
1.  Introduction
Both seismic and aseismic slip can consume the total slip budget to accommodate plate motions (Avouac, 2015; 
Harris, 2017; Wolfson-Schwehr & Boettcher, 2019). The two slip modes dominate different fault patches and 
show variations along both the strike and dip directions (e.g., Han et al., 2017; Y. Liu & Rice, 2005; Y. K. Liu 
et al., 2022; Scholz, 1998). For example, earthquakes and slow earthquakes occur at subduction zone with differ-
ent types of events dominating megathrust segments at varying depths (Lay et al., 2012; Obara & Kato, 2016; 
Wirth et al., 2022). Oceanic transform faults (OTFs) also slip in both modes with 15%–35% of the slip budget 
released through earthquakes and the rest as aseismic slips (Boettcher & Jordan,  2004; Y. Liu et  al.,  2012; 
Wolfson-Schwehr & Boettcher, 2019). The two slip modes at OTFs switch intermittently with variations predom-
inately along the strike direction (McGuire et  al.,  2012; Shi et  al.,  2021). Moderate to large magnitude OTF 
earthquakes often repeatedly occur on isolate segments that are likely surrounded by creeping segments (e.g., 
Castellanos et  al.,  2020; Shi et  al.,  2021). For example, M  ≥  6 earthquakes quasi-periodically rupturing the 
same fault patches have been observed at multiple OTF systems, including Gofar (McGuire, 2008), Discovery 
(Wolfson-Schwehr et al., 2014), Blanco (Braunmiller & Nábělek, 2008), Eltanin (Sykes & Ekström, 2012), and 
Charlie–Gibbs (Aderhold & Abercrombie, 2016). Such regular earthquake-cycle behaviors are rarely observed in 
other fault systems (Bakun et al., 2005). Further, these regular M ≥ 6 earthquakes are frequently preceded with 
abundant foreshocks (Aderhold & Abercrombie, 2016; McGuire et al., 2005, 2012). These systematic patterns 
of OTF earthquakes suggest that their regulating physical processes are repeatable and the processes seem to be 
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Plain Language Summary  Oceanic transform faults are apparently simple tectonic plate 
boundaries. However, their structures are surprisingly complex as manifested through various seismic and 
aseismic slip modes. The deformation partition mechanism is not well understood due to a lack of near-field 
observations. Here, we use 1-year ocean bottom seismometer data to study earthquakes at the westernmost 
Gofar transform fault and use these earthquakes to infer the fault slip modes. Spatiotemporal evolution of 
the earthquakes suggests that the fault has five distinctive zones along strike, including one zone hosted 
a magnitude (M) 6 earthquake captured by the experiment. The remaining zones are dominated by either 
seismic or aseismic slip. Such distinct variations of slip mode along strike likely originated from the complex, 
heterogeneous fault structure, and extensive fluid–rock interactions.
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controlled by their slip modes and fault architecture. Therefore, understanding the slip modes as well as the fault 
architecture is critical in illuminating the underlining earthquake physics.

Fault architecture and slip mode partition are imprinted in microearthquakes (Y. K. Liu et  al.,  2022; Vidale 
et al., 1994). Particularly, interaction and triggering among different fault segments are often manifested as tran-
sient earthquake sequences lasting from seconds to years (Freed,  2005). For example, earthquakes can trig-
ger afterslip to generate aftershocks (Hsu et al., 2006; Jiang et al., 2021), and accelerating aseismic slips are 
often accompanied by migrating earthquakes, which may eventually initiate large earthquakes (Kato et al., 2012; 
McLaskey, 2019; Shelly, 2009). Additionally, stress transfer and fluid migration can influence earthquakes at 
different fault segments over a large spatial footprint (e.g., Ross et al., 2020). Hence, investigating microearth-
quakes can help deciphering fault segmentation, slip partition, fault architecture, and mechanical controls of 
earthquake rupture dynamics (e.g., Hardebeck et al., 1998; Y. K. Liu et al., 2022; Trugman et al., 2016).

Despite OTFs exhibit some of the most predictable and systematic earthquake behaviors, details of their fault 
architecture and slip partition mechanisms are not well understood, mainly limited by rare near-field obser-
vations (e.g., Parnell-Turner et  al.,  2022). However, remarkable details of the fault structures can be learned 
from microearthquakes when ocean bottom seismometer (OBS) data are available (Gong et  al.,  2022; Hicks 
et al., 2020; Kuna et al., 2019; McGuire et al., 2012; Wolfson-Schwehr et al., 2014; Yu et al., 2021). For exam-
ple, barrier zones that separate repeating rupture patches are observed at Blanco and Gofar transform systems 
(Kuna et al., 2019; McGuire et al., 2012). Deep seismicity at 10–30 km are found from fast to slow slipping 
OTFs (Gong et al., 2022; Kuna et al., 2019; Yu et al., 2021), providing new insights into elastic failure conditions 
(Kohli  et al., 2021; Prigent et al., 2020).

Previous studies usually report a few thousand earthquakes for an 1-year OBS experiment (e.g., Hicks et al., 2020; 
Kuna et al., 2019). The catalog size may reflect challenges in picking emergent P waves and is also likely due 
to the coarse OBS array configurations (Hicks et al., 2020; Kuna et al., 2019; McGuire et al., 2012). Recent 
applications of machine-learning phase pickers to OBS data have produced multiple times more robust P and S 
phase picks than those from conventional approaches (Allen, 1978; Maeda, 1985; Ruppert et al., 2021; Saragiotis 
et al., 2002). For example, the advancement enables locating ∼24,000 earthquakes with a magnitude of complete-
ness around 0.8 at the Quebrada transform fault system, revealing deep seismicity clouds that are likely controlled 
by aseismic slip and fluid circulation (e.g., Gong et al., 2022).

Here, we investigate earthquakes at the westernmost segment of the Gofar transform system (G3) using 1-year 
OBS data collected in 2008 (McGuire et al., 2012). The deployment captured an anticipated M6 earthquake at G3 
and recorded the late and early stages of an M6 earthquake seismic cycle. The experiment offers a unique oppor-
tunity to investigate the fault architecture, seismicity evolution, and their interrelations in regulating earthquake 
rupture processes. Particularly, the active seismicity in the region provides a great opportunity to distinguish fault 
segmentation and the associated slip modes.

We apply a suite of techniques to detect, locate, and relocate earthquakes at G3 using the OBS data. Spatiotempo-
ral evolution of the earthquakes suggests that the ∼100-km-long Gofar fault has complex internal structures and is 
segmented into five zones with their seismicity dominantly but not exclusively influenced by one of the two slip 
modes. Further, deep seismicity is a common feature of the eastern G3 but absent at the western end, suggesting 
different temperatures and seismogenic depths along strike. Moreover, fault segments slipping aseismically have 
abundant microearthquakes. These segments are likely heavily damaged with heterogeneously distributed asper-
ities, and their seismicity evolution implies intense fluid–rock interactions.

