
1.  Introduction
Oceanic transform faults (OTFs) offset the spreading axis by tens to hundreds of kilometers and hence are 
some of the most noticeable tectonic features in deep ocean basins. Plate tectonics defined OTFs as first-order 
tectonic discontinuities of mid-ocean ridges and long-lived tectonic features (Carbotte et al., 2015; Macdonald 
et al., 1988; J. T. Wilson, 1965). In the Atlantic Ocean, most large OTFs were introduced during rifting; thus, their 
fracture zones cut through the entire ocean basin (Matthews et al., 2011; J. T. Wilson, 1965). In the Pacific Ocean, 
some fracture zones represent the longest linear features on our planet, like the over 10,000 km long Clipperton 
fracture zone (Menard, 1967). However, north of ∼41°N, none of the long and prominent fracture zone traces of 
the Pacific is directly linked to any OTF offsetting the modern spreading ridges in the eastern Pacific (Matthews 
et  al.,  2011). The collision of the Farallon spreading center with North America at ∼28  Ma caused a major 
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Plain Language Summary  The Blanco transform fault system (BTFS) northwest off the 
coast of Oregon is seismically very active. We used 1 year of ocean bottom seismometer data collected 
between September 2012 and October 2013 to locate 138 local earthquakes. The events align perfectly 
with the morphologic features of the BTFS, dividing the BTFS into five transform segments and two short 
intra-transform spreading centers. Furthermore, we observe different seismotectonic behaviors of the western 
and eastern BTFS based on the along-strike variation in morphology, magnetization, focal depth distribution, 
and strain partitioning. Although many segmented oceanic transform systems were formed from a single 
transform fault in response to rotations in plate motion, the BTFS turns out to be originated from non-transform 
offsets between ridge segments, as we observed no prominent fracture zone traces neither in morphology 
nor gravity field data. A clockwise shift in the Juan de Fuca/Pacific pole of rotation at ∼5 Ma followed by a 
series of ridge propagation events initiated the formation of the BTFS, integrated each segment of the BTFS 
by shortening the ridge segments in between. Our observations suggest that the Blanco Ridge and the Gorda 
transform segment in the eastern BTFS were formed at ∼1.6 and 0.6 Ma, respectively, and ever since, the 
eastern BTFS became a mature transform boundary. In contrast, seismic slip vectors comparing to plate 
motion directions reveal that stresses in the western BTFS are systematically skewed, suggesting the immature 
transform plate boundary is still adjusting to the new stress regime.
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reorientation of the tectonic plate boundaries (Atwater & Stock, 1998), giving birth to the Juan de Fuca and the 
Cocos plates and causing a number of abandoned spreading ridges in the eastern Pacific Ocean (Lonsdale, 2005).

In the northeast Pacific, the northward migration of the Mendocino triple junction (Atwater & Stock, 1998) and 
the Cobb hotspot (Karsten & Delaney, 1989) controlled the recent plate reorganization. Between 20 and 2 Ma, 
spreading at the Juan de Fuca Ridge (JdFR) and Gorda Ridge (GR) occurred without developing any OTF as the 
area lacks evidence of any prominent fracture zone longer than 100 km (Matthews et al., 2011). Instead, magnetic 
anomalies and bathymetric features suggest that the geometry of both ridges was controlled by ridge propagation 
(Carbotte et al., 2008; Marjanović et al., 2011; D. S. Wilson, 1993; Wilson et al., 1984), probably governed by 
the Cobb hotspot, which is today located under the JdFR (Karsten & Delaney, 1989). The Blanco transform fault 
system (BTFS) is located northwest off the coast of Oregon and has a total length of ∼350 km (Figure 1 and 
Figure S1 in Supporting Information S1). The evolution and formation of the BTFS are inherently related to plate 
boundary reconfiguration by propagating ridges (Embley & Wilson, 1992).

