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ABSTRACT
Oceanic transform faults are a signi!cant component of the global plate boundary system 

and are well known for generating fewer and smaller earthquakes than expected. Detailed 
studies at a handful of sites support the hypothesis that an abundance of creeping segments 
is responsible for most of the observed de!ciency of earthquakes on those faults. We test 
this hypothesis on a global scale. We relocate Mw ≥5 earthquakes on 138 oceanic transform 
faults around the world and identify creeping segments on these faults. We demonstrate that 
creeping segments occur on almost all oceanic transform faults, which could explain their 
de!ciency of earthquakes. We also !nd that most of the creeping segments are not associated 
with any large-scale geological structure such as a fault step-over, indicating that along-strike 
variation of fault zone properties may be the main reason for their existence.

INTRODUCTION
Oceanic transform faults (OTFs) have long 

been recognized as hosting fewer and smaller 
earthquakes than expected (Brune, 1968; Bird 
et al., 2002). On average, only 15% of the ac-
cumulated strain energy on OTFs is released 
as earthquakes, indicating that most fault slip 
is accommodated by aseismic creep (Boettcher 
and Jordan, 2004). Furthermore, accounting for 
fault step-overs, which lower the accumulated 
strain energy due to thermal effect and stress 
interaction (Gregg et al., 2006), only slightly in-
creases the estimate to 18% (Wolfson-Schwehr 
and Boettcher, 2019).

Four models have been proposed to explain 
the de"ciency of earthquakes on OTFs (Boettch-
er and Jordan, 2004). The "rst two are the thin 
seismogenic zone models where the seismogen-
ic zone is thin and located on either the top or 
the bottom of the brittle fault area. In these two 
models, earthquakes occur everywhere along 
the fault and creeping segments are rare. The 
third model is the thick seismogenic patch mod-
el where most earthquakes occur on a limited 
number of segments and creeping segments are 
abundant. In the "rst three models, the locations 
of seismic and creeping segments are station-
ary in time. The fourth model is a multi-modal 
mechanism where a fault can switch between 
creeping and seismic slip over time. Differen-
tiating between these models requires both ac-
curate locations of earthquakes and adequately 
long time windows, which were not available 
before the early 2000s.

Recent detailed studies, including earth-
quake relocation and/or ocean bottom seismom-
eter deployments, have been limited to a handful 
of faults including the Gofar-Discovery faults in 
the East Paci"c Rise (McGuire et al., 2012; Fro-
ment et al., 2014), the Blanco fault in the U.S. 
Paci"c Northwest (Braunmiller and Nábělek, 
2008), the Eltanin fault in the southeastern Pa-
ci"c Ocean (Sykes and Ekström, 2012), the 
Mendocino fault in northern California in the 
United States (Materna et al., 2018), and the 
Charlie-Gibbs fracture zone along the Mid-
Atlantic Ridge (Aderhold and Abercrombie, 
2016). As shown by these studies, the seismic 
behavior on OTFs is highly segmented, with 
thick localized seismic and creeping segments 
having been identi"ed on all these faults. There-
fore, Wolfson-Schwehr and Boettcher (2019) 
proposed that the "rst two model scenarios with 
thin seismogenic zones are unlikely, the third 
model with thick seismogenic patches is most 
consistent with observations, and the multi-mod-
al model scenario is rare but possible. However, 
it is still unclear whether their hypothesis is valid 
for the other !100 OTFs around the world.

We test this hypothesis on a global scale. We 
relocate Mw t5 earthquakes on 138 OTFs. Be-
cause most seismic energy is released by large 
earthquakes on OTFs (Zielke, 2018), these cata-
logs are able to capture the main earthquake 
segmentation pattern. When compared with the 
International Seismological Center (UK) Eng-
dahl–van der Hilst–Buland (ISC-EHB) catalog 
(http://www.isc.ac.uk/isc-ehb/; Engdahl et al., 

2020) and the U.S. Geological Survey (USGS) 
catalog (https://data.usgs.gov/datacatalog/), 
our relocated earthquakes are much more ac-
curately located, supported by a signi"cantly 
improved alignment with the transform trace 
(Fig. 1). These accurate locations allow us to 
quantify along-strike seismic moment release 
on individual OTFs and therefore to identify 
creeping and seismic segments. Our results 
support the thick seismogenic patch model and 
indicate that the ubiquitous creeping segments 
could explain the de"ciency of earthquakes on 
OTFs on a global scale. We also "nd most of 
the creeping segments are not associated with 
any large-scale geological structure, indicating 
along-strike variation of fault zone properties on 
OTFs may be the main reason of the existence 
of creeping segments.

