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Large OTF Earthquakes: Quasi-periodic Occurrences with Precursory Foreshocks

nificant delay times (weeks–months) that would rule out sim-
ple models of static and dynamic triggering. Lynch et al.
(2003) investigated the conditions under which two fault
segments separated by a creeping section would have seis-
mic cycles that were synchronized in time as well as a
single-peaked recurrence interval distribution. They found

that small creeping sections and low mantle viscosities favor
synchronization by allowing postseismic relaxation to com-
munication between segments. Moreover, for the segments
to have similar recurrence times, the peak strength and stress
drop had to be roughly equal between the two segments re-
gardless of other parameters. Thus, the minimal variation in
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Figure 12. Representation of the combined NOAA, Global CMT, and our earthquake catalogs for the Quebrada, Discovery, and Gofar
transform faults for the time period from 1990–2007. Every hydroacoustic detection is shown at its NOAA longitude estimate with a blue dot,
unless it has anMw estimate ≥4:5, in which case it is shown as a yellow circle. Additionally, earthquakes in the Global CMT catalog with an
Mw ≥5:5 are shown at their Global estimated longitude (large red circles). Pairs ofMw ≥5:5 mainshocks that have been determined to have
overlapping rupture areas are connected by black lines, which are not vertical due to errors in the CMT estimates. Major and minor spreading
centers are shown by thick and thin gray lines, respectively. Cumulative expected plate motion (i.e., far-field fault loading) since 1990 is
shown on the right-hand y axis. The gray boxes (each 2 yr wide) have been rotated and aligned with the time periods of high activity for
Mw ≥5:5 mainshocks. Twenty-seven of the 31 Mw ≥5:5 earthquakes fall into the gray boxes that appear to denote the end of the seismic
cycle on the Discovery and Gofar faults.
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be reduced enough to determine which pairs of events have
overlapping rupture areas.

To constrain the moment and relative location of events,
I use an approach based on measuring differential arrival
times of first orbit Rayleigh waves by cross correlation. I uti-

lize R1 waves in the frequency band from 0.02 to 0.04 Hz
because of the high signal-to-noise ratio in this band and be-
cause the R1 group velocity is fairly constant in this band for
young oceanic lithosphere (Nishimura and Forsyth, 1988),
allowing arrival times to be interpreted in terms of source
location differences rather than dispersion (Forsyth et al.,
2003). For EPR transform faults, the range of earthquake
depths is expected to be contained to the oceanic crust (Trehu
and Solomon, 1983). Additionally, all focal mechanisms are
likely to correspond to a near-vertical strike-slip fault, as the
NOAA catalog shows almost no seismicity associated with
the spreading segments of the EPR. For each fault, I identi-
fied an event(s) in the Global CMT catalog that was recorded
by an azimuthally distributed set of stations to use as an em-
pirical Green’s Function (EGF). Owing to the likely similar-
ity in mechanism, depth, and location, the R1 arrivals at GSN
stations from the hydroacoustically detected events are ex-
pected to have very similar waveform shapes to those from
the EGF events, and the primary difference is expected to be
in the amplitude of the arrival (i.e., the moment of the earth-
quakes). The assumption of identical moment tensors and
centroid depths allows us to map this amplitude difference
into an estimate of the seismic moment of the T-phase event.
For every event in the NOAA catalog on the Quebrada,
Discovery, Gofar, Yaquina, Wilkes, and Siqueiros transform

Figure 2. Location map of the Quebrada, Discovery, and Gofar transforms showing fault segments with the naming convention of Searle
(1983). Bathymetry and plate boundaries (white lines) from Pickle and Forsyth (Forsyth et al., 2006; Langmuir and Forsyth, 2007). Black
dots denote the NOAA hydroacoustic earthquake locations.

Figure 3. Location map of the Siqueiros transform fault show-
ing fault segments S1–S4.
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the poor detection thresholds of global catalogues makes it difficult
to constrain the values of n and a independently. A maximum-
likelihood fit to the teleseismic RTF data yields a best-fit value of the
triggering exponent a ¼ 0.72, and is consistent with the somewhat
higher values found for California and Japan (a ¼ 0.8–1.0)33,34

(Fig. 3). Error bounds on the maximum-likelihood estimate are
large, but aftershock counts using the hydroacoustic catalogue
(points with horizontal bars in Fig. 3) also favour relatively
high values of a and rule out values less than about 0.6 (see
Supplementary Information).

The difference between oceanic and continental aftershocks
primarily manifests itself in the intercept of the scaling relation,
k/(1 2 n), which is offset by about a factor of fifteen (Fig. 3). The
maximum-likelihood fit in Fig. 3 corresponds to a branching ratio,
n < 0.1, compared to values approaching unity in continental
seismic zones35. As discussed in the Supplementary Information,
the aftershock rate may be somewhat higher for the EPR faults, but
we can say with a high degree of confidence that n , 0.3. In
other words, according to the ETAS model, most RTF earthquakes
(70–90%) would be primary events driven by aseismic plate-tectonic
loading rather than aftershocks of previous earthquakes. Equation (1)
with the maximum-likelihood estimate of a and n predicts that the
foreshock/aftershock ratio for RTFs should be about an order of
magnitude lower than that observed in continents.