2.  Gofar Transform Fault System
The Gofar transform fault system is located ∼4.4°S at the East Pacific Rise (EPR, Figure 1). It consists of three 
segments denoted as G1–G3 from east to west that are connected by two short intratransform spreading centers 
(ITSCs; Pickle et al., 2009). Gofar transform fault system is at an ultra-fast spreading center that slips at a rate 
of ∼140  mm/year (Wolfson-Schwehr & Boettcher,  2019). The Gofar faults have magnitude 5–6 earthquakes 
quasi-periodically at the same locations with a recurrence period of 5–6 years (McGuire, 2008; Wolfson-Schwehr 
et al., 2014).
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The G3 fault branch shows clear along-strike variations in the surface topography (Figure 1). The western part of 
the fault connects to EPR, showing a “J”-shape structure with high elevation (Grevemeyer et al., 2021). Adjacent 
to the “J”-structure, there is a ∼10-km-long deep valley developed along the strike direction at ∼106°W with a 
maximum depth of ∼4,100 m. The valley is bounded by high-elevation flanks on both the north and south sides 
of G3. The eastern topography of G3 is relatively simple with a linear shallow valley coinciding with the fault. 
The G3 fault connects a short ITSC at the east end, which has a lower elevation and a narrower width compared 
to EPR, indicating limited magma supply beneath the ITSC (Pickle et al., 2009).

Using the 2008 OBS data, McGuire et al.  (2012) identified that G3 has fault patches with distinct seismicity 
characteristics. East of the M6 fault patch, there is a barrier zone that had intense seismicity from shallow to 

Figure 1.  Bathymetry and structural interpretation of the westernmost Gofar transform fault. (a) Bathymetry of the 
Quebrada–Discovery–Gofar (QDG) transform system. White triangles are OBS stations of the 2008 QDG experiment. Three 
segments of the Gofar transform system, G1–G3, are labeled on the map from east to west. (b) Zoom-out map showing the 
location of the QDG system (red rectangular). (c) Bathymetry of the study area. White triangles are functioning OBS stations 
in this study and black triangles are malfunctioned stations. (d) Structural interpretation of study area. Solid white lines 
mark the trace of ridges and transform faults. White dash lines denote fracture zones. “J”-shape structure and deep valley are 
denoted on the map. Red solid circles are the epicenters of the 2008 M6 mainshock, its largest aftershock, two M5 events 
during December swarm, and three M4 events in the barrier zone (two overlaps). Black open circles are M ≥ 5 earthquake 
locations from Shi et al. (2021). Intersection between the fracture zone and the west boundary of the map marks the origin 
(0 km) of the along-strike distance. Dot line indicates a separation of complex topography on the seafloor in the west part of 
G3 and simple topography in the east part of G3. EPR stands for East Pacific Rise. ITSC stands for intratransform spreading 
center.
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deep but halted the activity after the M6 mainshock. West of the M6 fault patch, a 2-week-long intense swarm 
occurred in December 2008 at a fault segment adjacent to EPR. The seismicity variation suggests the G3 fault 
patches slipping in different modes. Traveltime tomographic models show low Vp/Vs ratios in the barrier zone 
and high Vp/Vs ratios in the M6 rupture area, suggesting that the two patches have different fault-zone materials 
(Froment et al., 2014; Guo et al., 2018). Long-term records reveal that M ∼ 6 earthquakes rupture two sections of 
the G3 fault quasi-periodically (Shi et al., 2021). The western section is at the 2008 M6 earthquake zone and the 
other section is eastern of the barrier zone. The barrier zone is absent of M ≥ 5 earthquakes, likely controlled by 
the aseismic slip mode (Shi et al., 2021; Wolfson-Schwehr et al., 2014).

3.  Data and Methods
3.1.  Data

The 2008 Quebrada–Discovery–Gofar marine seismic experiment deployed 30 broadband and 10 short-period 
three-component OBSs across the three fault systems with 16 broadband OBSs on the G3 segment, aiming to 
capture an anticipated M6 event (Figure 1). Seven of the 16 OBS stations also had collocated strong motion 
sensors. The stations were situated in water depths ranging from 2,960 to 3,930 m. The OBSs recorded waveform 
data at a sampling rate of either 50 or 100 Hz (see Table S1 in Supporting Information S1 for details). Stations 
G01, G11, and G15 did not record useful data and we do not analyze their waveforms. During the experiment, an 
M6 event occurred on 18 September 2008 and triggered an M5 aftershock in the western section of the fault patch 
∼20 min after the mainshock (Figure 1). Another two M5 events occurred near the ridge–transform intersection 
in December 2008 as part of an energetic earthquake sequence.

3.2.  Earthquake Detection, Location, and Magnitude Calculation

We follow Gong et al. (2022) to apply a four-step workflow to detect, associate, locate, and relocate earthquakes 
using open-source software (see Data Availability Statement). We first apply a machine-learning phase picker, 
EQTransformer, to detect P and S wave arrivals (Mousavi et al., 2020). EQTransformer is a deep-learning model 
that can simultaneously detect earthquakes and pick phase arrivals with uncertainty quantification. In our case, 
the waveforms of Gofar earthquakes have short S–P times than those used in the EQTransformer training data set 
(Mousavi et al., 2019). Therefore, we upsample the data by a factor of 1 (no upsampling), 2, or 4 before applying 
EQTransformer (e.g., Gong et al., 2022; R. Wang et al., 2020). The upsampling factor is station-dependent and is 
determined through trial-and-error exercises by experimenting the factors on 1-month-long data at each station. 
The optimal upsampling factor is selected as the one yielding most phase picks (see Table S1 in Supporting Infor-
mation S1 for details). In total, we detect ∼515,000 P arrivals and ∼524,000 S arrivals.

The phase picks are then associated using REAL (Zhang et al., 2019). REAL grid searches for a candidate loca-
tion and time to associate the phase picks by counting the number of P and S picks and computing the traveltime 
residuals. We require a successful association to have at least three P picks and one S picks and a residual arrival 
time tolerance of 0.5  s. The association uses a one-dimensional (1D) P wave velocity profile (Figure S1 in 
Supporting Information S1) extracted from a two-dimensional (2D) P wave traveltime tomographic model of the 
Gofar system (Roland et al., 2012). A 1D S wave velocity model is then converted from the 1D P wave model by 
assuming a constant Vp/Vs ratio of 1.9 in the crust (above 6.85 km depth) and 1.8 in the mantle (below 6.85 km 
depth). Regions within 0.2° radius of the station that records the earliest phase arrival are searched with a depth 
extent up to 20 km. The searching regions are gridded at 0.01° horizontally and 0.5 km vertically. In total, we 
identify 47,220 candidate earthquakes from the association step.

We use COMPLOC to determine the earthquake absolute locations using the associated P and S wave arrival 
times (G. Lin & Shearer, 2006). The COMPLOC algorithm corrects a source-specific station term when solving 
for local earthquake locations, which can improve the location accuracy by empirically removing the systematic 
effects of three-dimensional velocity structures (G. Lin & Shearer, 2005; Richards-Dinger & Shearer, 2000). 
Additionally, we use ℓ1 norm to evaluate the traveltime residuals which is insensitive to phase-pick outliers. Some 
earthquake locations cannot be resolved due to the station configuration, and they are erroneously placed at the 
seafloor (e.g., Gong et al., 2022). We have visually inspected waveforms of such earthquakes and conclude that 
these shallow earthquakes are likely mislocated. Therefore, we remove events within 1 km depth to the seafloor, 
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apply the COMPLOC method to locate remaining events, and iterate this procedure 40 times till the final results 
are stable (Figure S2 in Supporting Information S1). The procedure results 30,855 locatable events (Figure 2).

