frequency earthquakes in Parkfield occur at
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much lower confining pressures than low-frequency earthquakes
in subduction zones, with source positions 10 to 20 km shallower
than those in subduction zones. Another important clue is the
nearly flat slab subduction of Guerrero, which demonstrates
clear variations in slow slip time scales across the flat slab even
as confining pressures do not vary (Fig. 1F). Near-lithostatic
pore fluid pressures throughout the slow slip source region
counteract confining pressures to lower the effective normal stress
on plate boundary faults (16, 17), facilitating the existence of low-
frequency earthquakes and slow slip (15, 20). To produce depth-
dependent fault strength however, pore fluid pressure would
have to gradually vary with depth and remain stable throughout
the slow slip cycle. Geological observations and models of fault
valving within the deep subduction channel suggest pore fluid
pressures evolve on the time scale of individual slip events
(3, 51, 52), making it unlikely that a stationary gradient in pore
fluid pressure controls depth-dependent slow slip dynamics. We
thus propose that temperature is the parameter that exerts a first-
order control over deep slow slip dynamics across all of these
tectonic contexts.

To quantitatively evaluate whether temperature better explains
our observations, we return to the model of episodic fault motion
(Eq.1). The depth-independent rate of slow slip we observe across
four different plate boundaries spans a wide range of depths
and pressures, more than 30 km and 1,000 MPa respectively
(Fig. 4D). If temperature is a better predictor of where slow
slip occurs along the plate boundary, our measurements of slow
slip rate should span a relatively smaller range in temperature.
We translate the depth of our measurements of slow slip rate to
temperature via thermal models of each plate boundary (15, 45,
46). This allows us to plot our estimates of the average slow slip
rate as a function of the temperatures that correspond to the
range of pressures and depths of the plate interfaces in Fig. 4B;

https://doi.org/10.1073/pnas.2524741123
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we extrapolate the slow slip rate in Cascadia to a wider range of
pressures and temperatures because the low-frequency earthquake
catalog we analyze here (33) does not encompass the entire slow
slip source region (29, 44).

We observe that our measurements across all regions are more
coherent as a function of temperature rather than as a function
of pressure. Once we convert the inferred source pressures,
we see that low-frequency earthquakes in Parkfield occupy the
same temperature space as the three subduction zones. While
low-frequency earthquakes in Nankai and Cascadia span more
than double the pressure range of low-frequency earthquakes
in Guerrero, all three regions host this seismic activity over
similar temperature ranges of about 100 °C. The onset of low-
frequency earthquake activity across all four plate boundaries
is consistently about 400 °C (Fig. 4B), despite the epistemic
variability of thermal models (53). Low-frequency earthquakes
then disappear in all three subduction zones beyond 550 °C;
only the deepest low-frequency earthquake swarms in Parkfield
occur at higher temperatures, extending up to 650 °C due
to a larger geotherm (15, 54). This temperature band of 400
to 550 °C is consistent with temperatures estimated from
geological observations of slow slip deformation in exhumed
subduction material (2, 4). Compared to the wide spread of
observed pressures over 1000 MPa, the relatively narrower,
common temperature range of ~150 °C and a similar onset
of low-frequency earthquake activity around 400 °C suggest the
mechanism that controls the depth dependence of deep slow slip
time scales at all four plate boundaries is primarily dependent on
temperature.

Slow Slip Results from the Episodic Interplay of
Frictional and Viscous Deformation

The dynamics of deep slow slip reflect the dominant mode of
deformation within the transition zone between the shallow
seismogenic zone and creep at depth. Earthquakes at shallow
depths reflect episodic frictional sliding whose failure process is
principally controlled by pressure (1). Conversely, viscous creep
at depth occurs quasi-continuously and its strain rate is strongly
dependent on temperature (55). Our observations of episodic
slow slip dynamics whose time scales appear to primarily depend
on temperature point to an intermediate mode of deformation
within the deep frictional-viscous transition zone that exhibits
characteristics of both end-member regimes (Fig. 4D): the
stick—slip dynamics of frictional sliding and the temperature
dependence of viscous creep. If we extrapolate the trend of
systematically decreasing slow slip durations and recurrence
intervals with increasing depth and temperature (Fig. 3), slip
will become continuous when these two time scales approach
0 (29, 35). This is consistent with slow slip deformation
gradually transitioning from an episodic frictional regime to a
quasi-continuous viscous one (56).