Instead, the EPR transform faults that are well recorded by the
NOAA-PMEL array give values of N f/Na that are an order of
magnitude higher than observed in Southern California (Fig. 4).
For both regions, we identified mainshocks as events in the Harvard
CMT catalogue with Mw $ 5.4 that did not follow within 1week
and 100 km of another mainshock (see Methods), and we compiled

foreshock and aftershock statistics from the NOAA-PMEL and the
Southern California Earthquake Data Center (SCEDC) catalogues.
We counted all events with local magnitudes (MASL orML) up to 2.8
units smaller than the mainshockMw in the 1-h interval before and
the 5-h interval after the mainshock. Figure 4 compares the
observed N f/Na for spatial windows of various radii with the
predictions of equation (1), corrected for the finite sampling
intervals (see Methods). The SCEDC statistics satisfy an ETAS
model with a ¼ 0.8–0.9, consistent with previous catalogue
studies3,29. However, foreshock rates from the NOAA-PMEL sta-
tistics are about two orders of magnitude greater than the ETAS
predictions using the maximum-likelihood fit in Fig. 3. As shown in
Fig. 4 and Supplementary Fig. S3, these results are robust with
respect to the choice of windows and declustering procedures.
Therefore, we can reject the ETAS hypothesis that the clustering

of foreshocks, mainshocks and aftershocks on RTFs can be
described by the same seismic triggering mechanism. We infer
that large earthquakes on EPR faults are preceded by an extended
preparation process, possibly driven by subseismic transients (silent
or quiet earthquakes), that can often be observed through fore-
shocks. This alternative hypothesis is consistent with the tightly
localized distribution of the foreshocks about the mainshock in
both space and time (Fig. 2 and Supplementary Fig. S4), which does
not conform to the inverse-diffusive behaviour expected from the
ETAS model4.
The correspondence of slow slip with foreshocks was suggested as

early as 1976 by Kanamori and Stewart18, who noted a foreshock
with a body-wave magnitude m b < 5 about 500 s before the
Mw ¼ 7 slow earthquake on the Gibbs transform fault in the
North Atlantic. More recently, McGuire et al. associated
mb ¼ 4.5–5.0 foreshocks before the 1994 Mw ¼ 7.0 Romanche20

and 1997 Mw ¼ 6.8 Prince Edward Island21 earthquakes with slow
precursors observed at low frequencies. Forsyth et al.22 suggested

Figure 3 Aftershocks per mainshock, plotted against the difference between the
mainshock magnitude m main and the catalogue completeness threshold m 0. RTF

aftershocks (large filled circles) were defined as events with calibrated surface-wave

magnitudes above m 0 ¼ 5.1 that occurred within 14 days and 100 km of a M w $ 5.6

mainshock during the catalogue interval 1976–2001 (ref. 15). Southern California

aftershocks from the SCEDC catalogue (open triangles) were defined as events above a

local-magnitude (M L) threshold ofm 0 ¼ 2.0 that occurred within 14 days and 100 km of

a M L $ 6.5 mainshock during the interval 1981–2004. Aftershock counts from the EPR

T-phase catalogue (small filled circles) are shown with error bars to account for

uncertainties in m 0 (2.0 # m 0 # 3.0). The T-phase catalogue aftershocks were

counted within 14 days and 30 km of the mainshocks. Previously published continental

data sets (open triangles and squares) were compiled by Kisslinger and Jones43 and

Yamanaka and Shimazaki44 usingM L thresholds ofm 0 ¼ 4.0 and 4.5, respectively. Both

RTF and continental aftershocks are consistent with a triggering exponent of a ¼ 0.8

(solid lines), but RTFs produce fewer aftershocks by a factor of fifteen.

Figure 4 Foreshock and aftershock rates observed for EPR transform faults (solid

symbols) and Southern California (open symbols) in regions of radius R about the

mainshock. The data sets included 19 mainshocks (M w $ 5.4) on five transform faults

(Discovery, Gofar, Wilkes, Yaquina and Siqueiros) from the declustered Harvard CMT

catalogue for 1996–2001, and 24 mainshocks (M L $ 5.4) in Southern California from

the declustered SCEDC catalogue for 1981–2003. Events with magnitudes up to 2.8 units

below the mainshock magnitude were counted from the NOAA-PMEL and SCEDC

catalogues in the 1-h window preceding and 5-h window following the mainshocks.

These rates are compared with the N f/N a ratios from the ETAS model (equation (1)) for

a ¼ 0.7–0.9 (solid lines), assuming Dmf;a
2 ¼ 0, Dmf;a

1 ¼ 2:8 and b ¼ 1, with

estimated branching ratios of n ¼ 0.8 (Southern California) and n ¼ 0.1 (RTF). The

a ¼ 0.8 line for RTFs is close to the maximum-likelihood estimate from Fig. 3.

Uncertainties in a and n allow shifts in the ETAS prediction upwards from the maximum-

likelihood value by half an order of magnitude at most.
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- What fault structure causes the quasi-periodic 
earthquake behaviors? 

