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Abstract Steady aseismic slip on surface faults (creep) is occasionally interrupted by an impulsive or
emergent acceleration in slip that offsets a surface fault by a few millimetres over a period of several hours
to many days. We present here a catalogue of 5695 episodic events recorded by 78 creepmeters on creeping
faults worldwide between 1980 and 2023. The events vary in amplitude from < 1millimetre to > 1 centimetre,
have durations from a few hours to a few weeks, and have been recorded on creepmeters at sampling rates
from 1 second to 1 hour. Typical instrument resolutions are several microns. This work presents the overall
features of these 5000+ events, evaluates patterns of their occurrence through space and time, and provides
the resulting catalogue in a unified form to facilitate future investigations.

Non-technical summary Slip on most tectonically active faults occurs in earthquakes; however,
some faults have been observed also to slip steadily on the surface at a rate too slow to be perceived with the
naked eye, by a process known as fault creep. A subset of these creeping faults shows an intermediate formof
slip in which slow steady slip is interrupted by intervals of brief acceleration, causing the surface fault to slip
by a few millimetres in hours or days. We have identified more than 5000 of these transient episodes of slip
and provide a catalogue of them in digital form suitable for easy access. The data provide the precise time
history of each slip event and will form a data base for those interested in analysing the role of creep events
in reducing seismic hazards.

1 Introduction
Aseismic slip was first observed on the San Andreas
fault in central California in 1955 (Steinbrugge et al.,
1960). Even in these early data it was recognized that
slow steady surface creep was occasionally interrupted
by accelerations in slip characterized by an abrupt in-
crease in velocity from µm/day to µm/s, which subse-
quently slowed with time to pre-event velocities. These
transient events generally produced a few mm to cm of
fault slip over hours or days, and together accounted
for much of the annual surface slip of the fault. They
were initially called “spasms” and have recently been
described as surges in slip (Gittins and Hawthorne,
2022) but are more generally known as episodic creep
events (ECEs). Episodic creep events have now been ob-
served onnumerous faults, both at the surface recorded
by creepmeters (e.g., Hamiel et al., 2025; Schulz, 1989;
Tocher, 1969; Yamashita and Burford, 1973), and on
faults at depth recorded by strainmeters or inferred
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geodetically (Evans et al., 1981; Gittins and Hawthorne,
2024; Goulty and Gilman, 1978; Hamiel and Piatibra-
tova, 2023; Materna et al., 2024; Tymofyeyeva et al.,
2019; Vavra et al., 2024). They are now recognized to
contribute to a broader spectrum of fault failure from
slow slip to earthquakes (Bürgmann, 2018; Peng and
Gomberg, 2010; Sacks et al., 1982). Because surface
creep events offer a spatial scale of slip instability in-
termediate between that of laboratory experiments of
incipient nucleation (<1 m) and damaging earthquakes
(>10 km), their study provides potential insights into the
mechanisms leading to and following failure of active
faults.

An important tool for the measurement of aseismic
slip and its temporal variations comes from instruments
called creepmeters. These devices measure the exten-
sion of a ~10-meter baseline installed across the trace
of a fault (Bilham et al., 2004), and their data are valu-
able indicators of fault slip because of their extremely
high precision (i.e., tens of µm) and high temporal res-
olution (i.e., seconds or minutes) compared to other
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Figure 1 Map of creepmeter locations shown in Figure 2 – 4 for a) USA locations and b) Southwest Asian locations. Faults
from the Quaternary Fault and Fold Database (USGS and CGS, 2020) are shown as grey lines in panel a). Faults from Zelenin
et al. (2022) are shown as grey lines in panel b).

geodetic methods (Langbein et al., 2024; Schulz et al.,
1982). Creepmeter installations are sometimes moti-
vated by observations of interseismic creep and some-
times with the purpose of capturing earthquake after-
slip (Langbein et al., 2024), but in either case, creepme-
ters are generally installed on faults that are highly lo-
calized when they reach the surface. As a result, most
creepmeter measurements generally come from conti-
nental strike-slip faults. On reverse and normal faults,
creepmeters are more difficult to install successfully,
as surface weathering often obscures the presence of
creep and the expression of faulting in these systems
may be more broadly distributed. On the many fault
systemswhere creepmeters are now installed, they pro-
vide long-term observations of fault slip processes with
high temporal resolution and measurement precision.
However, while many creepmeter measurements are
currently available in various ways, at present they are
not fully analysed into a global description of fault slip.

In order to further our understanding of aseismic
fault creep, we here develop the world’s largest cata-
logue describing the time history of creep events from
a compilation of creepmeter data. While these obser-
vations describe the deformation of the shallow fault
zone, they also provide constraints on fault failuremore

broadly. We present these creep data and the associated
creep event catalogue to advance the systematic study
of episodic creep events. We then consider the impli-
cations of these data for the general rheology of fault
zones and the nucleation of stick-slip failure processes.