The formation of the BTFS resulted from a clockwise rotation of plate motion, occurring at ∼5  Ma (D. S. 
Wilson, 1993; Wilson et al., 1984). Between ∼5 and ∼1.8 Ma, three ridge propagation events set the stage for 
the main features characterizing the BTFS today. Embley and Wilson (1992) suggested that the propagating rift 
tip would be linked to the adjacent spreading segment by an OTF. However, this would imply that new OTFs 
develop continuously and instantaneously during propagation. Instead, it might be more realistic to consider the 
broad transform zone model (McKenzie, 1986; D. S. Wilson, 1988, 1990) that the propagating ridge extends at a 
constant rate as it takes over the spreading role from the doomed rift. Propagation is going to leave behind a char-
acteristic V-shaped pseudofault. Such pseudofaults were observed on either side of the JdFR (e.g., Marjanović 
et al., 2011), at the Mid-Atlantic Ridge (Dannowski et al., 2018; Kahle et al., 2016) or in Iceland (Karson, 2017; 
Morgan & Kleinrock,  1991). During propagation, the spreading responsibility is transferred from one ridge 
segment to the other. Active deformation occurs in a broad transform zone as material shears in the process of 
being transferred from one plate to the other. This results in a sheared zone between the failed ridge and its inner 
pseudofault instead of creating a simple OTF (McKenzie, 1986). The complex tectonic features of a transform 
zone can perhaps best be seen in northern Iceland, where propagation generated the Tjörnes transfer zone with 
deformation in three different strands (Karson, 2017) with the basins of the Grimsey Fault Zone in the north 
roughly mimicking the depressions of the western BTFS. However, while propagation in Iceland is continuing, it 
has stopped ∼1.8 Ma at the BTFS (D. S. Wilson, 1993).

Therefore, the BTFS represents a natural laboratory to study the development of an OTF system after ridge 
propagation and shortening of spreading segments terminated. Karson (2017) noted that ridge parallel strike-slip 
faults in south Iceland transform zone are reactivated spreading related normal faults. It might be reasonable 
to hypothesize that features formed within the shear zone between the propagating ridge and the doomed ridge 
favored the nucleation of new strike-slip segments of an immature OTF.

Here, we study the seismotectonic of the BTFS using constraints from 1 year of ocean-bottom-seismometer 
(OBS) data obtained in 2013 (Figure S2 in Supporting Information S1) during the Blanco Transform OBS Exper-
iment (Kuna, 2020; Nábělek & Braunmiller, 2012). Local seismicity and focal mechanisms along the entire BTFS 
reveal recent faulting and deformation. Bathymetry (Ryan et al., 2009) and aeromagnetic (Bankey et al., 2002) 
data sets are also used to corroborate our seismicity study findings. We further discuss results in terms of stresses 
acting at a mature fault system or a still evolving OTF.

2.  Tectonic Setting
The BTFS represents a major left-lateral ridge-crest discontinuity and connects the intermediate-spreading GR in 
the southeast with the JdFR in the northwest (Figure 1a). The BTFS is a highly segmented OTF system marked 
by topographic highs (the Parks Plateau [PP] and the Blanco Ridge [BR]) and deep troughs (the West and East 
Blanco Depressions [WBD and EBD], Surveyor Depression [SUR], Cascadia Depression [CAS], and Gorda 
Depression [GD]) (Dauteuil, 1995; Embley & Wilson, 1992), as well as the Cascadia Channel cutting into the 
intersection between the CAS and the BR. An interesting feature is that the plate boundary along the BTFS is 
characterized by a positive magnetic anomaly (Figure 1b).

Teleseismic analysis (e.g., Dziak et al., 1991) inferred the seismic coupling strength is different along the west 
and east segments of BTFS, although the routine event locations along the BTFS are scattered and systematically 
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Figure 1.
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shifted from the bathymetric features (e.g., Williams et al., 2019). The U.S. Navy's Sound Surveillance System 
(SOSUS) enabled earthquake detection using hydro-acoustic tertiary (T-) waves (e.g., Dziak et al., 2000, 2003; 
Géli et al., 2014), which significantly improved the precision of event locations. However, using the joint epicenter 
determination (JED) technique, Braunmiller and Nábělek (2008) suggested that the bathymetric features might 
bias the hydro-acoustic SOSUS locations along the BTFS, and that the lack of precise and accurate event loca-
tions put a limit on the identification of active faults, especially in the western BTFS.

The easternmost Gorda transform (GT) segment was identified from the bathymetric map (Embley & Wilson, 1992). 
Morphologically, from the intersection between the GR and GT, the linear fault trace extends northwestward 
∼20 km beyond the GD (Figure 1a). The GD is a ∼20-km-long (trending NW-SE) and ∼10-km-wide (trending 
NE-SW) basin with a central depth of ∼4.4 km (Embley & Wilson, 1992). Troughs extend primarily to the south-
east to the eastern ridge-transform intersection (RTI), into a region of negative magnetization (Figure 1b). The 
GD is bounded by the western GT and eastern BR transform segments. The 130-km-long BR connects the GD 
in the east and the CD in the west (Figure 1a), and it is the best-studied segment of BTFS to date. Braunmiller 
& Nábělek  (2008) proposed that the eastern BR (east of 128°W) is fully coupled, due to the high seismicity 
combined with abundant relatively large events. Kuna et al. (2019) detected and located micro-earthquakes of the 
BR, and proposed a mode of slip at the BR where the fault zone in the crust is brittle and fully seismically coupled 
while in the mantle it creeps partially and episodically.