- What controls the OTF slip modes and earthquake 
cycles? 

- How does regional tectonics influence the OTF fault 
architecture and slip modes?



Quebrada-Discovery-Gofar transform faults

Seafloor Bathymetry

Sandwell et al., Science,  2014



Pickle et al., EPSL, 2009 

Quebrada-Discovery-Gofar Systems: Closely spaced, Multi-strand OTF Systems
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The 2008 Quebrada-Discovery-Gofar and 2019-2022 Gofar Marine Geophysics Experiments 
Both experiments successfully captured two anticipated M6 earthquakes
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From Quebrada to Gofar



Cold Mantle Temperature and Thin Crust at Quebrada
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are connected by mid-ocean ridges whose axial morphology closely correlates with the plate spreading rate 
(Macdonald, 1982; Smith & Sandwell, 1997). In contrast, more closely spaced, subparallel RTFs are commonly 
connected by step-overs, pull-apart basins, or narrow inter-transform spreading centers at fast spreading mid-
ocean ridges, including the Quebrada transform fault system (Menard & Atwater, 1968; Searle, 1983; Wolf-
son-Schwehr & Boettcher, 2019). It is thought that the origins of such multi-strand RTFs is linked to changes in 
plate motion directions (Menard & Atwater, 1968; Pockalny et al., 1997). For instance, counter-clockwise spread-
ing-direction rotation between the Pacific and Cocos plates in the past ∼5 Myr has caused transtension along the 
left-lateral Siqueiros transform faults, and transpression along the right-lateral Clipperton transform fault (Gregg 
et al., 2009; Pockalny, 1997; Pockalny et al., 1997; Van Avendonk et al., 1998, 2001). Transpressional stress at 
Clipperton has generated median ridges along the fault, while transtensional stress at Siqueiros has caused exten-
sion within the system, leading to fissures and magma delivery to the seafloor, and forming a pull-apart basin or 

Figure 1. Bathymetry and structural interpretation of study area. (a) Bathymetry of study area. White labelled triangles are the 11 OBS stations that worked normally 
during the experiment. Station Q08 malfunctioned during the experiment. Inset shows location of study area at East Pacific Rise. (b) Structural interpretation of study 
area. Q1, Q2, Q3, and Q4 are surface traces of four segments of Quebrada transform system; S6, S7, S8, and S9 are ITSCs, following naming convention of Pickle 
et al. (2009); dashed line to the west of Q3 denotes Q3 fracture zone; basins and bathymetric highs (flanks) are also denoted on the maps. Circle arrows show the 
interpreted clock-wise rotation of the system.

- Cold Mantle Temperatures Beneath Spreading Centers 
- Thin Crust, Approximately 4 km

Pickle et al., EPSL, 2009 



Earthquakes Unevenly Distributed Across the Four Fault Segments

Q1, dense 
earthquakes

Q4, dense 
earthquakes Q2, aseismic or 

missing events?

~24,000 earthquakes
Gong et al., GRL, 2022 



Small-Scale Rotation causes Earthquakes Along the Q3 Fracture Zone

Q3Q3 fracture zone
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Diffuse Seismicity Clouds at the Inside Corners of Ridge-Transform Intersections
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Seismicity Clouds Dip Towards the Intra-Transform Spreading Center

Gong et al., GRL, 2022 



aseismic??

Atypical Small-Scale Plate Rotation and Seawater Infiltration 
Control Seismicity at the Quebrada Transform Fault System