2 Creepmeter dataset

We examine data from 78 creepmeters located on 16
creeping faults on four continents (Figure 1). The faults
include the San Andreas, Hayward, Calaveras, Impe-
rial, Superstition Hills Faults, minor faults in southern-
most California, normal faults in Canyonlands, Utah
(Figure 1a), the Dead Sea Fault system in Israel, the
Chaman Fault in Pakistan, and the North and East Ana-
tolian Faults in Türkiye (Figure 1b). We do not con-
sider the orthogonal component of paired creepmeter
installations which have been shown to alter the calcu-
lated fault parallel displacement recorded on creepme-
ters (Langbein et al., 2024) because paired creepmeters
are only installed at a few locations andwewanted to en-
sure consistency of identification and processing across
sites and regions for simplicity.
In California, we examine data from 51 creepmeter

locations (some of which have multiple sensors) which
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are installed within five regions: the Hayward Fault
(Figure 2a), the Calaveras and San Andreas Faults near
San JuanBautista (Figure 2b), and the SanAndreas Fault
near Parkfield (Figure 2c). In Southern California we
examine data from the southern San Andreas Fault be-
tween Indio and Bombay Beach, from the Superstition
Hills Fault and Imperial Fault (Figure 2d), an area we
will refer to as the Salton Trough region. We also con-
sider data from newly ruptured faults near Ridgecrest
and from the Garlock Fault (Figure 3a). In Utah (Fig-
ure 3b), we examine data fromone creepmeter installed
across a normal fault in Canyonlands National Park
(Kravitz et al., 2020). In Türkiye, we consider 24 creep-
meters on the North (Figure 4a/b) and East Anatolian
Faults (Figure 4c). In Israel (Figure 3c), we consider
one creepmeter on an oblique normal/left-lateral fault
within the Dead Sea Fault Zone. In Pakistan (Figure 3d),
we consider one creepmeter on the Chaman Fault.
In all cases, we use all available creepmeter data be-

tween 2 February 1980 and 31 December 2023, amount-
ing to 633 site-years of creepmeter time series. We did
not include creepmeter data prior to 1980 as these were
recorded on paper charts. Within the 1980-2023 dataset,
different instruments naturally span various lengths of
time and may have different sampling rates (see Tables
S1-S7 for details). The highest and lowest sampling rates
within the dataset are 1 second and 60 minutes, respec-
tively. By far the longest record of creep comes from
central California, recorded by the U.S. Geological Sur-
vey with typical sampling rates of 10 minutes.

3 Manual Detection of Slip Events
To develop the catalogue in the present work, we first
developed our creep event detection criteria based on
prior work. We considered but ultimately did not
adopt the creep event detection technique of Gittins and
Hawthorne (2022), which used cross-correlation to de-
tect creep events from the central San Andreas Fault.
The Gittins and Hawthorne (2022) catalogue identified
> 2000 creep events, but the method omitted a number
of creep events with especially abrupt onsets, small am-
plitudes, low peak velocity, or long slip duration, and
failed to separate the timing of individual events within
longer, multi-event sequences. Furthermore, the most
significant drawback of the cross-correlation technique
was that a large number of false-events were detected:
only 14% of potential slip accelerations in the catalogue
were actual events (Gittins and Hawthorne, 2022). Most
of these false-eventswere stick-slip events causedby the
internal friction within the creepmeter, whichmanifest
as abrupt offsets between two contiguous data points
within the creepmeter data that are not associated with
the timing of nearby or teleseismic earthquakes.
We also examined the creep event detection method

of Langbein et al. (2024), which was designed to esti-
mate the ratio between steady creep and episodic creep,
but ultimately decided against using it in the present
work. Thismethod was designed only to identify events
with slip rates exceeding the long-term slip rate by a fac-
tor of 10. In contrast, our goal was to identify a wide
spectrum of creep acceleration processes. It is likely

therefore that there will be a difference in identified
events between the catalogue presented here and Lang-
bein et al. (2024). In further analysis of events it is ad-
vised therefore to assess this catalogue in tandem with
other catalogues of events (e.g., Langbein et al., 2024).
To avoid these errors and biases in the current cat-

alogue, we chose to identify creep events manually in
the records from 78 creepmeters available globally. We
chose manual identification as this allowed us to iso-
late creep accelerationswhile accounting for the unique
data features of each creepmeter time series, such as
variable sampling rates or noisy data periods. For data
from the 18 creepmeters along the central San An-
dreas Fault, we used the start times identified by Git-
tins and Hawthorne (2022) as an initial guide for identi-
fying creep events, but also identified additional events
missed by that technique.
Then, we examined three-month long data win-

dows and picked an approximate start time for indi-
vidual events by zooming into the time series. The
three month window was chosen as a compromise
between accuracy and efficiency, producing high-
sensitivity detection while still permitting manual in-
spection through the entire dataset. Following this, we
examined progressively longer time windows extend-
ing out to two to three years and identified a reasonable
end time for each event in the window, which was de-
fined as the time when the slip returned to a pre-event
background rate or the time at which the ongoing event
was interrupted by a new event. We justify the use of
dual windows because creep events usually start impul-
sively, requiring short windows to identify their onset.
Then, the slip slowly returns to its background rate, re-
quiring a longer time window to identify the cessation
of the event. We then examined the time series as a
whole (i.e., the full 30 year timeseries if a creepmeter
operated for 30 years) to identify any clear and obvious
omitted events, most of which occurred at the start or
end of the selected three-month windows. Finally, we
quality checked each individual event, assigning a pre-
cise start and end time, splitting events into sequences
of events if they appeared to contain distinct accelera-
tions and removing any events thatwere originally iden-
tified but were deemed as noise on further more de-
tailed examination.
One potential complication in event detection is the

occurrence of multiple creep events in a sequence.
Event sequences can often have 3–12 events that inter-
fere constructively, meaning event Xmay not have fully
completed before event Y begins and that event Y is
made up of both event X and Y’s displacements. In this
catalogue, we have chosen to record the timing of all
events separately, even if they form an event sequence;
we consider it important to characterize the timing of
each acceleration in the event sequence, as these accel-
erations may originate from asperities in different lo-
cations along the fault (Gittins and Hawthorne, 2024).
However, event sequences do introduce uncertainty in
the total displacement of each event within the multi-
event time series. In such event sequences, fully disen-
tangling individual events may require fitting a curve to
the time series of each superimposed event simultane-
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Figure 2 Maps of major creepmeter locations in California. a) Map of Hayward creepmeters. b) Map of San Juan Bautista
creepmeters. c) Map of Parkfield creepmeters. d) Map of Salton Trough creepmeters. Faults are from the Quaternary Fault
and Fold Database (USGS and CGS, 2020) are shown as grey lines with important faults highlighted. The grayscale colours
represent topography.