Such an interplay of frictional and viscous deformation is
corroborated by the geological record of exhumed outcrops
of deep plate boundaries (2—4, 57). Observations of frictional
features embedded within a matrix of viscously deformed material
suggest that multiple mechanisms operating in tandem are likely
responsible for the characteristic kinematics of slow slip (2, 3).
Another common geological observation in these settings is
the signature of hydrofracturing and crack-seal veins (57, 58),
suggesting the prevalence of fluids and localized low effective
pressures along plate boundary faults. High pore fluid pressures
within the deep transition zone are key to explain both the
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existence and mechanics of deep slow slip (12, 15, 52), butitis not
obvious how the presence of fluids explains the depth evolution
of slow slip time scales we observe here. Fluids are principally
sourced from the metamorphic dehydration of the subducting
oceanic lithosphere at depths beyond the seismogenic zone (4),
as evinced by serpentinization of the mantle wedge (59). Even
in a continental transform setting like Parkfield, temperature-
sensitive metamorphic facies may act as a fluid source (17, 54, 60).
Both ecologitization and serpentinization are relatively insensitive
to pressure, being instead strongly dependent on temperature
with an onset around 400 °C (47, 59, 61). This corresponds well
with the observed onset of low-frequency earthquake activity
across three subduction zones (Fig. 4B). We thus suggest that
temperature-sensitive metamorphism plays an important role in
setting the scene for the mixed-mode deformation responsible
for slow slip, but does not explain the observed evolution of slow
slip time scales with depth (Fig. 3).

Our observations of episodic slow slip time scales place robust
geophysical constraints on the dynamics of the mixed-mode
deformation responsible for slow slip within the deep transition
zone. Any mechanism responsible for deep slow slip must produce
the temperature-dependent episodic dynamics that we observe
here across four plate boundaries. Recent models of slow slip
have included a temperature-dependent viscous component that
deforms quasi-continuously, both between and during slow slip
events (19, 20, 62—64). As temperature increases, a weaker viscous
matrix would creep faster and accommodate a larger majority
of the total deformation, keeping stresses low and stifling the
build-up of elastic strain energy needed for the cyclic frictional
failure that produces the observed episodic slip dynamics. This
effectively increases slow slip recurrence intervals as temperatures
rise, which does not fit our observations (Fig. 34).

The characteristic episodic behavior of slow slip that we observe
here suggests that there must be little to no fault motion between
discrete episodes of slow slip (25, 28, 65). This implies that
relatively strong heterogeneities within the subduction channel
must jam the shear zone and inhibit viscous shear while elastic
stresses build prior to the next slow slip event (57, 63). This
also suggests that these same heterogeneities must prevent the
viscous material from being interconnected, otherwise it would
flow continuously as the weakest material in the shear zone;
an interconnected viscous matrix is likely a requisite feature to
complete the transition to continuous creep at depth. Once
the yield stress is reached and slow slip nucleates, the viscous
material would then control the temperature-dependent response
of the shear zone to the frictional failure (64). This explains the
systematic decrease in slow slip duration with depth (Fig. 3B), as
increasing temperatures will weaken the viscous material and
reduce relaxation time scales. If there is no viscous creep in
between slow slip episodes, then the recurrence interval of slow
slip must uniquely depend on the frictional properties of the
strong heterogeneities that jam the shear zone (62). Experimental
work has demonstrated the temperature dependence of friction
(48), with higher temperatures leading to failure at relatively
lower stresses (66). This implies shorter slow slip recurrence
intervals at greater depths and temperatures, consistent with our
observations. We thus suggest that increasing temperatures with
depth can explain the systematic decrease of both time scales
of the episodic dynamics of slow slip in the deep transition
zone.

Our observations of a constant slow slip rate across four
different plate boundaries (Fig. 4) have implications for how we
measure slow slip and understand its physics. The moment M of
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any given slow slip event measured here is My = uVsDA, where
 is the shear modulus, Vs is the slow slip rate, D is the slipping
duration, and A is the slipping area. Following our observations
of a Vs that is constant and independent of depth (Fig. 4), our
results suggest that the slow slip moment My only varies with
Aand D. If we assume that A scales with D? like a typical earth-
quake (67)—arelation that our results do not directly constrain—
our observations of a constant Vs could imply an earthquake-like
cubic moment-duration scaling for slow slip (22); this would
not be consistent with past work that supports a linear scaling
of slow slip moment My to duration D (68). The constant slow
slip rate Vs we observe here is however inconsistent with recent
work that demonstrates that the moment rates of both slow slip
and low-frequency earthquakes covary throughout the slow slip
cycle (22,28, 69, 70). These contradictory observations highlight
the challenge in placing robust constraints on the physics of
slow slip, often complicated by the broad range of temporal and
spatial scales over which geophysical measurements are made.
Our observations here represent slow slip dynamics averaged over
many events in time; the rapid recurrence intervals in Parkfield
imply the slow slip time scales measured here were averaged over
more than 1,000 slip cycles. The slow slip time scales we estimated
also reflect a spatial average across the along-strike extent of the
slow slip source region because we bin low-frequency earthquake
activity as a function of depth. Our estimates of the duration and
recurrence of slow slip thus represent an average behavior that is
in reality more complex than the periodic slip transients assumed
by our model of episodic fault motion. Averaging over many slow
slip cycles acts as a low-pass filter, hiding both variations in slow
slip moment rates that only appear at daily or even subdaily time
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