Gong et al., GRL, 2022 



Discovery: What a Mess?
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Figure 3. (a) Bathymetry of the Discovery transform fault and possible nanoplate. Foreground data: 75 m resolution EM300 multibeam
bathymetry data collected in 2008. Background data: 200 m resolution SeaBeam 2112 multibeam bathymetry data collected in 2006.
Both data sets use the same color scale. (b) Interpreted geology of the Discovery transform fault and possible nanoplate. A: axis-cen-
tered ridge-transform intersection high; B1 & B2: rotated crustal blocks; C: rift; D: north-south ridges; E: NE-SW trending abyssal hills;
and F: abandoned rift. The thick white line outlines the region of rotated terrain that comprises the possible nanoplate. Solid white
lines denote apparent compressional ridges. Long-dashed white lines indicate extensional zones and arrows indicate direction of
extension. Short-dashed white lines indicate possible faults that offset features. White dashed-dotted lines highlight abyssal hill fabric.
Circles outline some of the seamounts in the area. Black solid lines show the location of the EPR on either end of Discovery and out-
line the intratransform spreading center. Black long-dashed lines show the primary fault traces; short-dashed black line indicates the
secondary trace on the western segment. Black-dotted lines outline the two consecutive lozenge-shaped valleys on the western fault
segment, and delineate the width of the fault valley. Orange arrow denotes direction of rotation of the nanoplate. (c) Cross section
with depth from DW to DW1 of the western fault segment. (d) Cross section with depth from DE to DE1 of the eastern fault
segment.
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we upsample the data prior to applying the PhaseNet algorithm (e.g., Gong et al., 2022; Gong & Fan, 2022). 
We test upsampling factors of 1–4 on a 1 month long subset of waveform data for all stations and find that an 
upsampling factor of 4 yields the most P and S detections (Figure S1 in Supporting Information S1). Additionally, 
we compare the performance of PhaseNet to another machine-learning phase picker, EQTransformer (Mousavi 
et al., 2020), on our OBS data, and observe that PhaseNet systematically outperforms EQTransformer when the 
upsampling factor is greater than 1. In total, we detect 3,507,920 P arrivals and 4,858,299 S arrivals.
We then associate P and S phase picks using open-source program GaMMA (Zhu et al., 2022). GaMMA models 
the collection of phase picks of an event using the multivariate Gaussian distribution, and outputs associated 
phase picks of an event as well as rough estimates of its origin time and location. The detailed input parameters 
for GaMMA are provided in Table S2 in Supporting Information S1. Only events with at least eight combined 
phase picks, including both P and S picks, are retained, resulting 23,495 candidate earthquakes.
To locate and relocate the seismicity and compute their local magnitude, we follow the workflow of Gong 
et al. (2022). We use COMPLOC (Lin & Shearer, 2006) to locate each earthquake with the associated P- and 
S-wave arrival times computed using one-dimensional P and S velocity profiles from Roland et al. (2012) (Figure 
S2 in Supporting Information S1). The COMPLOC location procedure is conducted iteratively 20 times and 
events within 1  km depth to the seafloor are removed after each iteration, resulting 21,404 initially locata-
ble events (Figures S3 and S4 in Supporting Information S1). Initial earthquake locations are further refined 
through relocation using GrowClust (Matoza et al., 2013; Trugman & Shearer, 2017). We apply this method 
to cross-correlation data of body waveforms to obtain high-precision relative earthquake locations. Location 
uncertainties related to COMPLOC and GrowClust are discussed in more details in Gong and Fan (2022), which 
applied a similar workflow to locate seismicity along Gofar transform fault, and therefore are not repeated here. 
The eight OBS stations provide a good coverage for D2 and a minimum of eight P plus S picks for each event 
ensures a good location constrain. In total, we successfully relocate 21,391 earthquakes (Figure 2).

For the relocated earthquakes, we compute local magnitudes (ML) using three-component displacement wave-
forms, following Gong et al. (2022). Seismic records are converted to the Wood-Anderson instrument response, 

Figure 1. Map of study area. (a) Bathymetry of the Quebrada-Discovery-Gofar transform systems (left panel) and a zoom-
out view of the study area (right panel). Well-defined fracture zones are visible for Quebrada and Gofar transform faults, 
while those at Discovery are less distinct. White triangles denote ocean bottom seismometers; red box in the zoom-out view 
panel indicates the map area in the left panel; black lines are plate boundaries; red arrows denote spreading direction. (b) 
Bathymetry around Discovery transform faults. D1 and D2 denote the eastern and western segments of Discovery transform 
fault. Mid-ocean ridge (ridge) and inter-transform spreading center are labeled.
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filtered between 4 and 20 Hz, and windowed from 1 s before to 5 s after the predicted S arrivals. We calculate 
a peak amplitude (A) as the maximum root sum square of the windowed displacements and measure the peak 
noise amplitude (AN) using the same approach on a 2–5 s window before the predicted P arrivals. A local magni-
tude estimate ML is recorded at a given station if the signal to noise ratio (A/AN) is greater than 10, and ML is 
computed  as

 (1)

where D is the hypocentral distance (Shearer,  2019). The final ML is estimated as the median value of ML 
computed for all qualified stations with a minimum of seven qualified stations. We have estimated ML for 3,389 
earthquakes, obtaining a magnitude of completeness of 1.1 and a b-value of 0.87 (Figure S5 in Supporting Infor-
mation S1) (Goebel et al., 2017).

4. Results
The relocated catalog of events shows that most of the seismicity is located along D1 and D2 with an off-fault 
cluster 19 km north of D2 (Figure 2a). Seismicity along D2 aligns well with the surface fault trace, but seismicity 
along D1 does not match the fault trace very well due to the sparse station coverage. Seismicity on the eastern half 
of D1 may have also been missed for similar reasons. Thus, we restrict our interpretation of physical processes 
along D2 and the off-fault cluster, and do not discuss events along the D1 strand.

The seismicity shows a spatially varying pattern along the ∼45  km-long D2 strand of the Discovery trans-
form fault. The fault trace of D2 bends slightly between 20 and 25  km along strike and is misaligned with 
the spreading direction (Figure  2a). The seismicity follows the surface fault trace with few events observed 
at the ridge or inter-transform spreading center. Most of the D2 seismicity is at depths between 4 and 8 km, 
while shallow seismicity (<4 km) appears near the ridge-transform intersection on the western end (Figure 2b). 