ously. This type of functional fitting has been done for
individual events in isolation (Gittins and Hawthorne,
2026), but is more complicated for events inmulti-event
sequences and is beyond the scope of this study.
Following the techniques described above, we iden-

tified 5695 transient accelerations in slip in the global
dataset of 78 creepmeters, andwe compiled these detec-
tions into an event catalogue. For each event identified

in this study, the catalogue includes a unique identifier,
start time, end time, duration and displacement. Each
event is also labelled as belonging to one of the taxo-
nomic groups of Section 4. Then, section 5 discusses the
specific characteristics of events in each location and
over time.
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Figure 3 a) Map of Ridgecrest, California creepmeters. b) Map of Utah creepmeter. In a) & b) faults are from the Quaternary
Fault and Fold Database (USGS and CGS, 2020) are shown as grey lines with important faults highlighted. In b) the 2019
Ridgecrest rupture extent is brown lines (Ponti et al., 2020) and extends off the map to the northwest. c) Map of creepmeter
in Israel. d) Map of creepmeter in Pakistan. In c) & d) faults from Zelenin et al. (2022) are as grey lines with important faults
highlighted in yellow.

4 Taxonomy of aseismic slip be-
haviours on creepmeters

Aseismic slip on faults forms a continuum of pro-
cesses from seconds to years. However, six prominent
modes of aseismic slip behaviour may readily be iden-
tified in the present catalogue: steady creep, episodic

creep events, triggered slip, afterslip, a class of minia-
ture creep events with small amplitude that we term
creeplets and long-period creep accelerations. Former
studies considering the taxonomy of aseismic surface
slip (Schulz, 1989; Sylvester, 1986) have not included the
last two of thesemodes of slip. While these sixmodes of
slip are prominent in creepmeter time series and have
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Figure 4 a) Map of creepmeters along the Izmit section of the North Anatolian Fault. b) Map of creepmeters along the
Ismetpasa section of the North Anatolian Fault. c) Map of creepmeters in East Anatolia. Faults from Zelenin et al. (2022) are
as grey lines with important faults highlighted.

common ways of presenting, we note that they are not
entirely mutually exclusive. In this section, we first in-
troduce these six prominent modes, and in later sec-
tions we discuss the hybrid modes that make up the
spectrum of slow slip behaviours.

4.1 Steady Creep

Steady creep refers to fault displacement that accumu-
lates linearly with time with no transient accelerations
in slip. Figure 5a illustrates steady creep at Temescal
along the Hayward fault (CTM1). Some fault slip time
series are dominated by steady creep with few or no
events (e.g., Point Pinole on the Hayward Fault, CPP1),
while others show some degree of steady creep sup-
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plemented by other transient modes of slip (Langbein
et al., 2024). At some locations, the observed creep ve-
locities between slip events may be close to zero (e.g.,
Superstition Hills Fault, SU30), whereas at other loca-
tions (e.g., Slacks Canyon, XSC1) steady creep may ex-
ceed slip velocities of 21 mm/year (≈ 2 µm/hour) (Lang-
bein et al., 2024).

4.2 Episodic Creep Events

Episodic creep events (ECEs) (Figure 5b) are abrupt ac-
celerations in slip from steady creep (i.e., at veloci-
ties ≤1 µm/hour) to slip velocities that may exceed 1
µm/minute after a few minutes. Slip velocities subse-
quently decay over the next several hours or days as
they asymptotically approach pre-event levels. ECEs
are thought to represent a spontaneous failure process
due to the release of a steadily increasing antisymmet-
ric strain near the fault. ECEs are effectively slow earth-
quakes, although their equivalent moment-magnitudes
can rarely be determined due to the absence of in-
formation concerning their along-strike slip or depth.
Episodic creep events have been the focus of numerous
studies for their potential to provide constraints on the
rheology and/or geometry of shallow fault zones (Git-
tins and Hawthorne, 2022; King, 1972; Langbein et al.,
2024; Nason et al., 1974; Schulz, 1989; Schulz et al., 1976;
Wesson, 1988; Yamashita and Burford, 1973). Creep
events observed on creepmeters are often preceded by
an initial strain signal corresponding to the approach of
a subsurface dislocation before the commencement of
slip (King et al., 1977). The critical failure strain – the
transition from shear strain to discrete slip of the sur-
face fault – occurs when strain exceeds ≈ 10−5 (≈100
µm in a 10 m long creepmeter). For the most readily
identified creep events, the transition from strain to slip
typically occurs within 5 minutes, in proportion to the
propagation velocity and amplitude of the approaching
dislocation. The maximum slip rates typically occur
within the next two minutes as strain is released from
the flanks of the fault. Slip velocities then reduce ex-
ponentially to pre-event rates over a few hours or days.
Figure 5b shows an example of one of these events.