The earthquake locations are further refined using waveform cross-correlation data. We apply the GrowClust 
relocation method to the differential times obtained from cross-correlating P and S waveforms of adjacent event 
pairs to achieve high-precision relative earthquake locations (Trugman & Shearer,  2017). We cross-correlate 
body waveforms of the closest 100 events with those of each earthquake to obtain the differential traveltimes. 
We successfully relocate 30,854 earthquakes in total (Figure 2). This final location catalog is referred to as the 
GrowClust catalog.

For the relocated earthquakes, local magnitudes (ML) are calculated using three-component displacement wave-
forms. We first remove the instrument response and convolve the records with the Wood-Anderson instrument 
response. The waveforms are then filtered between 4 and 20 Hz and windowed from 1 s before to 5 s after the S 
arrivals. A peak amplitude (A) is calculated as the maximum root sum square of the windowed three-component 
displacements. We also measure the peak noise amplitude (AN) using the same approach but apply to a window 
of 5–2 s before the P arrivals. The local magnitude is computed as

𝑀𝑀𝐿𝐿 = log10 𝐴𝐴 + 2.56log10 𝐷𝐷 − 1.67,� (1)

where D is the hypocentral distance. We only keep a local magnitude estimate at a given station if the 
signal-to-noise ratio (A/AN) is greater than 10. The final ML of the earthquake is estimated as the median value 
of ML computed for all the available stations, and we discard the magnitude estimate if less than five stations 
had qualified measurements. We eventually obtain ML for 6,164 earthquakes, which populates a catalog named 
as the automated catalog. The magnitude–frequency distribution of these earthquakes is shown in Figure S3a in 
Supporting Information S1. The magnitudes are unusually small. It is likely that the coefficients in Equation 1 
are different for Gofar as they were derived for Southern California. Therefore, we calibrate our local magnitude 
estimates by using the moment magnitudes of 115 earthquakes that were derived from displacement spectrum 
(Moyer et al., 2018). We apply a constant shift of 0.65 to our local magnitude estimates (see Text S1 and Figure 
S3b in Supporting Information S1). The final catalog has a magnitude completeness of 0.6 and a b-value of 0.75 
obtained from the maximum curvature method and maximum likelihood method respectively (Figure S3d in 
Supporting Information S1; Aki, 1965; Wiemer & Wyss, 2000).

3.3.  Earthquake Clustering

In addition to solving for relative locations, GrowClust applies a hierarchical clustering algorithm that cluster 
events based on waveform cross-correlation coefficients (Trugman & Shearer, 2017). The algorithm first defines 
a similarity coefficient that serves as a metric to measure waveform similarity between event pairs and then forms 
earthquake clusters based on the similarity coefficients (Trugman & Shearer, 2017). A cluster represents a set of 
events that are spatially close and have similar waveforms, which indicate that they might come from the same 
fault patch and share similar focal mechanisms. The number of clusters for a given catalog is influenced by the 
GrowClust parameters. We have experimented with seven sets of input parameters, and the results of each set 
are described in Text S2 in Supporting Information S1. We opt to a set of parameters that generates few off-fault 
clusters and are free from unrealistic gaps between seismicity strands (Figures S4 and S5 in Supporting Infor-
mation S1). The set of parameters leads to 34 clusters, and each cluster has more than 100 events (Figure S6 in 
Supporting Information S1). These clusters include 84% of the total seismicity (Table S2 in Supporting Informa-
tion S1). We focus on these 34 clusters in the following analysis. We further inspect the temporal behaviors of the 
clusters that are adjacent to each other and merge clusters if they show similar evolution in seismicity rate (Figure 
S7 in Supporting Information S1).

3.4.  Locating Missing Earthquakes

Visual inspection of daily waveforms suggests that there are missing events in the GrowClust catalog, which have 
clear, large amplitudes. For example, the M6 mainshock and the M5 aftershock are missing from the catalog 
(Figure S8 in Supporting Information S1). We speculate that these events are missed because the training data 
sets of EQTransformer have limited near-field waveforms of M ≥ 5 events (Mousavi et al., 2019). Further, Gofar 
earthquakes tend to generate emergent arrivals on OBS, posing challenges in detecting body waves using such 
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Figure 2.  Earthquake location and relocation results. (a, b) Map and depth views of the COMPLOC earthquake locations. (c, d) Map and depth views of the 
GrowClust earthquake relocations. Blue lines mark the 7 km depth, which we infer as the local Moho discontinuity. (e, f) Zoom-in views of two rectangular areas in (c). 
Background color denotes seafloor bathymetry using the same color scale as in Figure 1. White open triangles are OBS stations.
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phase pickers. Finally, the iterative location procedure also removes 35% events in the COMPLOC location step 
(Figure S2 in Supporting Information S1).

In recognizing these challenges, we examine continuous waveforms to search for missing events whose ampli-
tudes exceed a threshold of ∼1.2 × 10 −4 m/s (74,866 unit count) at more than one station (see Text S1 in Support-
ing Information S1 for details). Specifically, 397 events are manually identified through this approach including 
the M6 mainshock, its largest aftershock, and two M5 events during the December swarm (Figure S8 in Support-
ing Information S1). We hand pick their P and S arrivals when possible and then locate these events using a 
grid-search procedure. We search a region from −4.75° to −4.4° in latitude and from −106.4° to −105.5° in 
longitude, with a grid spacing of 0.01° in both horizontal directions, respectively. The event depth is searched 
from 0 to 15 km, with an intergrid spacing of 0.5 km. The misfit (E(i)) at the ith searching grid is defined as

�(�) = 1
�

�
∑

�=1

|

|

|

�
���
� (�, �) − � �(�)||

|

,� (2)

where �
���
� (�, �) is the demeaned predicted P or S wave traveltime from grid-i to station-j, and � �(�) is the 

demeaned observed P or S wave arrival time at station-j, and N is the number of available stations. The demeaned 
traveltimes are defined as

�
���
� (�, �) = � ���

� (�, �) − 1
�

�
∑

�=1

� ���
� (�, �)� (3)

and

� �(�) = ��(�) −
1
�

�
∑

�=1

��(�),� (4)

where 𝐴𝐴 𝐴𝐴
𝑝𝑝𝑝𝑝𝑝𝑝

𝑋𝑋
(𝑖𝑖𝑖 𝑖𝑖) and tX(j) are the predicted and observed P or S wave traveltimes from grid-i to station-j, respec-

tively. The predicted P or S wave traveltime is calculated using the same velocity model as being used for deter-
mining the COMPLOC locations. The best location estimate yields the minimum misfit. We consider the event 
depth cannot be constrained when the depth is placed shallower than 1 km or deeper than 12 km. In such cases, 
the event depth is assigned as 5 km. The final locations of these events are shown in Figure S9 in Supporting 
Information S1. We do not relocate these events because their waveforms are dissimilar to those of nearby small 
magnitude earthquakes. Earthquake magnitudes of these earthquakes are calculated in the same way as for earth-
quakes in the automated catalog.