Figure 2. (a) Relocated earthquakes plotted in oblique Mercator projection, using Nazca-Pacific rotation pole 
88.6°W/52.7°N as the projection pole (DeMets et al., 2010), and 104.2°W/3.95°S as the projection center. Black, blue and 
red dots represent earthquakes occurring along D1, along D2, and within the oceanic plate, respectively; gray dotted lines 
are interpreted orientations of D2 fault traces (this study), which are not parallel with the plate spreading direction from the 
kinematic plate motion model (DeMets et al., 2010). (b) Depth cross-section. Red vertical lines denote the locations of ridges 
and ITSC; B1 to B4 and L1 to L3 denote the alteration of barrier and locked zones along D2, with the gray shaded areas 
indicating the barrier zones (B1–B4).
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computed  as
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where D is the hypocentral distance (Shearer,  2019). The final ML is estimated as the median value of ML 
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earthquakes, obtaining a magnitude of completeness of 1.1 and a b-value of 0.87 (Figure S5 in Supporting Infor-
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The relocated catalog of events shows that most of the seismicity is located along D1 and D2 with an off-fault 
cluster 19 km north of D2 (Figure 2a). Seismicity along D2 aligns well with the surface fault trace, but seismicity 
along D1 does not match the fault trace very well due to the sparse station coverage. Seismicity on the eastern half 
of D1 may have also been missed for similar reasons. Thus, we restrict our interpretation of physical processes 
along D2 and the off-fault cluster, and do not discuss events along the D1 strand.

The seismicity shows a spatially varying pattern along the ∼45  km-long D2 strand of the Discovery trans-
form fault. The fault trace of D2 bends slightly between 20 and 25  km along strike and is misaligned with 
the spreading direction (Figure  2a). The seismicity follows the surface fault trace with few events observed 
at the ridge or inter-transform spreading center. Most of the D2 seismicity is at depths between 4 and 8 km, 
while shallow seismicity (<4 km) appears near the ridge-transform intersection on the western end (Figure 2b). 

Figure 2. (a) Relocated earthquakes plotted in oblique Mercator projection, using Nazca-Pacific rotation pole 
88.6°W/52.7°N as the projection pole (DeMets et al., 2010), and 104.2°W/3.95°S as the projection center. Black, blue and 
red dots represent earthquakes occurring along D1, along D2, and within the oceanic plate, respectively; gray dotted lines 
are interpreted orientations of D2 fault traces (this study), which are not parallel with the plate spreading direction from the 
kinematic plate motion model (DeMets et al., 2010). (b) Depth cross-section. Red vertical lines denote the locations of ridges 
and ITSC; B1 to B4 and L1 to L3 denote the alteration of barrier and locked zones along D2, with the gray shaded areas 
indicating the barrier zones (B1–B4).
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5.3. Spatial Variations in Rifting Within the Discovery Transform System
The cluster of seismicity located northwest of the D2 fault indicates that there is ongoing deformation within the 
oceanic plate north of Discovery (Figure 6). The off-fault seismicity aligns with the orientation of a group of abys-
sal hills, possibly indicating reactivation of those faults. Abyssal hills are generated when seafloor spreading is 
accommodated by extension on normal faults, leading to scarps aligned parallel to the associated mid-ocean ridge 
segment where they were created (e.g., Buck & Poliakov, 1998; Macdonald et al., 1996). However, the abyssal 

Figure 6. Regional tectonics at the Discovery transform fault system. (a) Greyscale seafloor bathymetry. Black circles denote M ≥ 5.2 earthquakes at Discovery since 
1990 (Shi et al., 2021). One strike-slip earthquake appeared to have occurred within the oceanic plate. Black dots denote earthquakes from the off-fault cluster. Double 
sided arrow denotes the rift zone and the decreasing rifting speed from north to south. Blue dashed lines show the orientations of the abyssal hills. Interpretations of 
the three locked patches, L1 to L3, are shown as short black lines. (b) Zoom-in view of the rifting zone. Two seamounts are identified in the rift zone with one pristine 
seamount in the north and one faulted seamount in the south.

Figure 5. Conceptual cartoons of fault zone segmentation at (a) the G3 Gofar transform fault (Gong & Fan, 2022) and (b) D2 
Discovery transform fault. Horizontal gray lines denote the seafloor; gray dotted lines denote seismogenic boundaries with 
varying depth along strike; blue and gray rounded rectangles above seismogenic depths denote locked and barrier patches 
of the faults; small gray rounded rectangles below seismogenic depth in (a) denote sporadic mantle seismicity patches; red 
rounded rectangle in (b) denotes the gap zone on D2.
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throughout the OBS deployment, and a seismicity burst occurred within this cluster on Julian Day 129 of 2008, 
with the largest magnitude event (M1.5) occurring in the middle of the sequence.

5. Discussion
5.1. Comparison With Previous Results
Our study provides refined earthquake locations at the Discovery transform fault, which confirm the general 
features found in Wolfson-Schwehr et al. (2014), particularly the along-strike seismicity segmentation patterns. 
For example, a seismicity gap at ∼104.4°W is observed in both studies. In contrast with previous studies, we 
find that most of the earthquakes are located at depths between 4 and 8 km, except for those near the fault-ridge 
intersections. It is possible that the machine-learning phase picker, PhaseNet, is more effective and robust in 
identifying seismic phases using OBS data than the conventional STA/LTA method used in Wolfson-Schwehr 
et al. (2014), which improves the subsequent location and relocation results.