4.3 Triggered Slip

Triggered slip is defined here as slip on a fault that oc-
curs during and immediately following the passage of
surface waves propagating from a local or teleseismic
earthquake (Allen et al., 1972). Dynamic creep trigger-
ing has been observed on creeping faults for decades
and is especially common in some parts of the world,
such as southern California (Williams et al., 1988; Hud-
nut and Clark, 1989; Bodin et al., 1994; Donnellan et al.,
2014; Wei et al., 2015; Victor et al., 2018; Tymofyeyeva
et al., 2019; Bilham and Castillo, 2020). We note that
there is also some evidence that earthquake-generated
static stress changes can affect creep rates (Lienkaem-
per et al., 1997; Xu et al., 2018), but this effect is harder to
identify in time series alone and requires event-specific
modelling, so here we focus on the potential effects of
dynamically triggered slip in the identified creepevents.

When recorded on a creepmeter, triggered slip often
takes the form of a step-like offset of microns to mil-
limeters (Bilham and Castillo, 2020; King et al., 1977).
Where sampling rates are rapid (≥ 1Hz), triggered slip
is observed to be a progressive slip process with a du-
ration of several seconds during exposure of the fault
to dynamic strain. Triggered slip direction is usually
in the sense of persistent fault slip (i.e. triggered slip
is dextral on dextral faults); however, seasonal stress in
the fault zone may occasionally result in triggered slip
with opposite polarity to the long term slip of the fault.
The offset may be complete within a few seconds, or
slipmay increase for severalminutes after the triggered
event, followed by an extended period of quiescence or
reduced creep rate. The duration, t, of this subsequent
creepquiescencedepends on the amplitude of triggered
slip, and the pre-event creep rate, c, such that t ≈ d/c
(BilhamandHough, 2024). Hence triggered slip appears
to represent the recovery of a local shallow slip deficit
on the fault during a reduction of friction or effective
normal stress associatedwith transient dynamic strains
applied to the fault zone.
Triggered slip was initially considered indistinguish-

able from instrument instability, especially in cases
where the data were recorded at a low sampling rate
(e.g., Figure 5c, 2010 M 7.2 El Mayor Cucapah earth-
quake recorded at 15 minute sampling on the Supersti-
tion Hills Fault). In such cases, triggered slip can be
complete between two contiguous data samples. How-
ever, in recent cases where triggered slip has been
recorded at rates of 1 second to 1 minute, it is clear
that the fault zone responds to the transient oscillatory
dynamic strain associated with the passage of seismic
waves, and that slip is initiated on the fault during the
passage of large-amplitude, long-period surface waves.
Triggered slip amplitudes oftendonot exceed 1mm, but
in exceptional cases, triggered slip may be > 1 cm. On
faults where episodic creep events also occur, it is com-
mon for surface waves to advance the timing of a pend-
ing event, and to thereby release slip exceeding several
mm. In such instances slip may have a prolonged dura-
tion of days or months (e.g., Tymofyeyeva et al., 2019).
In this catalogue, we provide an empirical test for

triggered slip induced by local earthquakes. For each
event detected, we determined the potential correlation
with M ≥3.0 earthquakes within 500 km based on the
thresholds in Victor et al. (2018) to establish local trig-
gering relationships. We require the triggered slip am-
plitude to be at least 5 µm, or 0.5 µstrain in a 10-m-
long creepmeter, because smaller offsets are below the
noise level of the creepmeter. We first identify a tem-
poral search window of R/3.0 ± 5s, where s is the sam-
pling interval in seconds, R is the epicentral distance
in km, and 3.0 km/s is an assumed typical surface wave
velocity. We apply an empirical relationship from Bar-
bour et al. (2021) to determine whether an earthquake
of given Mw is anticipated to generate dynamic strain
at the creepmeter equal to or exceeding 5x10−7 (Bil-
ham andHough, 2024). Events that satisfy these criteria
are noted in the catalogue as possible triggering events.
These criteria do not constitute an exhaustive test since
they exclude, for example, M < 3 local events, large
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Figure 5 Examples of aseismic slip types. a) Steady creep (CTM1). b) Episodic creep event (XMR1). c) Triggered slip (SU30).
d) Earthquake afterslip (XMM1), inset shows timing of episodic creep events on top of the afterslip signal. e) Creeplet (CWN1).
f) Long-period Creep Acceleration (XVA1).

teleseismic events at distances > 500 km, or delayed trig-
gering of slip on the fault near the creepmeter propagat-
ing from slip triggered at depth or along the fault.

Beyond earthquakes, creep events may also be in-
duced by other types of environmental changes, but we
do not indicate these potential triggers in the catalogue.
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For example, creep events on the North Anatolian Fault
in Ismetpasa have been triggered at times of low atmo-
spheric pressure (R. Bilham, 2026, p.c.). Rainfall is also
known to be closely correlated with the timing of creep
events (Roeloffs, 2001; Schulz et al., 1983) and is a po-
tential trigger of accelerated aseismic slip. However, as
this effect is not yet well understood, we consider the
triggering of creep by environmentalmechanisms to be
beyond the scope of the current catalogue.