Some strong events are included in the GrowClust catalog but without local magnitude estimates because of 
having less than five qualified S picks. To identify these earthquakes, we further scan the waveforms of events 
in the GrowClust catalog using the same technique and threshold as above (74,866 unit count). Once an event 
is identified as a potential strong event, we use predicted S arrival times instead of EQTransformer S picks to 
window the waveforms for amplitude measurements. The local magnitude is calculated using the same procedure 
and criteria as for the automated catalog. In total, 299 additional events in the automated catalog obtained local 
magnitude estimates. Hereinafter, we refer to the two sets of events from scanning the waveforms as the manual 
catalog. The combination of the automated and manual catalogs leads to a combined catalog.

3.5.  Coulomb Stress Change

To understand interrelations of the earthquake sequences, we compute Coulomb stress changes due to the M6 
mainshock imposed on other G3 fault patches (King et al., 1994; J. Lin & Stein, 2004; Stein et al., 1997; J. Wang 
et al., 2021). No finite-fault model is available for this earthquake. For simplicity, we assume a uniform slip model 
rupturing a rectangular fault patch based on M0 = μDA, where M0 is the seismic moment, μ is the shear modules, 
A is the rupture area, and D is the average slip. We consider a range of possible slip areas and the details are 
discussed in Section 5.1.1. The fault geometry, including the strike, dip, and rake, of both the source fault and 
the receiver fault is 102°, 90°, and 0°. We also assume the earthquake with a moment magnitude of 6.0 (Bondár 
& Storchak, 2011; Ekström et al., 2012) and the fault with a shear modules of 40 GPa. Results of Coulomb 

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024918 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [10/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

GONG AND FAN

10.1029/2022JB024918

8 of 22

stress changes at various depths are shown in Figure S10 in Supporting Information S1. The stress changes are 
computed assuming a frictional coefficient of 0.4.

4.  Results
Seismicity at G3 shows strong spatial and temporal variations in both the along-strike and along-dip (depth) 
directions (Figures 2 and 3). In general, the seismicity trends agree well with the seafloor fault traces (Figure 2). 
Majority of earthquakes (60%) are located in between 4 and 7 km in depth (Figure 2). We consider that earth-
quakes shallower than 7 km are crustal events and the deeper ones are upper-mantle earthquakes, following the 
1D velocity model used for earthquake location (Figure S1 in Supporting Information S1). Two prominent seis-
micity sequences occurred during the deployment, namely, the foreshock–mainshock–aftershock sequence of the 
18 September M6 earthquake and the 6–20 December swarm sequence (Figure 3).

We manually inspect and group the 34 clusters into five zones that are named Zone 1 to Zone 5 from east to 
west (Figure S7 and Table S2 in Supporting Information S1). The earthquakes are grouped into the same zones 
if they are spatially connected and have similar temporal evolution. Particularly, the cluster responses to the M6 
mainshock and the December swarm are diagnostic in associating the clusters (Figure S7 in Supporting Informa-
tion S1). The 34 clusters are sorted by their centroid longitude, and they are indexed as clusters 0–33 from west to 
east. The easternmost six clusters (clusters 28–33) are around the eastern M6 fault patch, and they did not obvi-
ously respond to the two sequences. Therefore, these clusters are grouped into Zone 1. West of Zone 1, clusters 
20–23, 25, and 27 had energetic foreshocks but were absent of aftershocks after the M6 earthquake, and they are 
grouped into Zone 2. Clusters 24 and 26 are considered as part of Zone 2 because of their similar along-strike 
locations, even though their seismicity rates did not decrease abruptly after the M6 earthquake. Seismicity rates 
of clusters 15 and 17–19 increased abruptly after the M6 earthquake, likely contouring the mainshock slip area, 
and therefore are combined into Zone 3. Cluster 16 is also part of Zone 3 as it is located right beneath clusters 
15 and 17. Clusters 11–14 are combined into Zone 4 since their seismicity rates seem to be modulated by both 
the M6 earthquake and the December swarm. The rest of the clusters that are west of Zone 4 are merged into 
Zone 5 because of their intense seismicity during the December swarm but showing no clear response to the M6 
earthquake. Characteristics of the five zones are detailed below from east to west.

4.1.  Zone 1: Eastern Locked Zone

The easternmost G3 segment (Zone 1) connects to an ITSC, and Zone 1 spans about 30 km along strike (Figure 4). 
For the past two decades, there were 11 M5–6 earthquakes occurring every 5–6 years in Zone 1 (Shi et al., 2021; 
Wolfson-Schwehr & Boettcher, 2019). Most of the microearthquakes in the region have local magnitudes less 
than 3 (Figure S9 in Supporting Information S1). These events are located deeper than 4 km, roughly forming 
two separate layers. Earthquakes in the shallow layer (4–7 km) organize into sporadic patches along strike, while 
earthquakes in the deep layer (7–10 km) concentrate at ∼9 km depth forming a continuous linear streak along 
strike (Figure 4). In conjunction with the spatial pattern, the temporal characteristics of earthquakes in Zone 1 
suggest that they can be divided into two groups. The first group includes the shallow layer of seismicity and 
the easternmost patch of earthquakes (including events deeper than 7 km), which has a near-constant seismicity 
rate (Group 1, Figure 4c). The second group contains most of the deep-layer earthquakes, and they occur as 
intermittent bursts during the OBS deployment period (Group 2, Figure 4d), with each burst lasting for about 
∼2 days. Here, we refer a seismic burst as a group of microearthquakes striking in limited space and time that 
can include both mainshock–aftershock sequences and swarms which do not have clear mainshocks (Vidale & 
Shearer, 2006).

4.2.  Zone 2: Barrier Zone

Adjacent to Zone 1, Zone 2 extends 10 km westward to the eastern M6 rupture zone (Figure 5). Zone 2 was 
denoted as the barrier zone in McGuire et al. (2012) as this fault segment may have involved in both nucleating 
and terminating the 2008 M6 Gofar earthquake. The fault segment experienced abundant foreshocks before the 
M6 mainshock and a sudden shutdown of seismicity after the M6 mainshock. Earthquakes in Zone 2 are frag-
mented into two layers along dip (depth). From seafloor morphological features, these two layers may represent 
two fault branches. The shallow-layer earthquakes are located in between 2 and 6 km. Seismicity in the shallow 
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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.

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024918 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [10/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

GONG AND FAN

10.1029/2022JB024918

10 of 22

layer was energetic prior to the M6 mainshock but absent after the mainshock. There was also a 7-day foreshock 
sequence in the shallow layer, including three M ∼ 4 foreshocks (Figure 5b and Figure S8 in Supporting Infor-
mation S1). These shallow-layer earthquakes are termed as the Group 1 events of Zone 2. The deep-layer earth-
quakes are located in between 7 and 8 km and these events can be further divided into two groups (Groups 2 and 
3, Figure 5). Group 2 is adjacent to the mainshock zone and its seismicity shows a similar temporal evolution as of 
Group 1. In contrast, intermittent earthquake bursts occurred in Group 3 before the M6 mainshock and continued 
after the mainshock, distinguishing itself from the other two groups in Zone 2.