Located in the central BTFS, the CAS is an extensional basin bounded by the BR and SUR on the southern and 
northern sides (Figure 1a). A kinematic model by Embley and Wilson  (1992) suggested that the CAS might 
be a remnant of a rift segment shortened due to a southward propagation event at ∼5 Ma. Seismic reflection 
data revealed the presence of igneous intrusions within the sediments, suggesting the CAS is an intra-transform 
spreading center (Embley & Wilson, 1992). Furthermore, the CAS is seismically active (Johnson & Jones, 1978) 
and marked by normal faulting (Braunmiller & Nábělek, 2008).

From the northern boundary of the CAS, the fault trace extends to the southeast for around 120 km (Figure 1a), 
forming the southern scarp of the PP. To the northeast of the PP are three troughs (SUR, WBD, and EBD), 
marking the possible active tectonic features of the western BTFS. The SUR seems like a small pull-apart basin, 
as the northern and southern walls are discernible from seafloor morphology (Figure 1a). However, the master 
faults of EBD and WBD are difficult to interpret (Embley & Wilson, 1992), as many scarps are observed. The 
kinematic model of Embley and Wilson (1992) suggested that the western segment of BTFS was recently formed 
to accommodate far-field stress change.

Kuna et al. (2019) used micro-earthquake data collected during the Blanco Transform OBS Experiment in 2012, 
revealing depth-dependent seismic features of the BR. Yet, their study focused only on a regional subset sand-
wiched between the CD, which is an intra-transform spreading center, and the GD, interpreted as a pull-apart 
basin in the vicinity of the eastern RTI of BTFS. In addition, the whole seismic data set offers an excellent 
opportunity to improve our understanding of seismotectonic behaviors of the entire highly segmented oceanic 
transform system where most tectonic processes remain enigmatic.

3.  Data and Methods
3.1.  OBS Data

We use OBS data from the Blanco Transform OBS Experiment (Nábělek & Braunmiller, 2012). Fifty-five OBS 
were deployed between September 2012 and October 2013 (Figure 1a and Figure S2 in Supporting Informa-
tion S1). Station BB270 did not record data, but all the other 54 OBS continuously recorded 100 samples per 
second. The average station spacing was approximately 25 km. Thirty-one stations were outfitted with broadband 
Güralp CMG3T seismometers, and the other 24 stations were equipped with short-period Mark Products L-28LB 
seismometers co-located with differential pressure gauges.

Figure 1.  Tectonic map of the Blanco transform fault system (BTFS). (a) Bathymetry (Ryan et al., 2009) and ocean-bottom-seismometer (OBS) station distribution. 
Arrows show relative plate motion (DeMets et al., 2010) between the Pacific and Juan de Fuca Plates. The inset map shows prominent transform faults and fracture 
zones in the northeast Pacific. The colored box indicates the location of our study area. (b) Airborne magnetic anomaly (Bankey et al., 2002). Gray lines indicate 
the bathymetric contours with 600 m intervals. Color-coded squares show the magnetic picks from Elvers et al. (1973). (c) Crustal ages (modified from D. S. 
Wilson, 1993). Gray shading outlines propagator wakes (Nedimović et al., 2009). BR, Blanco Ridge; CAS, Cascadia Depression; EBD, East Blanco Depression; GD, 
Gorda Depression; GR, Gorda Ridge; GT, Gorda transform segment; JdFR, Juan de Fuca Ridge; PP, Parks Plateau; SUR, Surveyor Depression; WBD, West Blanco 
Depression.
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3.2.  Earthquake Catalog and Phase Picking

We constructed our seismicity catalog by combining the NEIC (National 
Earthquake Information Center) and an auto-detected catalog (Figure S3 in 
Supporting Information S1). The NEIC catalog listed 55 earthquakes between 
September 2012 and October 2013 along the BTFS. To enlarge our data set, 
we further applied automated event detection using the scanloc module of 
SeisComP3 (GFZ & Gempa GmbH, 2008). We selected 95 events with phase 
picks identified at more than 15 OBS stations to ensure the quality of earth-
quake locations. Interestingly, we found only six events from the auto-detected 
catalog are in common with the NEIC, supporting a recent observation that 
the auto-pickers might miss large magnitude events due to very emergent 
P-arrivals on OBS stations (Gong et al., 2022). Based on both catalogs, we 
constructed a new catalog with 144 events for earthquake relocation.