4.4 Afterslip

Afterslip is a postseismic process whereby portions of
the fault slip aseismically in response to stresses asso-
ciated with coseismic slip at depth (Marone et al., 1991;
Perfettini and Avouac, 2004). As observed on creepme-
ters, afterslip at the surface typically starts minutes to
days after an earthquake (Ambraseys, 1970; Langbein
et al., 2006; Bilham et al., 2025; Cakir et al., 2023; Bil-
ham, 2005) and grows over subsequentmonths or years.
The rate of afterslip typically takes the formof an impul-
sive acceleration in slip followed by a slip velocitywhich
decays logarithmically with time. As a rule of thumb,
as much surface slip occurs in the first week after the
mainshock as occurs in the succeeding 10 weeks, as in
the following 100 weeks etc. Afterslip has been docu-
mented on numerous faults: e.g., the San Andreas Fault
at Parkfield (Freed, 2007; Johnson et al., 2006; Langbein
et al., 2006; Savage andLangbein, 2008; Smith andWyss,
1968), SuperstitionHills Fault (Marone et al., 1991), East
Anatolian Fault (Cakir et al., 2023), Motagua Fault in
Guatemala (Bucknam, 1978), the Xianshuihe Fault in
China (Tong andChen, 2025), andNorth Anatolian Fault
(Bilham et al., 2016).
Figure 5d shows an example of afterslip on the San

Andreas Fault after the 2004 M6.0 Parkfield earthquake
as recorded at Middle Mountain (XMM1). At long
timescales this afterslip appears smooth; however, the
slip process is often manifest on the surface as a se-
quence of episodic creep events separated by intervals
that increase with the logarithm of elapsed time. (Fig-
ure 5d, inset).

4.5 Creeplets

We invoke the term “creeplet” (CLTS) (Figure 5e) to de-
scribe a class of fault-slip event with amplitude 20-100
µm, close to the instrumental noise level, and dura-
tion >5 minutes. These events are abundant in creep
records, and many have hitherto been dismissed as
environmental noise, or artifacts of instrument oper-
ation (“stiction” or monument instability). The differ-
ence between creeplets and stiction artifacts is shown
in Figure S1. We arbitrarily define the minimum am-
plitude of creeplets as 20 µm, and with a duration of
at least 5 minutes (five times longer than the sampling
interval of 1-minute sampled data). Creeplets may oc-
cur as a smoothed step (Figure 5e) or may nucleate
abruptly and decay slowly, with a time history simi-
lar to episodic creep events, but are distinguished by
their shorter duration and smaller amplitude. As with
triggered slip, their small amplitudes have historically

rendered creeplets difficult to distinguish from arti-
facts in the instrument, particularly in the more recent
extended-range creepmeters that incorporate several
moving parts (Langbein et al., 2024). It is probable that
some of the offsets identified as creeplets are indeed in-
strumental artifacts; however, their presence in records
obtained from the friction-free catenary wire creepme-
ters of Yamashita and Burford (1973) indicates that they
cannot be entirely dismissed as instrumental noise.

4.6 Long-period Creep Accelerations

Long-period Creep Accelerations (LPCAs) are increases
and decreases in surface slip rate with durations of
weeks to < 6 months. In these surges, slip accelerates
slowly from background velocities and decelerates sub-
sequently to former levels over the course of several
months (Figure 5f). Due to their slow emergent on-
set, the rate changes are less pronounced than that of
episodic creep events or creeplets (Figure 5e & f). It is
often difficult to identify the duration of surges because
their anomalous slip rates converge slowly toward back-
ground velocities. Among the 207 instances of LPCAs
we have identified, their displacements have a median
amplitude of 1.64 mm, a median duration of 55 days
and a median peak velocity of 6.7x10−8m/s, approxi-
mately 60 times greater than the fastest interseismic
slip rates along the creeping section of the San Andreas
Fault (Burford and Harsh, 1980; Lisowski and Prescott,
1981; Titus et al., 2006). Due to their long duration ex-
tending to substantial fraction of the annual cycle, LP-
CAs are intrinsically difficult to distinguish fromnatural
seasonal signals. It is possible that some of these surges
are related to seasonal changes in environmental condi-
tions on the surface fault, or that additional LPCAs ex-
ist outside of the catalogue. The complete separation
ofmonths-long creep surges from long term seasonally-
driven environmental changes accommodatedby a con-
stant elevated creep rate is a topic for future study.

5 Overview of accelerated creep pro-
cesses in time and space

We now present a preliminary analysis of the temporal
and spatial distribution of creep events in the catalogue.
In the following sections, we analyse the occurrence of
”creep events” as they were picked from the time series;
specifically, we focus on episodic creep events (ECEs),
long-period creep accelerations (LPCAs), and creeplets
(CLTS).We did not include continuous creep (as it is not
an event), we did not include afterslip (which often con-
sists of ECEs), and we did not make a specific distinc-
tion for triggered slip. Possible triggering is described
for each event in the catalogue with a link to the poten-
tially triggering earthquake, but we did not separate it
in the following plots. We next investigate the occur-
rence of ECEs, LPCAs, and creeplets over time, and we
briefly investigate the characteristics of the instruments
and slip events in each fault system in this study: Cali-
fornia, Utah, Türkiye, Israel, and Pakistan.
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5.1 Events through time
Figure 6a shows the cumulative count of slip events be-
tween 1980 and 2023, colour coded according to identi-
fied mechanism: ECEs in yellow, LPCAs in purple, and
CLTS in blue. We find that the cumulative number of
events in the catalogue increases by roughly 100 events
per year with fluctuations as new instruments are in-
stalled or others abandoned. A notable change in the
type of events that make up the cumulative total oc-
curred in 2017, coinciding with the introduction of 1-
minute sampling instruments (Figure 6b) that account
for the rise in the detection of creeplets. The increase
in more small events is a result of this instrumental im-
provement.
A major increase in the number of recorded creep

events occurs as a result of earthquakes followed by af-
terslip. For example, the 100 days following the 2004 M
6.0 Parkfield earthquake saw 18 timesmore events than
in the 100 days preceding it (Figure 7a). The 100 days af-
ter the event contain 4.8% of all of the events in the cat-
alogue and account for 13.1% of all events recorded on
all creepmeters from the beginning of the instrumen-
tal record to the occurrence of the Parkfield earthquake.
Elsewhere on the San Andreas creeping segment, near
San Juan Bautista, there is no such similar increase in
the number of observed events (Figure 7b).