Figure 4.  Earthquakes in Zone 1. (a, b) Map and depth views of earthquakes in Zone 1. Different colors indicate two groups 
of the earthquakes. Blue line in (b) denotes the 7 km depth. Black dash line in (b) denotes the 95% seismicity depth, 9.3 km. 
(c, d) Temporal evolution of earthquakes in Groups 1 and 2 of Zone 1. Seismicity bursts are marked with black arrows. Black 
dash line in (c)–(d) denotes the occurrence time of the M6 mainshock.

Figure 5.  Earthquakes in Zone 2. (a, b) Map and depth views of earthquakes in Zone 2. Different colors indicate different 
groups of the earthquakes. Red solid circles (depth resolved) and black open circles (depth assigned as 5 km) in (b) denote 
three M ∼ 4 events during the 7-day foreshock sequence preceding the M6 mainshock. Blue line in (b) denotes the 7 km 
depth. Black dash line denotes the 95% seismicity depth, 7.7 km. (c–e) Temporal evolution of earthquakes in the three groups. 
Seismicity bursts in Group 3 are marked with black arrows. Black dash line in (c)–(e) denotes the occurrence time of the M6 
mainshock.
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4.3.  Zone 3: 2008 M6 Mainshock Zone

The 2008 M6 Gofar earthquake occurred in Zone 3, west of Zone 2 (Figure 6). This segment of the Gofar fault 
is also termed as the mainshock zone in McGuire et al. (2012). Zone 3 extends about 15 km along strike. The 
M6 mainshock initiated at the western edge of Zone 3 with its epicenter located at 106.1°W/4.54°S at a depth of 
6 km. Majority of the earthquakes (80%) in Zone 3 occurred in between 4 and 7 km in depth, forming Group 1 
of Zone 3. Group 1 contains most of the aftershocks, which seismicity rate follows a typical Omori-decay pattern 
(Figure 6c). Earthquakes below 7 km form another two groups of Zone 3, including an eastern streak (Group 2) 
and a western deep pocket of seismicity (Group 3). Group 2 comprises both short episodes of foreshocks and 
aftershocks of the mainshock (Figure 6d). Microearthquakes in Group 3 suggest a westward dipping structure 
between 6 and 8 km, occurring as intermittent bursts (Figure 6e).

4.4.  Zone 4: Transition Zone

Zone 4 extends ∼12 km west of Zone 3. During the 2008 experiment, the largest aftershock (a M5 event) is located 
at the western end of Zone 4 (Figure 7). Earthquakes in Zone 4 occurred continuously during the experiment 
and their activity strongly correlates with both the M6 mainshock in Zone 3 and the December swarm sequence 
in Zone 5 (Figure 7). Seismicity is distributed in between 4 and 7 km depth without deep earthquakes, forming 
multiple streaks. Given the seafloor morphological features, seismicity similarity coefficients, and earthquake 
spatiotemporal patterns, events in Zone 4 are further divided into three groups (Figure 7). These three groups 
likely originate from three fault strands that are connected by two stepovers, matching seafloor topographic trends 
(Figure 7a). The active seismicity in Zone 4 lasted for about at least 3 months after the mainshock. The influ-
ences of the M6 mainshock from the east and the December swarm sequence from the west correlate with their 
distances to the three groups (Figures 7c–7e).

4.5.  Zone 5: Swarm Zone

The westernmost segment of G3 (Zone 5) connects the transform fault to EPR. There was a surge of earth-
quakes from 6 to 20 December in 2008 which is termed as the December swarm in McGuire et  al.  (2012). 
All earthquakes in Zone 5 are shallower than 7 km and are distributed in between 2 and 6 km in depth. These 
earthquakes can be divided into two groups based on their temporal behaviors (Figure  8). Group 1 includes 
quasi-periodic swarms occurring every 24.4 days throughout the year (Figure S11 in Supporting Information S1). 

Figure 6.  Earthquakes in Zone 3. (a, b) Map and depth views of earthquakes in Zone 3. Different colors indicate different 
groups of the earthquakes. Red solid circle (depth resolved) in (b) denotes the hypocenter of the M6 mainshock. Blue line 
in (b) denotes the 7 km depth. Black dash line denotes the 95% seismicity depth, 7.6 km. (c–e) Temporal evolution of 
earthquakes in the three groups. Aftershocks and seismicity bursts are marked with black arrows in (c)–(e). Aftershocks in 
Group 1 follow a t −1 Omori-decay pattern as shown in (c). Black dash line in (c)–(e) denotes the occurrence time of the M6 
mainshock.
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The periodicity of these swarms seems to be perturbed by the M6 mainshock in September (Figure 8c). Group 
2 is a spatially compact cluster located at ∼5 km depth extending ∼1 km in radius (Figure 8d). Few earthquakes 
occurred in Group 2 prior to the December swarm, indicating a casual relation between the Group 2 earthquakes 
and the December swarm.

Figure 7.  Earthquakes in Zone 4. (a, b) Map and depth views of earthquakes in Zone 4. Different colors indicate different 
groups of the earthquakes. Dash lines in (a) indicate the inferred fault traces associated with the three earthquake groups 
of Zone 4. Black open circle in (b) denotes the hypocenter of the M5 aftershock, which depth is assigned at 5 km. Blue 
line in (b) denotes the 7 km depth. Black dash line denotes the 95% seismicity depth, 6.9 km. (c–e) Temporal evolution of 
earthquakes in the three groups. Aftershocks and events triggered by the December swarm are marked with black arrows in 
(c)–(e). Black dash line in (c)–(e) denotes the occurrence time of the M6 mainshock.

Figure 8.  Earthquakes in Zone 5. (a, b) Map and depth views of earthquakes in Zone 5. Different colors indicate different 
groups of the earthquakes. Red solid circles (depth resolved) in (b) denote the hypocenters of the two M5 events during the 
December swarm. Blue line in (b) denotes the 7 km depth. Black dash line denotes the 95% seismicity depth, 6.3 km. (c, d) 
Temporal evolution of earthquakes in the three groups. Swarm events are marked with black arrows in (c)–(d). Black dash 
lines in (c)–(d) denote the occurrence time of the M6 mainshock.
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4.6.  Catalog Quality and Uncertainty

Before interpreting the spatiotemporal evolution of the Gofar microseismicity, we first assess the quality of 
the catalogs and evaluate uncertainties in earthquake locations and their magnitude estimates. Earthquake 
location uncertainty largely correlates with the network configuration and station coverage. Sensitivity tests of 
Quebrada earthquake locations suggest that some events outside the OBS network can still be well resolved 
(Gong et al., 2022). However, their location uncertainties would be greater than those within the network. For 
instance, the epicenters of events in Zone 2 and Zone 3 (Figures S12 and S13 in Supporting Information S1) have 
much smaller uncertainties than those of events in Zone 4 and Zone 5 (Figures S13 and S14 in Supporting Infor-
mation S1), and the difference results from that there was only one functioning station west of Zone 4. Further, 
earthquake epicenters are better constrained than earthquake depths. For example, the location misfit function 
(Equation 2) is less sensitive to the earthquake depth than its epicenter (Figures S12–S14 in Supporting Informa-
tion S1). Given the majority of the earthquakes are shallower than 7 km, there are limited upgoing rays recorded 
by the given OBS network for the earthquakes, which further affects their depth resolution.