5.2. Fault Segmentation at D2
The uneven and high relief bathymetry of the D2 fault includes alternating valleys and along-transform ridges 
(Figure  1). Seismicity density changes correlate with these valleys and ridges (Figure  1). For example, the 
seismicity gap between 23 and 25 km corresponds to the deepest section of the western valley and the dense 

Figure 4. Off-fault seismicity cluster. (a) Confirmation of off-fault seismicity cluster location based on S-P travel time 
differences of earthquakes within the off-fault seismicity cluster measured on three ocean bottom seismometer (OBS) 
stations. Red, blue and green triangles denote locations of station D02, D08, and D06 respectively. Red, blue and green circles 
denote potential earthquake locations based on the S-P measurements of D02, D08, and D06, respectively. Three circles 
intersect at the location of the off-fault seismicity cluster. Black dots denote seismicity of the off-fault cluster. White triangles 
denote other OBS stations. Black line X-X′ denotes the location of the depth profile in (b). (b) Depth profile of earthquakes 
in the off-fault cluster. Color denotes earthquake occurrence time. Earthquakes with magnitude estimates have circle sizes 
scaling with their magnitudes. Insert shows vertical component waveforms from one event within the off-fault cluster. Green, 
blue and red traces are waveforms recorded on station D06, D08, and D02, respectively. P and S arrivals are denoted by short 
vertical lines. S-P travel time differences are shown at the beginning of each trace in seconds.
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5.3. Spatial Variations in Rifting Within the Discovery Transform System
The cluster of seismicity located northwest of the D2 fault indicates that there is ongoing deformation within the 
oceanic plate north of Discovery (Figure 6). The off-fault seismicity aligns with the orientation of a group of abys-
sal hills, possibly indicating reactivation of those faults. Abyssal hills are generated when seafloor spreading is 
accommodated by extension on normal faults, leading to scarps aligned parallel to the associated mid-ocean ridge 
segment where they were created (e.g., Buck & Poliakov, 1998; Macdonald et al., 1996). However, the abyssal 

Figure 6. Regional tectonics at the Discovery transform fault system. (a) Greyscale seafloor bathymetry. Black circles denote M ≥ 5.2 earthquakes at Discovery since 
1990 (Shi et al., 2021). One strike-slip earthquake appeared to have occurred within the oceanic plate. Black dots denote earthquakes from the off-fault cluster. Double 
sided arrow denotes the rift zone and the decreasing rifting speed from north to south. Blue dashed lines show the orientations of the abyssal hills. Interpretations of 
the three locked patches, L1 to L3, are shown as short black lines. (b) Zoom-in view of the rifting zone. Two seamounts are identified in the rift zone with one pristine 
seamount in the north and one faulted seamount in the south.

Figure 5. Conceptual cartoons of fault zone segmentation at (a) the G3 Gofar transform fault (Gong & Fan, 2022) and (b) D2 
Discovery transform fault. Horizontal gray lines denote the seafloor; gray dotted lines denote seismogenic boundaries with 
varying depth along strike; blue and gray rounded rectangles above seismogenic depths denote locked and barrier patches 
of the faults; small gray rounded rectangles below seismogenic depth in (a) denote sporadic mantle seismicity patches; red 
rounded rectangle in (b) denotes the gap zone on D2.
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seamount in the north and one faulted seamount in the south.
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Discovery transform fault. Horizontal gray lines denote the seafloor; gray dotted lines denote seismogenic boundaries with 
varying depth along strike; blue and gray rounded rectangles above seismogenic depths denote locked and barrier patches 
of the faults; small gray rounded rectangles below seismogenic depth in (a) denote sporadic mantle seismicity patches; red 
rounded rectangle in (b) denotes the gap zone on D2.
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Figure 1 | Earthquake epicentres at the Gofar transform fault. The bathymetry map (the location of which is indicated by the black star on the inset)
shows 21,919 events occurring in August–December 2008 (black dots) and located with a double-difference scheme. Foreshocks on 10–12 September,
aftershocks on 18–20 September and swarm events on 7–8 December are shown in yellow, red and cyan, respectively. OBS locations are shown by the
white triangles (seismometer only) and white stars (seismometer plus strong-motion sensor). The epicentre of the largest (M 5.2) aftershock and the
centroids of the 2008Mw 6.0 and 2007Mw 6.2 earthquakes are shown as large brown, orange and blue circles, respectively. OBS G04, G06, G08 and G10
are labelled below their symbols.
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Figure 2 | Earthquake temporal distribution. a, Cumulative number of earthquakes in the waveform-detection earthquake catalogue (black curve). The
yellow, red and cyan curves show cumulative earthquakes in the foreshock zone (105.9◦–105.98◦ W), mainshock rupture zone (106.04◦–106.18◦ W) and
the December swarm zone (106.2◦–106.3◦ W), respectively. TheM 6.0 mainshock occurred on day 262, or 18 September (vertical black line). b, Locations
and times of all of the earthquakes in the STA/LTA catalog covering the entire year of 2008. The solid yellow, red and cyan rectangles denote the same
sections of the fault as the coloured curves in a.
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Figure 3. Spatiotemporal evolution of Gofar G3 microearthquakes. (a, b) Map and depth views of earthquakes in the five 
fault zones. Black dash lines in (b) denote 95% earthquake depth extents of each zone. (c) Spatiotemporal evolution of 
earthquakes in the five zones. The occurrence times of the M6 mainshock and the December swarm are denoted by black 
dash lines. Example seismicity bursts in Zone 1 are highlighted by dash-line rectangles.
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Figure 3. Spatiotemporal evolution of Gofar G3 microearthquakes. (a, b) Map and depth views of earthquakes in the five 
fault zones. Black dash lines in (b) denote 95% earthquake depth extents of each zone. (c) Spatiotemporal evolution of 
earthquakes in the five zones. The occurrence times of the M6 mainshock and the December swarm are denoted by black 
dash lines. Example seismicity bursts in Zone 1 are highlighted by dash-line rectangles.
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“barrier zone”) along strike. The barrier zone seems to have repeatedly stopped the ruptures of M6 earthquakes at 
the locked zones, including the 18 Sep 2008 M6 mainshock that occurred west of the barrier zone (Figures 1a–1c; 
McGuire et al., 2012). The barrier zone is likely a highly fractured damage zone with a fluid-filled porosity up to 
8% and has a ∼10%–20% P-wave velocity reduction extending through the whole crust to the uppermost mantle, 
in contrast to the velocity structure of the rupture zone (Froment et al., 2014; Roland et al., 2012). The average 