DATA AND METHODS
For the "rst time on a global scale, we use 

cross-correlation between teleseismic surface 
waves to relocate OTF earthquakes (McGuire, 
2008; Cleveland and Ammon, 2013; Wolfson-
Schwehr et al., 2014; Howe et al., 2019). We 
obtain events from USGS earthquake cata-
logs between 1 January 1950 and 1 December 
2020 (https://earthquake.usgs.gov/earthquakes/
search). Only events after 1990 (mostly after 
1995) are relocated because an adequate dis-
tribution of the global seismic network was not 
available until 1990.

We assume an R1 Rayleigh wave group ve-
locity of 3.75 km/s. We use waveform data from 
the Global Seismic Network (https://www.iris.
edu/hq/programs/gsn; network code GSN) and 
GEOSCOPE (http://geoscope.ipgp.fr/networks/
detail/G/; network code G) because they provide 
satisfactory azimuthal coverage. Raw wave-
forms are truncated using a velocity window of 
5 km/s to 3 km/s and are bandpass "ltered (zero 
phase) between 0.02 Hz and 0.04 Hz. Cross-cor-
relation between two events yields several dif-
ferential times at stations of different azimuths. 
A cosine "tting from azimuths to differential 
times gives the relative distance, the azimuth, 
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and their uncertainties between an event pair. 
Such information is then passed through chains 
of event pairs to collectively relocate all events 
in the clusters. Finally, the cluster is shifted 
depending on the availability of accurate hy-
droacoustic catalogs or on the geological fea-
tures from high-resolution bathymetry data (Pan 
et al., 2002). Additional details on the methodol-
ogy are provided in the Supplemental Material1.

To quantify the slip mode of each OTF, "rst 
we calculate the subsurface rupture length for 
each earthquake based on Wells and Copper-
smith (1994). Although this method is derived 
from continental transform earthquakes, this 
approach (Fig. S1 in the Supplemental Mate-
rial) is consistent with the well-recorded 2008 
M6.0 earthquake on the Gofar OTF (McGuire 

et al., 2012) and the 2015 M7.1 earthquake on 
Charlie-Gibbs OTF (Aderhold and Abercrom-
bie, 2016). Second, we assume the along-strike 
moment release of each earthquake follows an 
elliptic-shape distribution over the calculated 
subsurface rupture length based on the elastic 
crack model (Scholz, 2019). Creeping segments 
are de"ned as segments with �10% of the ob-
served maximum moment rate. Then we com-
pute the proportion of total creeping segment 
length to total fault length, below referred as 
creeping segment fraction (CSF). We also com-
pute the expected moment rate �ME   PATV/L, 
where the shear modulus, P, is assumed to be 
30 GPa, V denotes the fault slip rate, L is the 
total fault length, and AT is the fault area above 
the 600°C reference isotherm (Boettcher and 
Jordan, 2004). This estimate serves as a coarse 
comparison with our computed moment rate 
curve. Limitations of our method are discussed 
below.

RESULTS
Using the Gofar OTF as an example, our pro-

cedure identi"es several creeping segments on 

the fault (Fig. 2). At a regional scale, Gofar is 
divided into three segments separated by intra-
transform spreading centers, namely G1, G2, 
and G3 from east to west, following McGuire 
(2008). At a local scale, "ve creeping segments 
are identi"ed by low moment rate, denoted by 
shaded rectangles in Figure 2C. The average 
moment rate over the whole time range (since 
1950) is signi"cantly lower than the one us-
ing relocated events, which is primarily due to 
the catalog incompleteness before 1990. The 
similarity of the spatial variation between the 
two moment rate curves (relocated events only 
versus all events including non-relocated events 
since 1950; Fig. 2C) re#ects that the earthquake 
repeating interval on Gofar is relatively short 
(a5–6 yr), and therefore the time window after 
1990 is suf"cient to capture its long-term fault 
behavior. We estimate that 45% of the fault is 
creeping using the relocated events since 1990 
and 15% if using events since 1950. This lat-
ter estimate might be an underestimation be-
cause non-relocated locations have large errors 
and appear more scattered along strike, thus 
smoothing the moment rate curve. Furthermore, 

1Supplemental Material. Additional information 
regarding the methods and data, and complete creeping 
segment fraction results on each oceanic transform fault. 
Please visit https://doi.org/10.1130/GEOL.S.16811995 
to access the supplemental material, and contact edit-
ing@geosociety.org with any questions. Code and all 
relocating results are available online at the Zenodo 
repository (https://doi.org/10.5281/zenodo.4646438).
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Figure 1. Comparison among International Seismological Center (UK) Engdahl–van der Hilst–Buland (ISC-EHB) catalog locations (A–C), U.S. 
Geological Survey (USGS) catalog locations (D–F), and corresponding relocated Mw ≥5 earthquakes from this study (G–I) in map view on the 
Gofar (East Paci!c Rise), SEIR 100E (southeast Indian Ridge), and Kane (Mid-Atlantic Ridge) oceanic transform faults. The slip rate of each 
fault is denoted after its name at the top of the !gure. In A–C, the ISC-EHB catalog does not contain events after 2017 and moment magnitude 
is not available for each event, therefore the number of earthquakes may not match with those of the other panels and they are plotted in 
uniform black circles. In D–I, an event is marked by a focal mechanism if available from the USGS catalog; otherwise by solid circle. Sizes of 
earthquake symbols scale with magnitude. Color scale denotes bathymetry.
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 non-relocated events are epicenters instead of 
epi-centroids, which conforms better with mo-
ment release.