Because of the uncertainty concerns, we aim to obtain the most robust locations. We used the conservative 
version of EQTransformer that prioritizes minimizing false positives detections (Mousavi et al., 2020). As OBS 
signals are different from the onshore stations, that is, emergent body wave onsets, the conservative autopicker 
may have discarded some P and S picks (García et al., 2022). The COMPLOC location step iteratively examines 
earthquakes that are potentially shallower than 1 km, and the approach removes 35% of the detected and associ-
ated earthquakes. The iterative procedure mostly discards events with fewer phase picks (e.g., less than five P/S 
picks), but may also remove events with sufficient phase picks if their depths are not constrained. The GrowClust 
relocation step uses ℓ1 norm to evaluate the misfit in differential traveltimes, and it is insensitive to outlier meas-
urements that may be due to cycle skipping in cross correlations (Trugman & Shearer, 2017). Ultimately, our 
strict quality control criteria would reject earthquakes that can be detected and even located but with large spatial 
uncertainties. Consequentially, we expect the automated catalog to miss many events.

Interestingly, many ML > 3 events are missed in the automated catalog. The manual catalog contributes 76% of 
the total ML > 3 events in the combined catalog. It is possible that EQTransformer has difficulties in picking P 
and S phases for larger earthquakes (e.g., García et al., 2022; Yoon et al., 2021). Limited by the existing seismic 
networks, only a small portion of the training data set for EQTransformer is from near-field stations close to 
large magnitude events, which might be a cause of the picking difficulties. Additionally, the training data set 
of EQTransformer currently does not include OBS data, which may further hinder its performance. Events in 
the manual catalog are mostly in the magnitude range of 1.1–4.7 (empirically corrected magnitude). We find 
that the majority of the manual catalog events are identified during intense seismicity sequences (red circles in 
Figure S9b in Supporting Information S1), including the December swarm, mainshock–aftershock sequence, and 
the  1-week-long foreshock in the barrier zone. Earthquakes in these active sequences may have been masked by 
coda waves from preceding events and cause challenges in identifying their body wave phases using EQTrans-
former. Therefore, the manual catalog can augment the automated catalog in detecting and locating earthquakes 
at Gofar.

The strict selection criteria also implies that most of the earthquakes in our catalogs do not have magnitude 
estimates. For example, only ∼20% earthquakes of the GrowClust catalog have magnitude estimates, and the 
remaining ∼80% earthquakes did not generate clear waveforms that can pass the selection criteria detailed above. 
Therefore, the results imply that the apparent magnitude–frequency distribution may be skewed, and the associ-
ated b-values are perhaps biased toward low values. We caution directly interpreting the b-values of the catalogs, 
and careful investigations on the Gofar earthquake magnitude–frequency distribution are warranted in future 
follow-up studies. Nevertheless, the continuous seismic data were uniformly processed, the catalogs are exam-
ined consistently, and our procedures likely have identified most of the robust earthquakes, particularly, M > 4 
events.

5.  Discussion
The westernmost branch of the Gofar transform fault system (G3) is segmented into five distinct zones along 
strike, and their seismicity characteristics indicate that different zones might operate under different stress states 
and have different geometric, material, and mechanical properties. In addition, along-dip segmentation and deep 
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seismicity seem to be a common feature of the eastern part of G3, including Zones 1–3, although their temporal 
behaviors differ from zone to zone. Further, seismicity in different zones seems to correlate with each other and 
may relate to fault slips of adjacent segments. Building upon these observations, we first discuss the along-strike 
segmentation of G3 and the associated implications in fault slip modes in Section 5.1. We sequentially discuss 
the locked fault patches, the barrier zone, and the fault zone connects the Gofar fault to EPR. The along-dip 
segmentation is then discussed comparatively among the fault zones in Section 5.2, including exploring possible 
controlling mechanisms of the upper-mantle seismicity. We finally infer potential physical processes that may 
have caused the observed fault interactions (Section 5.3).

5.1.  Along-Strike Segmentation of the Westernmost Gofar Transform Fault

5.1.1.  Zones 1, 3, and 4: Sporadic Locked Fault Patches

Characteristic M6 earthquakes have repeatedly ruptured Zones 1 and 3 for the past few decades with the 2008 M6 
Gofar earthquake rupturing Zone 3 (McGuire et al., 2012; Shi et al., 2021). Microearthquakes are absent in the 
shallow portions (≤4 km) of these two zones with most of the seismicity located in between 4 and 7 km in depth 
(Figures 4 and 6). Seismicity delineates linear features that agree well with the surface fault traces, suggesting 
relatively simple fault-zone structures along strike. Therefore, plate motion is likely, primarily accommodated 
by seismic slip at these two zones. In this case, the crustal portions of the fault patches are locked during the 
interseismic period with few microearthquakes, which downdip edges are contoured by microseismicity in the 
lower crust (4–7 km). Such seismicity distributions are similar to some locked continental faults that aftershocks 
primarily surround the mainshock rupture areas (Brocher et al., 2015; Chan & Stein, 2009).

Spatial footprint of the aftershocks can be used to estimate the rupture area of the M6 mainshock (e.g., Neo 
et  al.,  2021). In conjunction with the M6 epicenter, the aftershock locations indicate that the M6 mainshock 
primarily ruptured eastward. Such a rupture scenario matches the observed velocity anomaly distribution in Guo 
et al. (2018) that the mainshock zone is characterized as a low Vp/Vs ratio zone (∼1.85) comparing to its neigh-
bor segments (Vp/Vs ratios, ∼1.9–2.1), indicating more intact rocks in the mainshock zone. However, the largest 
aftershock occurred in Zone 4. Additionally, the increased seismicity in Zone 4 after the M6 mainshock suggests 
that its rupture may have propagated westward as well. In this case, the M6 mainshock might have ruptured bilat-
erally. Given the uncertainties in the mainshock rupture scenario, there is a range of the possible rupture areas 
(Figure S10 in Supporting Information S1). The minimum rupture area would extend from the M6 epicenter to 
the eastern end of Zone 3 with a depth range from 0 to 4 km, which yields a total rupture area of ∼60 km 2, an 
averaged slip distance of 0.60 m and a stress drop of ∼3 MPa assuming a rectangular rupture model (Figure S10 
in Supporting Information S1). The maximum rupture area would include both Zone 3 and Zone 4 with a depth 
range of 0–6 km, which yields a total rupture area of ∼150 km 2, an averaged slip distance of 0.24 m and a stress 
drop of ∼0.8 MPa. The low stress-drop estimate would be in agreement with those in Moyer et al. (2018) that the 
stress-drop estimates of earthquakes in the mainshock zone are in between 0.2 and 1 MPa.

There are three apparent fault branches in Zone 4 with an average fault length of ∼5 km and an average separa-
tion distance of ∼1 km (Figure 7). Similar to Zones 1 and 3, there is a lack of seismicity in the shallow portion 
of the faults (≤4 km), and most microearthquakes likely occurred at the lower-crust depth (4–7 km). The largest 
aftershock of the 2008 mainshock, a M5 event, likely ruptured one of the three fault branches. The observations 
suggest that Zone 4 shares similarities with Zones 1 and 3 with plate motion primarily accommodated by seismic 
slips. However, its fault architecture has three subparallel strands and is more complex than those of Zones 1 and 
3. The fault dimension likely controls the nominal magnitude of earthquakes in Zone 4 (Wolfson-Schwehr & 
Boettcher, 2019). Further, the geometric complexity of the three-fault network may have posed a western rupture 
boundary for M6 earthquakes in Zone 3, for example, preventing the 2008 mainshock to propagate westward. 
However, the short stepovers are less than 5 km and they cannot stop an energetic rupture propagation (Barka 
& Kadinsky-Cade, 1988; Harris & Day, 1999; Wesnousky, 2008). If the mainshock rupture failed to propagate 
westward (the minimum rupture area scenario), additional mechanical or material variations between Zones 3 
and 4 might have contributed to preventing M6 earthquakes rupturing into Zone 4.