Furthermore, we revised the auto-picked phases and picked the NEIC events 
manually, as most NEIC events were not picked by the automated picker. Figure 2 
depicts waveforms of a local event recorded by the OBS array. The onsets of 
P-phase and S-phase arrivals were manually picked on unfiltered waveforms. 
We picked P-phase onsets on the vertical channel and S-phase onsets on either 
one of the horizontal channels, where they are clearest. In total, 2,850 P-phases 
and 961 S-phases were picked for the determination of earthquake parameters.

3.3.  Velocity Model, Event Location, and Magnitudes

Using VELEST (Kissling et al., 1994), we derived a minimum one-dimensional 
velocity model for the BTFS. We constructed 4,344 initial P-wave velocity 
models, which were inverted to find the model with the smallest RMS. This 
minimum 1D P-wave velocity model, with minimum RMS residuals among 
all output models, is shown in Figure 3. Then, we calculated the 1D minimum 
S wave velocity model by an additional iteration of inversions using different 
initial Vp/Vs ratios (e.g., Husen et al., 1999; Lange et al., 2007). Our minimum 
1D velocity model is similar to the one Braunmiller and Nábělek (2008) used 
in their regional seismicity study utilizing coastal seismic stations (Figure 3), 
except for the slower P-wave velocity at 4–7 km depth. In the topmost layer 
within 1.5 km below the seafloor, P-wave velocity is estimated as ∼4.6 km/s. 
P-wave velocities steadily increase from 5.7 to 6.3 km/s at depth between 1.5 
and 7 km. At 7 km depth, the P-wave velocities increase from 6.3 to 7.6 km/s, 
which we interpret as the seismological Moho.

We used the non-linear oct-tree grid-search algorithm (NonLinLoc; Lomax 
et  al.,  2000) with the minimum 1D velocity models for Vp and Vp/Vs for 
event location. By the computation of probability density functions (PDFs) 
for each event, NonLinLoc allows estimations of location uncertainties. The 
maximum likelihood point of the complete non-linear location PDF was 
chosen as the preferred location. From the PDF scatter samples, uncertainties 
were estimated from 3D error ellipsoids fitted to each cloud of possible event 
locations. Uncertainties (68% confidence) in latitude, longitude, and depth 
are 0.5, 0.4, and 1.4 km, respectively. Furthermore, station correction terms 
(Husen et al., 1999) from NonLinLoc were calculated and iteratively updated 
to account for local velocity structures below the OBS network (Figure S4 in 

Supporting Information S1) (Grevemeyer et al., 2019). Finally, we located 138 local events (GAP<180°) with 
onsets from more than eight OBS stations, including at least one S-phase.

We further calculated local magnitudes (Ml) following Hutton and Boore (1987). The moment magnitudes 
(Mw) were manually estimated by the procedure described in Ottemöller and Havskov  (2003). The Ml of 

Figure 2.  Seismograms of a local event recorded by the ocean-bottom-
seismometer (OBS) array. The onsets of P-phase and S-phase arrivals are 
marked in blue and red, respectively. OBS labeled with “BS” and “BB” 
indicate short-period and broadband stations, respectively. The EL1 and EL2 
represent horizontal channels; HHZ and ELZ stand for vertical channels.
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nine events and the Mw of three events in our catalog are also listed in the 
NEIC (Figure S5 in Supporting Information S1). Our magnitudes devi-
ate by −0.46 and 0.73 units from the NEIC values for the Mw and Ml, 
respectively.

3.4.  Focal Mechanisms

We determined focal mechanisms for the events using their first motion polar-
ities of P-phase onsets (Reasenberg & Oppenheimer,  1985). We retrieved 
focal mechanisms of 84 events with a GAP below 180° and first-motion 
polarities of P-phase onsets at more than 10 stations.

We also calculated the location bias of the seven events that are included in 
both gCMT (Ekström et al., 2012) and our catalogs (Figure S6 in Supporting 
Information S1). We obtain a bias of gCMT in latitude, longitude, and depth 
of 2.2, 1.1, and 7.9 km, respectively.