5.2 Events across space
The majority of the creep events we identify are from
faults in California, where we identify 4919 aseismic
slip events on data from 51 creepmeters at 44 sites in
five distinct regions: Hayward (5 creepmeters, Figure
2a), San Juan Bautista (11 creepmeters at 7 sites, Figure
2b), Parkfield (15 creepmeters at 13 sites, Figure 2c), the
Salton Trough (14 creepmeters, Figure 2d), and Ridge-
crest (6 creepmeters at 5 sites, Figure 3a). The remain-
ing 776 events come from theother global study regions.
All regions are described in detail here.

5.2.1 Hayward, California

Five creepmeters have operated on the Hayward Fault
since as early as 1994 and have used variable sampling
rates from 1 second to 60 minutes. Most of these data
were recorded at a sampling rate of 10 minutes. We
identify 486 aseismic slip events, mostly episodic creep
events, in this time interval (Figure 8a). The 15th and
85th percentiles of event amplitudes and durations are
0.16–0.88 mm and 2 to 23 days respectively (Figure 9a).

5.2.2 San Juan Bautista, California

Eleven creepmeters have operated in the San Juan
Bautista region of Northern California at seven loca-
tions. Most of these instruments are installed on the San
Andreas Fault, but one creepmeter (XSH1) is installed
on the Calaveras Fault. Following repairs to XSH1 in
2020, this instrument was renamed fromXSH1 to XSH2.
Data from other locations have also been renamed fol-
lowing changes in instrumentation ormeasurement ge-
ometry, e.g., XHR1, 2 & 3 (Figure 2b). Most of the in-
struments in this region have operated since the 1980s

or earlier, but two new sites (FCR1 & XSH1) were instru-
mented since 2020. The sampling rate of instruments
prior to 2020 is mostly 10 minutes. However, six instru-
ments (CWN1, FCR1, SJN1, XHR3, XMR1, XSH2) have
been sampled at 1-minute intervals since 2018. In to-
tal we identify 1080 aseismic slip events in the San Juan
Bautista region, mostly episodic creep events (Figure
8b). The 15th and 85th percentiles of event amplitudes
and durations are 0.09–2.46 mm and 6.2 hours to 2.8
days respectively (Figure 9b).

5.2.3 Parkfield, California

In the Parkfield region, at the southern end of the cen-
tral San Andreas Fault, California, we identify creep
events on 15 creepmeters located at 13 sites (Figure 2c).
Installation of these sites began soon after creep was
detected in 1968. All sites north of Hwy 46 (i.e., C461)
record at 10-minute sampling. Instrument C461, which
replaced an older instrument following the 2004 M 6.0
Parkfield Earthquake, recorded at a 1 minute sampling
rate. A total of 3079 aseismic slip events have been
identified in the Parkfield region, mostly as episodic
creep events (Figure 8c). The 15th and 85th percentiles
of event amplitudes and durations are 0.13–1.29 mm
and 9.8 hours to 3.7 days respectively (Figure 9c). This
region accounts for ≈ 54% of all events we observe.
Most of these events occur at XMM1, which alone ac-
counts for ≈ 18% of all events in the catalogue, partly
because the digital recording here has been continuous
since the mid 1980s. Afterslip following the 2004 M 6.0
Parkfield earthquake also reduced the recurrence inter-
val between creep events, temporarily increasing their
abundance (Gittins and Hawthorne, 2022).

5.2.4 Salton Trough, California

Fourteen creepmeters have operated on the Southern
San Andreas Fault, Imperial Fault, Superstition Hills
Fault, San Jacinto Fault andminor faults north of the La-
guna Salada Fault since the 1970’s (Louie et al., 1985). In
this work, we consider the archive of digital data from
these instruments, which began around the year 2000.
Sampling rates aremostly at 1-minute intervals with oc-
casional periods of sampling as low as 60 minutes. In
total, 230 aseismic slip events have been documented
in the Salton Trough region with approximately equal
numbers of creeplets and episodic creep events (Figure
8d). The 15th and 85th percentiles of event amplitudes
and durations are 0.04–0.9 mm and 6.2 hours to 14.1
days respectively (Figure 9d). It should be noted that
some events and event sequences in this region, partic-
ularly on the Superstition Hills Fault, occasionally ex-
ceed 20 mm and are amongst the largest recorded any-
where. Approximately 1 m of afterslip, dominantly in
episodic slip events, occurred on the Superstition Hills
Fault following a M -6.6 earthquake in 1987 (Bilham,
1989). In the past few decades, slip on the Superstition
Hills Fault has typically occurred as large events (>1 cm)
following prolonged intervals of quiescence, most re-
cently 13 years (Vavra et al., 2024). Several of its aseis-
mic slip events have been triggered by local or regional
seismicity (Wei et al., 2015).

10 SEISMICA | volume 5.2 | 2026



SEISMICA | DATA REPORT | A catalogue of 5000 aseismic slip events from the San Andreas, Anatolian, Dead Sea and Chaman fault systems

Figure 6 a) Cumulative aseismic slip events though time from 1980 to the end of 2023. b) Cumulative number of active
creepmeters with time, colour coded by sampling rate inminutes. See supplementary tables S1 to S7 for complete creepme-
ter metadata.

5.2.5 Ridgecrest, California

Six creepmeters (Figure 2e) briefly operated on the
Ridgecrest and Garlock Faults following the 2019 M 6.4
& 7.1 Ridgecrest earthquakes. Although they recorded
several triggered slip events at the time of aftershocks,
they recorded no afterslip or episodic slip events.