5.1.2.  Zone 2: Fault Damage Zone Separating Locked Patches

We record intense earthquake activity in Zone 2 starting from the beginning of the 2008 OBS deployment, which 
abruptly shut down after the M6 mainshock (Figure 5). The mainshock was preceded by a foreshock sequence 
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in the Zone 2 seven days before its occurrence which includes three M ∼ 4 earthquakes. There have never been a 
M ≥ 5 earthquake rupturing Zone 2 over the past two decades (Shi et al., 2021). Earthquakes spread out the whole 
crust in the segment from shallow to deep (2–8 km). Roland et al. (2012) show a wide damage zone (∼6 km 
strike-normal direction) across Zone 2 extending through the oceanic crust and penetrating into the upper-most 
mantle with a ∼10%–20% P wave velocity reduction. Such a damage zone differs strikingly from the fault-zone 
structures of fully coupled mainshock zones, for example, Zone 3 (Froment et al., 2014). The significant velocity 
reduction is most likely caused by enhanced seawater infiltration with fluid-filled porosity up to 8% (Froment 
et al., 2014; Roland et al., 2012). These characteristics suggest that the fault segment has pervasive fluid pathways 
and is embedded with small asperities that could only have M < 5 earthquakes. The Zone 2 fault segment likely 
slips aseismically to accommodate the plate deformation (Figure 10; McGuire et al., 2012; Wolfson-Schwehr & 
Boettcher, 2019).

The Zone 2 fault segment likely participated in both initiating and terminating the 2008 M6 earthquake, there-
fore, it is denoted as the barrier zone of G3 (McGuire et al., 2012). Given the damaged zone is filled with fluid 
with an abundant supply, its high porosity would lead to a strong dilatancy effect, which strengthening may have 
effectively stabilized the eastward rupture of the M6 earthquake (Y. Liu et al., 2020). Moreover, such dilatancy 
strengthening effects may also result in generating aseismic transients episodically in Zone 2, which may have 
accelerated the mainshock fault patch and led to the eventual rupture (Y. Liu et al., 2020). Such a model predicts 
seismic swarms driven by aseismic slip transients in Zone 2, and we observe a few swarm-like microseismicity 
sequences in the region that might reflect such transient slips (Figure 5). The dilatancy effects can enable the 
barrier zone to nucleate and stop earthquake ruptures in the adjacent locked zones.

The halt of crustal seismicity in Zone 2 after the M6 mainshock is perplexing. As predicted by the dilatancy 
model, the M6 mainshock would promote aseismic slips in the barrier zone, which would cause microseismicity 
in the region (Y. Liu et al., 2020). Additionally, static Coulomb stresses due to the M6 mainshock would increase 
in Zone 2, which should also encourage microseismicity (Figure S10 in Supporting Information S1). If dilatancy 
has played a role in the seismicity shutdown, its effects in porosity increase (pore-pressure drop) must be greater 
than those from the dilatancy-induced aseismic slips or Coulomb stress changes such that the effective normal 
stress increase from the pore-pressure drop provides a stronger clamping effects in reducing microearthquake 
activity in the barrier zone. Another possibility is that the accumulated strains in the barrier zone were temporar-
ily depleted after the M6 mainshock, which would naturally cause a lack of seismicity in the barrier zone. Such 
a scenario is similar to the “asperity model” proposed in Aki (1984) that the mainshock patches are persistent 
asperities and the barrier zone slips smoothly during interseismic periods. In this case, limited strain would 
have  accumulated in the barrier zone during the interseismic period. The dilatancy-induced clamping and the 
stress depletion could have both contributed to halting the seismicity after the M6 earthquake.

The boundaries between Zone 2 and Zones 1 and 3 are remarkably sharp as suggested by the seismicity shut-
down after the M6 mainshock (Figure 5), which is different from continental transform faults. For example, the 
creeping and locked sections of the central San Andreas Fault are connected by a ∼20 km transition zone with 
its seismicity rate tapering toward the locked section (Y. K. Liu et al., 2022). The sharp boundaries of Zone 2 
could represent geometric complexities as a bend of seismicity trend in between Zones 2 and 3 is observed in 
our relocated catalog and also in Froment et al. (2014). This transitional bend situates in a deep valley (Figure 1), 
which suggests a local strike-normal extension (Gregg et al., 2006; Pockalny et al., 1996). Therefore, the barrier 
zone may have multiple geometrically confined fault strands that connect to the two locked zones. The geometric 
complexities might not have played as important a role as dilatancy effects in limiting the M6 mainshock rupture, 
but their spatial confinement may relate to the sharp boundaries of microseismicity in the barrier zone. Future 
investigations of seafloor morphology using high-resolution bathymetry data would shed new insights into the 
fault architecture of the barrier zone.

The fault-zone materials of the barrier zone are likely different from those of the locked zones (Froment 
et al., 2014; Guo et al., 2018; McGuire et al., 2012; Roland et al., 2012). Such along-strike variations in the 
fault-zone structures have been observed at other OTFs (Grevemeyer et  al.,  2021; Maia,  2019; Pockalny 
et al., 1996; Ren et al., 2022; Searle, 1986; Whitmarsh & Calvert, 1986). The material variations at different 
Gofar segments likely associate with hydrothermal circulations, and the onsets of developing such variations 
may have been subjected to secondary tectonic processes, such as dike intrusion, plate motion changes, and 
jump of ridge positions (Grevemeyer et al., 2021; Maia et al., 2016; Mammerickx & Sandwell, 1986; Pockalny 
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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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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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supply and a lower temperature (Pickle et al., 2009). The deepening of the 95% seismicity depth could indi-
cate an upper-mantle thermal structure with the 600°C isotherm deepening from west (EPR) to east (ITSC). 
However, such an isotherm transition would occur gradually over a large spatial extent in contrast to our observed 
staircase-changes (Figure 3). Furthermore, an isotherm deepening alone cannot explain the depth gaps between 
two layers of seismicity in Zones 1–3 (Figures 4–6 and 10).

Fluid–rock interaction would also generate earthquakes below the expected 600°C isotherm (Kohli & Warren, 2020; 
Kuna et al., 2019; Yu et al., 2021). As the barrier zone (Zone 2) centers at the eastern section of G3, its fractures 
would lead to enhanced permeability within and around the segment, promote hydrothermal circulation to the 
upper mantle, and lower the ambient mantle temperature (Kohli & Warren, 2020). Such fluid–rock interactions 
would alter the minerals and promote seismicity in the upper mantle (Prigent et al., 2020). Further, fractures in the 
high temperature peridotite mylonites (≥800°C) and coarse-grained peridotite are capable to host brittle failures 
at ambient mantle temperature conditions (Figure 10; Kohli et al., 2021; Prigent et al., 2020; Yu et al., 2021). For 
example, deep seismicity at the Romanche transform fault can occur down to 30 km depth, which would be in 
a temperature range of 700°C–900°C (Yu et al., 2021). These two mechanisms are not exclusive, and they both 
enable strain to localize at deeper depth beyond the Moho discontinuity. Finally, fluid–rock interaction can couple 
with the upper-mantle thermal structure to promote deep seismicity in eastern G3 (Figure 10).