Creeping segments, which are de"ned above 
as having �10% maximum observed moment 
rate, are present on almost all OTFs and oc-
cupy more than half of the fault length on 100 
out of the 138 OTFs (Fig. 3; Table S1). The 
majority of the OTFs are creeping signi"cant-
ly (Figs. 3C and 3D). The CSF, de"ned above 
as the ratio of total creeping segment length 

to total fault length, on 138 OTFs is on aver-
age 64% and ranges from 19% to 100% using 
relocated earthquakes. The average is 49% if 
also including events since 1950. Our results 
do not exhibit geographical clustering of the 
CSFs; in other words, the CSFs can vary sub-
stantially even within the same spreading system 
(Fig. 3A). We do not observe obvious correla-
tions between CSFs and plate rate or fault length 
(Fig. 3B), which is consistent with previous 
work (Boettcher and Jordan, 2004).

The ubiquitous creeping segments could ex-
plain the de"ciency of earthquakes on OTFs on a 
global scale. Using relocated events, 65% of the 
accumulated length of OTFs is creeping. In this 
study, assuming 0% of the accumulated energy 
is released as earthquakes in creeping segments, 
and 50% on the other segments, the global aver-
age is 17%. Using events since 1950, the global 
average is 26%. Both estimates are close to the 
18% global average from Wolfson-Schwehr and 
Boettcher (2019). Therefore, creeping  segments 

A B
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Figure 2. Relocation results on the Gofar oceanic transform fault (East Paci!c Rise). (A) Occurrence time versus scaled along-strike position, 
which corresponds to the map view on the right. The scaled along-strike position means that data have the same relative x-axis positions 
as in panels B and D. Relocated events are colored red if they have focal mechanisms, and colored pink otherwise. Non-relocated events 
are plotted in semi-transparent gray if they have focal mechanisms, or hollow circles otherwise. Size of the focal mechanisms scales with 
magnitude. The reference event for translating the whole event cluster from the hydroacoustic catalog (provided by Robert Dziak and Andy 
Lau [Oregon State University] via personal communication) is annotated. (B) Map view of both relocated and non-relocated earthquakes in 
a rotated-pole projection. The fault slip rate (139 mm/yr) and the fault length (170 km) are shown for the Gofar OTF. (C) Moment rate curve 
averaged on different time scales and event groups: pink for only relocated events, and blue for all events after 1950. In both cases, events with 
explicit non-transform focal mechanisms (rake angle >25°) are excluded. Gray rectangles denote areas of moment rate <10% of the observed 
maximum. Green dotted line denotes expected moment rate �ME  = PATV/L, where P denotes shear modulus and is assumed to be 30 GPa, 
AT is the thermal contact area based on the half-space cooling model from Boettcher and Jordan, (2004), V is the fault slip rate, and L is the 
total fault length. The creeping segment fraction (CSF) denotes the ratio of the length of fault segments where the moment release is less 
than 10% of the maximum to the total fault length. The two CSFs correspond to the two moment rate curves using relocated events only, and 
all events since 1950, respectively. (D) Map view of relocated events (solid red dots). Three distinct segments (G1–G3) as well as the intra-
transform spreading center (ISTC) are annotated.
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can explain why OTFs generate fewer earth-
quakes than expected.

Most creeping segments are not associated 
with any geological structure, which suggests 
the along-strike variation of fault properties de-
termines whether a fault segment creeps. On 71 
OTFs with good bathymetry data, we observe 12 
OTFs that have earthquake segmentation delin-
eated by large-scale geological structures (e.g., 
the Tasman [Tasman Sea], Doldrums [Mid-At-
lantic Ridge], and Romanche [central Atlantic 
Ocean] OTFs). On the other hand, one or more 
creeping segments are identi"ed within the other 
59 OTFs (four examples are shown in Figure 4) 

as well as within a single straight fault zone seg-
ment on OTFs with overlying structural segmen-
tation (e.g., the Gofar segment G3 [Chile], and 
St. Paul OTF [central Atlantic Ocean]). The seis-
mic moment rate on certain segments of these 
faults is similar to or above the expected rate 
based on thermal models (e.g., Fig. 4). These 
patterns, although with uncertainties (Aderhold 
and Abercrombie, 2016), best resemble that of 
the thick seismogenic patch model with local-
ized seismic and creeping segments (Boettcher 
and Jordan, 2004). Moreover, the number and 
the relative positions of those creeping segments 
within the transform trace vary randomly across 

different OTFs on a global scale. These indicate 
that along-strike variation of fault zone proper-
ties on OTFs may be the main reason for the 
existence of creeping segments.