5.2.6 Utah

We identify 3 creeplets and 3 episodic creep events (Fig-
ure 8g) on a creepmeter installed on a normal fault in
Canyonlands National Park (Figure 5f), Utah with a 30-
minute sampling rate. This creepmeter was installed
to measure displacements in a salt tectonics regime
(Kravitz et al., 2020). The 15th and 85th percentiles of
event amplitudes and durations are 0.07–0.27 mm and
2.1 days to 21.2 days respectively (Figure 10c).

5.2.7 North Anatolian Fault, Türkiye

Ten creepmeters have operated at various times be-
tween Izmit and the Ismetpasa region of the North Ana-
tolian Fault starting in 2012 (Figure 4a/b). Sampling
rates vary from 1 to 30 minutes. Within these data we
have identified 422 aseismic slip events, with a higher

relative number of creeplets compared to sites in Cal-
ifornia (Figure 8e). The 15th and 85th percentiles of
event amplitudes and durations are 0.03–0.65 mm and
2.3 hours to 2.8 days respectively (Figure 10a). At Ismet-
pasa it is common for a multiple-slip-event sequence to
cumulatively release up 1 cm of slip every few years.

5.2.8 East Anatolian Fault, Türkiye

Two creepmeters (Figure 4c) were installed on the East
Anatolian Fault following the 2020 M 6.8 Sivrice earth-
quake, and a further 13 following the 2023 Kahraman-
maraş sequence. These data are typically recorded at
a sampling rate of 1 minute. Of the 328 aseismic slip
events identified, 62.8% are creeplets (Figure 8f). The
15th and 85th percentiles of event amplitudes and du-
rations are 0.03–0.21 mm and 2.5 hours to 1 day respec-
tively (Figure 10b).

5.2.9 Israel

In early 2021, a dual axis creepmeter was installed
across an oblique normal and left-lateral strike slip fault
in the Dead Sea Fault system in Israel (Figure 3c) with a
sampling rate of 20 seconds (Hamiel et al., 2025). Of the
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Figure 7 Number of events recorded in the 100 days before and after the 2004 M 6.0 Parkfield earthquake. a) Parkfield
region, b) San Juan Bautista region. Creepmeters are ordered from left to right in North to South order.

16 aseismic slip events we identified, most are episodic
creep events (Figure 8g). The 15th and 85th percentiles
of event amplitudes and durations are 0.11–1.17 mm
and 2.1 days to 22 days respectively (Figure 10c).

5.2.10 Pakistan

In 2019 several creepmeters were installed across the
Chaman Fault in Pakistan (Figure 3d) with sampling
rates of 10 minutes. During their almost-two-year op-
eration, these instruments recorded four creep events
consisting of two episodic creep events, one long-period
creep acceleration and one creeplet (Figure 8g & 10c).
The 15th and 85th percentiles of event amplitudes and
durations are 0.19–2.8 mm and 1.6 days to 30.3 days re-
spectively.

6 Discussion
The data presented here derive exclusively from surface
creepmeters, whichmeans they reflect the behaviour of
the shallowest fewmeters of the fault zone aswell as the
fault at depth. One often overlooked issue in evaluating
the time history of aseismic surface slip is that observed
creep is expressed almost ubiquitously within a weath-
ered sedimentary shear zone (i.e., dirt) that may differ
from the rheology prevailing in the fault zone at depth.
It has recently been recognized, for example, that the
properties of this thin carapace of materials may arrest
the propagation of ruptures to the surface (Brooks et al.,
2017; Parker et al., 2021), and may arrest both coseis-
mic slip andpostseismic afterslip (Ambraseys, 1970; Bil-
ham, 2005; Savage and Langbein, 2008). Nonetheless,
the measurement of fault slip at the surface, and its
transient accelerations over time and space, has value

for understanding fault failure processes at and below
the surface.
The creep event catalogue presented here allows us

to investigate the global statistics of creep events and
the relationships between parameters such as displace-
ment and duration. As shown in Figures 9 and 10, the
distribution of event displacement and duration vary
across locations, even within regions of closely spaced
creepmeters. Some creepmeter locations (e.g., XMR1,
XMM1, INW1) appear to have bimodal distributions of
displacements, a trend previously identified by Burford
(1977), albeit for a smaller subset of events at one site
(XMR1). The relationship between displacement and
duration is also variable across sites, with some loca-
tions showing a positive linear relationship (e.g., Hay-
ward instruments, Figure 9a) while others have more
characteristic event durations despite having different
displacements (e.g., XMM1, Figure 2c). Further analy-
sis of these findings may reveal implications for the un-
derlying physics governing aseismic creep, as has been
inferred for subduction zone slow slip events (Ide et al.,
2007).
One challenge in forming such scaling relationships

is that the magnitude of creep events is generally un-
known. Strain modeling shows that moment release in
creep events is typicallyMw«5, (Gittins andHawthorne,
2024), but the magnitude of each individual event is rel-
atively unconstrained. Few of the creep events in our
event catalogue have been recorded by more than one
instrument, as the spacing of creepmeters is typically
much larger than the probable dimensions of a slip-
ping patch in a creep event (Gittins and Hawthorne,
2022). More dense instrumentation, including borehole
strain measurements, and space-geodetic analysis may
be able to shedmore light on themomentmagnitude of
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Figure 8 Number of Episodic creep Events (ECE), Long-period creep accelerations (LPCA) and Creeplets (CLTS) per creep-
meter location in different locations: a) Hayward, b) San Juan Bautista, c) Parkfield, d) Salton Trough, e) North Anatolia, f)
East Anatolia & g) Utah, Israel and Pakistan.