Figure 1.
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the locked zones, including the 18 Sep 2008 M6 mainshock that occurred west of the barrier zone (Figures 1a–1c; 
McGuire et al., 2012). The barrier zone is likely a highly fractured damage zone with a fluid-filled porosity up to 
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Figure 3. Spatiotemporal evolution of Gofar G3 microearthquakes. (a, b) Map and depth views of earthquakes in the five 
fault zones. Black dash lines in (b) denote 95% earthquake depth extents of each zone. (c) Spatiotemporal evolution of 
earthquakes in the five zones. The occurrence times of the M6 mainshock and the December swarm are denoted by black 
dash lines. Example seismicity bursts in Zone 1 are highlighted by dash-line rectangles.
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month tide has a cycle of 27.5 days and it may not relate to the observed swarms since its period is longer than 
that of the Zone 5 swarms. Magma chamber activity can couple with tidal stresses to modulate seismicity of 
near-ridge faults (Scholz et al., 2019). Therefore, the swarms could be due to combined effects of magma activity 
and tidal stresses. Additionally, fluid pockets and pathways in the fault zone may experience frequent recharge 
and discharge processes, leading to periodic fluid migration episodes, which can also produce similar swarms  at 
various spatiotemporal scales (Ross & Cochran, 2021; Ross et al., 2020). There was a temporary pause of the 
periodic swarms soon after the M6 mainshock (Figure 8). We speculate that the pause might relate to triggered 
aseismic slips in Zone 5 due to the M6 mainshock. The triggered aseismic slips would promote a temporary 
porosity increase and cause a pore-pressure decrease (Y. Liu et al., 2020). Such a process would clamp the fault 
(dilatancy effects) and discourage microearthquakes. The pore-pressure drop eventually recovered as suggested 
by the seismicity (Figure 8), which may have been assisted by intense hydrothermal circulation in the damaged 
fault zone due to its proximity to the ridge. If this scenario holds true, fluid migration and hydrothermal circula-
tion may be the primary cause of the Zone 5 swarms.

The fault patch of Group 2 earthquakes in Zone 5 likely represents a different fault strand than that had the 
M5 doublet and the rest of the December swarm (Group 1). The fault strand may have been surrounded by 
barriers that were broken by the M5 earthquakes, and the influx of fluid may have caused the intense swarm. 
Such a hypothesis is supported by the lack of earthquake similarities between the two groups in Zone 5 and the 
absence of events prior to the December swarm. The current bathymetry data cannot distinguish possible seafloor 
morphological features related to the fault strand of the Group 2 earthquakes, but the ridge–transform connection 
likely produces a complex, heterogeneous fault network, such as indicated by the prominent “J”-shape structure 
of EPR.