DISCUSSION
Our study is the "rst to relocate large earth-

quakes on OTFs on a global scale. We also for 
the "rst time examine the previously proposed 
slip models (Boettcher and Jordan, 2004) on 
OTFs jointly with good bathymetry data on a 
global scale. Although lacking the same level 
of detail as near-"eld seismic studies, our re-
sults support the thick seismogenic patch model 

A

B D

C

Figure 3. Summary of creeping segment fractions (CSFs) on each oceanic transform fault (OTF) except Sovanco (North Paci!c Ocean). (A) 
CSFs in global map view. Marker type denotes spreading ridge type in terms of the plate rate shown in the top right legend, based on Wanless 
and Behn (2017). Marker color corresponds to the value of CSF. (B) Relationship between CSF and fault length and plate rate. (C) Distribution 
of percentage of creeping segment length (dotted lines) versus total fault length. (D) Histogram of CSFs binned by 0.1.
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proposed by Boettcher and Jordan (2004) and 
indicate that the ubiquitous creeping segments 
can explain the de"ciency of OTF earthquakes 
on a global scale. Even though our results do not 
explain why OTFs creep so much, we are a step 
closer to an answer to this fundamental question.

The main limitation of our method is the 
relatively short time window of data analyzed, 
especially for slow-spreading OTFs where the 
recurrence interval of the largest earthquakes 
is longer than our relocation time window. 
Therefore, we compute CSFs by using only 

relocated events and by also including USGS 
events after 1950 that are not relocated. The 
latter helps us to avoid mistakenly identifying 
a seismic segment as a creeping segment if no 
large events occurred between 1990 and 2020. 
Such examples include the 15°20c (Mid-Atlantic 

Figure 4. Left panels: Map views of selected faults with different spreading rates and creeping segments not associated with a geological 
structure. The fault name, its geographic location, and its slip rate are annotated above each map. Red circles are relocated earthquakes and 
white circles are non-relocated earthquakes. Right panels: Moment rate curves averaged on different time scales and event groups: pink for 
only relocated events, and blue for all events after 1950. In both cases, events with explicit non-transform focal mechanisms (rake angle >25°) 
are excluded. Scaled along-strike positions correspond to the x-axis positions of the map views on the left. Gray rectangles denote areas of 
moment rate <10% of the observed maximum. Green dotted lines denote expected moment rate, �ME  = PATV/L, where P denotes shear modulus 
and is assumed to be 30 GPa, AT is the thermal contact area based on the half-space cooling model from Boettcher and Jordan, (2004), V is 
the fault slip rate, and L is the total fault length. Bathymetry base map was obtained with GeoMapApp (http://www.geomapapp.org) by Ryan 
et al., (2009).
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Ridge), Atlantis II (southwest Indian Ocean), 
and Doldrums OTFs. Even though these OTFs 
have a lower CSF value in general than other 
seismically active OTFs, our main observation 
that creeping segments are abundant on OTFs 
does not change. As the time span of observa-
tions increases, we should see much more robust 
results using the same approach.

Wolfson-Schwehr and Boettcher (2019) also 
suggested that multi-modal mechanisms might 
exist on OTFs, with the strongest evidence be-
ing large earthquakes occurring infrequently in 
the zones of medium to low coupling on the 
western Blanco OTF (Braunmiller and Nábělek, 
2008). We do observe this type of behavior on 
some faults, such as the Quebrada OTF (South 
Paci"c Ocean). However, this is rare. For faults 
with short recurrence intervals, most seismic 
segments rupture regularly as large earthquakes 
and most creeping segments have not produced 
any large earthquakes since 1995. For faults 
with long recurrence intervals, testing whether 
a multi-modal mechanism is common on OTFs 
would require a much longer time window 
of data.

CONCLUSIONS
We relocate Mw t5 earthquakes on 138 

OTFs around the world and quantify creeping 
segments on them. We observe that 64% of the 
accumulated length of OTFs is creeping if using 
relocated events. The existence of these creep-
ing segments alone can explain the de"ciency 
of earthquakes on OTFs. On a global scale, the 
thick seismogenic patch model (Boettcher and 
Jordan, 2004) is most consistent with the ob-
served ubiquities of creeping segments. On 71 
OTFs with good bathymetry data, we observe 
59 OTFs having creeping segments not associ-
ated with large-scale geological structures. This 
indicates that along-strike variation of fault zone 
properties may be the main reason for the exis-
tence of creeping segments.
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