The temporal behaviors of deep microseismicity vary from patch to patch, indicating that their physical drivers 
are likely dissimilar. For example, intermittent seismicity bursts are observed at Group 2 in Zone 1, Group 3 in 
Zone 2, and Group 3 of Zone 3 (Figures 4d, 5e, and 6e). These bursts do not seem to be strongly influenced by the 
2008 M6 mainshock. Most of the seismicity bursts are not mainshock–aftershock sequences. Therefore, they may 
be more likely related to episodic fluid activity or transient slips. Similar two layers of seismicity are observed 
at the Blanco transform fault with the deep layer in the upper mantle at 13 km depth migrating as swarms, which 
were likely driven by creeps partially and episodically (Kuna et al., 2019). In contrast, the deep bursts at Gofar do 
not have clear migration patterns, suggesting that their driving forces are likely local. Another class of deep seis-
micity occurred continuously throughout the year and their temporal behaviors correlate the M6 mainshock. For 
example, Group 2 in Zone 2 suddenly paused after the mainshock (Figure 5d), similar to the shallow seismicity in 
the barrier zone, indicating possible connections between the fault patches (Figure 10). Earthquakes of Group 2 
in Zone 3 also correlate with the M6 mainshock with an apparent increase in seismicity after the M6 mainshock, 
which might have been affected by its afterslip (Figure 6d).

5.3.  Fault Interaction

Different Gofar fault segments actively interact with each other and yield correlated seismic activities. The barrier 
zone may have regulated the M6 mainshock in both its rupture nucleation and termination (Figure 5). The M6 
mainshock paused seismicity in the barrier zone (Figure 5) and disturbed the quasi-periodic swarms in the Zone 5 
(Figure 8). Earthquakes in Zone 4 are strongly influenced by both the M6 mainshock in Zone 3 and the December 
swarm in Zone 5 (Figure 7). The microseismicity rate in Zone 4 increased after the M6 mainshock and remained 
at a higher-than-background level for about 3 months. The December swarm caused another surge of seismicity 
in Zone 4, lasting till the end of the experiment. These earthquakes are likely triggered by the mainshock and 
the December swarm. The lengthy duration (4 months) indicates that nonlinear triggering mechanisms might 
have controlled the triggered seismicity. For example, the M6 mainshock may have caused afterslip, viscoelas-
tic relaxation, or poroelastic relaxation at the crust–mantle boundary, driving the triggered seismicity (Marone 
et al., 1991; Savage & Prescott, 1978; Segall & Lu, 2015). The December swarm might represent a transient 
aseismic slip event propagating from west to east, causing the surge of seismicity in Zone 4 (Figure 9). Alter-
natively, fluid migration could have also caused the long-lasting triggered sequences (Ross & Cochran, 2021; 
Ross et al., 2020). In this case, the lower crust may have pervasive fluid pathways. The high sensitivity of Zone 
4 to adjacent fault patches and its complex fault architecture suggest that Zone 4 might be a transition zone with 
a mélange locking structure in between predominantly seismic (Zone 3) and aseismic (Zone 5) fault segments.

These interactions likely involve multiple concurrent physical processes that may facilitate each other to fabri-
cate the observed complex seismicity evolution at Gofar. For example, stress triggering due to the dynamic and 
static stress changes could cause aseismic slips or transients, which may interact with the fluid-driven seismic-
ity at various fault patches (Kaven, 2020; Ross et al., 2020; Shelly et al., 2011; van der Elst et al., 2013). We 
infer that complex architecture, material property variation, and intense seawater infiltration would cause stress 
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heterogeneity and stimulate prevalent aseismic slips. Such aseismic slips could propagate over a large range 
episodically, bridging along-strike and along-dip fault interactions. The highly heterogeneous stress field is sensi-
tive to perturbations either from passing seismic waves, transients, or fluid migrations (Cattania et al., 2017; Ross 
et al., 2020; Shelly et al., 2011). The complex fault architecture and material variation can collectively produce 
geometric and mechanical fault segmentation, which are reflected in the complex seismicity evolution.

6.  Conclusions
We detect, locate, and relocate 30,854 earthquakes at the westernmost Gofar transform fault using a 1-year OBS 
data collected in 2008. The microearthquakes have complex spatiotemporal patterns, suggesting five distinct 
segments along strike of the transform fault. We find the following:

1.	 �Two locked fault patches that can have characteristic M6 earthquakes are distributed within the oceanic crust 
with their downdip edges marked by microearthquakes.

2.	 �Two damage zones have microearthquakes spreading out the whole oceanic crust.
3.	 �The locked fault segments have simple fault geometries while the damage zones are likely composed of 

multiple strands.
4.	 �Episodic seismicity bursts frequently occur in Zone 5 that connects the transform fault to the East Pacific Rise.
5.	 �Deep seismicity in the upper mantle is observed at the eastern section of the transform fault up to 10 km, often 

as intermittent seismicity bursts.

Taking microseismicity as a proxy of the fault slip mode, we infer the following:

1.	 �The primary slip mode varies from segment to segment, but the seismic and aseismic slip modes are not 
exclusive in the same segment, particularly in the down-dip direction.

2.	 �Complex fault architecture likely contributes to the observed segmentation.
3.	 �The damage zones are likely pervasively fractured with enhanced seawater infiltration.
4.	 �Fluid–rock interaction is crucial in controlling slip events in the damage zones and in modulating earthquake 

ruptures in locked zones.
5.	 �Multiple physical processes may concur and cause the fault segments interact with each other, producing the 

complex seismicity pattern.

Data Availability Statement
The seismic data are available from the Data Management Center (DMC) of the Incorporated Research Institu-
tions for Seismology (IRIS) under the network codes ZD (https://www.fdsn.org/networks/detail/ZD_2007/). IRIS 
Data Services and the IRIS DMC were used to access waveforms, related metadata, and derived products used in 
this study. IRIS Data Services are funded through the Seismological Facilities for the Advancement of Geosci-
ence and EarthScope (SAGE) proposal of the National Science Foundation (NSF) under Cooperative Agreement 
EAR-1261681. The relocated M > 5.5 events are from Shi et  al.  (2021), available at https://doi.org/10.5281/
zenodo.4646438, and the bathymetry data can be obtained from https://www.ngdc.noaa.gov/maps/autogrid/. We 
used open-source software EQTransformer (Mousavi et al., 2020), REAL (Zhang et al., 2019), COMPLOC (G. 
Lin & Shearer, 2006), and GrowClust (Trugman & Shearer, 2017) for earthquake detection, association, location, 
and relocation. The earthquake catalog is archived at Marine Geoscience Data System, Cruise doi: https://doi.
org/10.26022/IEDA/331024 (http://get.iedadata.org/doi/331024).
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