general creep events.
In this work, we present a new scheme for classify-

ing discrete types of aseismic creep, identifying six phe-
nomenological clusters that form a useful taxonomy for
creepmeter observations. However, in reality, aseismic
creep covers amore continuous spectrum of processes,
meaning that faultsmay slip in hybridmodes or inmore
than one mode at once. For example, afterslip is of-
ten accommodated by a large sequence of ECEs, as was
seen in the afterslip sequences of the 2004 M 6.0 Park-
field, 1987 M 6.6 Superstition Hills, 2019 M 6.4 & 7.1
Ridgecrest, and 2020 M 6.8 Sivrice earthquakes. Ad-
ditionally, some triggered slip is distinct from typical
ECEs by being more impulsive, but some triggered slip
is essentially an ECE that occurred with a clock advance
due to the dynamic triggering. We suggest that the cat-
egories presented here are a useful simplification of a

broad spectrum; this taxonomy can allow future tar-
geted study of various slip modes, but any categoriza-
tion of such a spectrum of processes will necessarily be
imperfect.
The catalogue we present here should also be inter-

preted with several important caveats. First, creepme-
ters with higher sampling rates can identify shorter and
smaller events, leading to a change in the size distri-
bution of events where sampling rates have been in-
creased in recent years (Langbein et al., 2024). For ex-
ample, a 50-minute creep event may present as only
two samples in a dataset with 60 minute sampling, and
therefore may not be recognized as a creep event until
the sampling rate is increased. Higher sampling rates
allow formore precise detection of creep events and ul-
timately amore accurate characterizationof failurepro-
cesses in the fault zone.
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Figure 9 Displacement against duration plots for slip events for four regions in California. a) Hayward Fault events, b) San
Juan Bautista region of the San Andreas and Calaveras Faults, c) Parkfield region of the San Andreas Fault, d) Salton Trough
(Southern San Andreas Fault, Shoreline Faults, Superstition Hills Fault, Imperial Fault, and Laguna Salada Faults). The distri-
butions on the top and right of each panel show the distribution of event sizes and durations for each creepmeter plotted.

Additionally, the specific criteria used for event-
picking from the time series, and the duration of the
events being picked, may change the details of the re-
sulting catalogue. The distinction between LPCA and
seasonal or background changes in creep rate is quite
subtle, leading to certain events that may be picked by
one person and not by another. The detection thresh-
old also depends on the duration of the creep event in
question, as shorter impulsive signals are much easier
to identify than subtle long-period changes. Similar ob-
servational limitation issues also arise in other seismo-
logical studies of slow slip (Ide andBeroza, 2023). Quan-
tifying creep-event detection thresholds as a function of

event duration and station-specific noise quality would
be a useful avenue of future work, eventually helping
scientists use creep events to constrain the mechani-
cal properties of the shallow fault zone and the shallow
subsurface.

The dataset presented here could be used in a num-
ber of future studies and applications to better under-
stand themechanics of aseismic creep. The creep event
catalogue produced here consists of a structured, la-
belled dataset with the timing, location, displacement,
and duration of 5695 creep events. This dataset provides
the large number of observations required to determine
scaling relationships between parameters, including as
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Figure 10 Displacement against duration plots for slip events in locations outside of California. a) North Anatolian Fault,
Türkiye. b) East Anatolian Faults (East Anatolian Fault, Elbistan Fault & Sarıız Fault), Türkiye. c) Needles Fault Zone, Utah,
Chaman Fault, Pakistan & Dead Sea Fault Zone, Israel. The distributions on the top and right of each panel show the distribu-
tion of event sizes and durations for each creepmeter plotted.

a function of space or time. We also anticipate that
this dataset will be useful for future researchers wish-
ing to conduct statistical seismology or as part of a train-
ing dataset for Machine Learning algorithms applied to
raw creep data. In addition to providing the ability to
conduct machine learning on surface rupturing creep
events, we anticipate that our catalogue of aseismic slip
events, when combined with raw creepmeter data, will
also facilitate studies of the mechanics of aseismic slip
on faults on which they have occurred and on faults
elsewhere.

7 Summary and Conclusion

In this report, we summarise steps undertaken to com-
pile a catalogue of surface rupturing aseismic slip
events recorded on creepmeters on faults in California,
Türkiye, Pakistan, and Israel between 1980-2023. The
digital catalogue contains more than 5000 surface rup-
turing creep events with amplitude and duration infor-
mation, permitting peak slip velocities and time con-
stants to be derived in subsequent analysis. We dis-
tinguish and define six modes of aseismic slip in these

15 SEISMICA | volume 5.2 | 2026



SEISMICA | DATA REPORT | A catalogue of 5000 aseismic slip events from the San Andreas, Anatolian, Dead Sea and Chaman fault systems

data: steady creep, afterslip, triggered slip, long-period
creep accelerations, episodic creep events and newly
defined creeplets. We report which creepmeter loca-
tions record creep events of which types, highlighting
first-order differences in aseismic behaviours between
major creeping faults on Earth.
As part of our analysis we have released two datasets

on Zenodo that can be used in conjunction with one an-
other. The first is the catalogue described in this work
(available from Gittins et al., 2025). The second dataset
is newly updated and standardised creepmeter data for
Türkiye and Southern California (available from Gittins
and Bilham, 2025). These datasets provide the time se-
ries and creep event information required to analyse the
time-evolution of thousands of creep events, investigate
the rheology and potential interactions between creep
events, and more, enabling new insights into the me-
chanics of shallow fault slip.
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