5.2. Deep Earthquakes, Fluid–Rock Interaction, and Upper-Mantle Thermal Structure
Depth extent of microseismicity decreases from east to west along the westernmost Gofar transform fault as 
indicated by the 95 percentile seismicity depth of its five segments (Figure 3). The nominal depth extent of 
OTF seismicity is primarily controlled by the position of the 600°C isotherm (Abercrombie & Ekström, 2001; 
Behn et al., 2007; Bergman & Solomon, 1988; Boettcher et al., 2007; Braunmiller & Nábělek, 2008; Roland 
et al., 2010). At Gofar, the 600°C isotherm is likely above or near the crust–mantle boundary at ∼7 km (Roland 
et  al.,  2010), which would create a narrow layer of aftershock near Moho that separates the locked layer in 
the crust from free creeping layer in the mantle, such as the events of Group 1 in Zone 3 (Figures 6c and 10). 
Microearthquakes also occur in the upper mantle at the eastern G3 (Zones 1–3) from 7 to 10 km, including 
Group 2 in Zone 1 (Figure 4d), Groups 2 and 3 in Zone 2 (Figures 5d and 5e), and Groups 2 and 3 in Zone 
3 (Figures 6d and 6e). These deep seismicity is consistent with previous earthquake location results albeit at 
shallower depths (Guo et al., 2018; McGuire et al., 2012). Comparing to EPR, the ITSC likely has less magma 

Figure 10. Conceptual model of microseismicity and fault slip modes at the westernmost Gofar transform fault. Irregular 
shaped patches denote fault patches of various sizes, and their colors correspond to different locking degrees. Zones 1, 3, 
and 4 are represented as sporadic, locked patches. Zones 2 and 5 are represented as damage zones embedded with small 
asperities. Microseismicity near the Moho discontinuity is denoted as small yellow stars. Green and yellow ellipses denote 
deep seismicity clusters. Blue arrows denote intense fluid circulation in Zone 2.
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- What causes such highly similar fault architectures?  

- What controls this repeatable physical process?  



Conclusions

• Atypical small-Scale plate rotation and seawater infiltration control 
seismicity at the Quebrada transform fault system 

• Intra-plate rifting influences fault segmentation and off-fault abyssal 
hill reactivation at the Discovery transform fault system 

• We captured not one but two anticipated M6 earthquakes at the 
Gofar transform fault system 

• Barrier zones are a common feature of the Gofar transform faults 
• Clear repeatable, precursory physical processes lead to the M6 

earthquakes
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et al., 1996; Tebbens & Cande, 1997). These processes can couple with enhanced seawater infiltration, forming 
a positive feedback to promote developing damage zones (e.g., Zone 2). The internal fault structure of Zone 2 
shares some similarity with that of Zone 4, and the barrier zone may represent a more evolved stage of Zone 4 
with a higher degree of fractures.
5.1.3. Zone 5: Ridge and Transform Fault Interactions
Most of the earthquakes in Zone 5 occurred in the crust with some nearly extending to the seafloor (Figure 8). No 
M6 earthquake has ruptured this fault segment for the past two decade (Shi et al., 2021). The widespread seismic-
ity and the lack of M6 earthquakes suggest that Zone 5 is also a damage zone and can potentially serve as a barrier 
zone to influence seismicity in Zone 4. Similar to Zone 2, this fault segment is likely fully saturated with seawater, 
and fluid may have played a primary role in modulating earthquakes in the segment. Consequentially, dilatancy 
effects are expected to be strong and aseismic slip may predominantly release the accumulated tectonic stress in 
Zone 5. However, the fault segment differs from Zone 2 in two major aspects: almost all earthquakes occurred in 
the crust and there were quasi-periodic earthquake swarms occurring throughout the 2008 experiment.

Spectral analysis of the daily seismicity rate indicates that the swarms in Zone 5 have a recurrence interval of 
∼24.4 days (Figure S11 in Supporting Information S1). Particularly, an intense swarm of 2,096 events occurred 
in December, lasting up to two weeks. The December swarm likely initiated around 6 December 2008 11:00 UTC 
from the western end of the transform fault and migrated toward the east with an average propagation speed of 
5.4 km per day (Figure 9). This swarm includes two M5 earthquakes that occurred at 7 December 2008 08:53:22 
UTC and 7 December 2008 14:15:31 UTC (Figure S9 in Supporting Information S1). Most of the large magni-
tude events occurred during the first 2 days of the swarm (Figure 9), and several M ≥ 2 events also occurred in 
Zone 4 as part of the sequence (Figure 9). The swarm broke a fault patch that was previously quiescent, resulting 
in 823 microearthquakes within a 2 km footprint for 12 days. We consider this December sequence as a swarm 
instead of a foreshock–mainshock–aftershock sequence because of the clear migration pattern and the seismicity 
rate pattern that there was no single dominant earthquake as an obvious mainshock.

The depth limit in earthquakes and the quasi-periodic swarms likely reflect influences from the spreading center. 
The Zone 5 segment is at the intersection between the ridge and transform fault, and the thermal structure will 
favor a shallow downdip edge of the seismogenic zone (Roland et al., 2010). Further, the periodic swarms might 
be related to magma and fluid activity or transient slip events. The swarm periodicity does not match the semi-
diurnal ocean tides that are known to trigger earthquakes at EPR (Stroup et al., 2007, 2009). The anomalistic 

Figure 9. December swarm in Zone 5. (a) Spatiotemporal evolution of the December swarm. Background color denotes 
earthquake density (km −1 day −1). Gray dots denote earthquakes without magnitude estimates. Black dots denote earthquakes 
having magnitude estimates with their open circle radii showing the earthquake magnitudes. Blue arrow denotes the inferred 
migration direction of the swarm. (b) Daily seismicity rate of the December swarm in Zone 5.
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