4.  Results
The 1-year OBS deployment enabled us to depict the local seismicity 
(Figure 4 and Data Set S1) and focal mechanisms (Figure S7 in Support-
ing Information S1) along the entire BTFS with trustable location estimates 
(Figures S8 and S9 in Supporting Information  S1). Our local seismicity 
catalog spans 12 months and includes 138 well-constrained events along the 
entire BTFS of local magnitudes (Ml) 1.7–4.9 and moment magnitudes (Mw) 
1.9–5.2 (Figure S10 in Supporting Information S1). Our catalog is complete 
for all Ml ≥ 3.5 events.

The seismicity distribution reveals a greatly improved correlation between the 
local earthquakes and the morphologic features along the BTFS (Figure 4). 
From the eastern intersection between the GR and the GT (Figure 5), earth-
quakes occurred following the fault trace (Figure 5), which formed the south-
ern border of the GD. We show that the GD is seismically active, and normal 
faulting is observed within this deep basin, supporting that it is formed 
by extension or transtension (Braunmiller & Nábělek,  2008; Embley & 
Wilson, 1992). From the northern boundary of the GD to the CAS, local seis-
micity is also in-line with the structural lineament of the BR. The GD and BR 

are the most prominent tectonic features east of the CAS, sharing a similar focal depth range between 4 and 10 km 
depth, despite some deep events under BR and near the ridge-transform-intersection. The CAS is located  at the 
mid-point of BTFS, connecting the eastern and western transform segments. Focal depth below CAS ranges from 
4 to 10 km (Figure 6), similar to the eastern BTFS. To the west of CAS, three earthquake clusters occur at SUR, 
EBD, and WBD, respectively. The focal depth of the  three earthquake clusters ranges consistently from 0 to 8 km 
(Figure 7). Most of the local events at the EBD occur in swarms (Figure S11 in Supporting Information S1).

Focal mechanisms derived in this study benefited significantly from the OBS deployment. Our local catalog 
includes 84 focal mechanisms with well-resolved event locations (Figures S7, S12, and S13 in Supporting Infor-
mation S1), revealing the deformation styles of the highly segmented BTFS. The long-term near-field passive 
seismic observation enabled us to find that the major faulting style of the BTFS is strike-slip to transtensional 
rather than pure strike-slip (Figures S12 and S14 in Supporting Information S1). Moreover, seismic deformation 
varies locally along the entire segmented transform fault system. Dominantly strike-slip faulting is observed at 
the easternmost GT segment between the GD and the GR, including the vicinity of the RTI (Figure 5). The GD 
is dominated by normal faulting and extensional strike-slip motion. Along the BR, the primary faulting style is 
strike-slip to transtensional, except for one local event identified as reverse faulting (Figure 5). The CAS in the 
mid-point of the BTFS favors normal faulting in the central basin and transtensional strike-slip faulting near the 
BR and the SUR (Figure 6). However, faulting styles of the western BTFS are also quite similar, dominated by 
transtensional and strike-slip tectonics (Figure 7).

Figure 3.  Minimum 1D velocity models of the Blanco transform fault system 
(BTFS). The P (black solid line) and S (black dashed line) wave velocity 
models were derived from 4,344 initial P-wave velocity models (gray lines). 
Solid and dashed purple lines show P-wave and S-wave velocity models 
used in previous regional seismicity study (Braunmiller & Nábělek, 2008), 
respectively. Dotted green line indicates the seismological Moho inferred from 
the minimum 1D velocity models.
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5.  Discussion
The BTFS is a highly segmented OTF system. Morphologically, it is marked by deep troughs and bathymetry 
highs running along the fault traces (Embley & Wilson, 1992). According to the variation in regional seis-
micity (gray dots in Figure 4; Figure S12c in Supporting Information S1), Braunmiller and Nábělek (2008) 
categorized the complex fault system into four segments, namely GD, BR, Cascadia and Surveyor, and West 
Blanco segments. Three extensional basins (GD and Cascadia and Surveyor segments) and two transform 
segments (BR and West Blanco segments) were identified in their previous work. However, our local seis-
micity catalog suggests dividing the BTFS into five strike-slip or transfer segments (i.e., WBD, EBD, SUR, 
BR, and GT). We define transform segments as features dominated by strike-slip faulting, although some 
might also show minor dip-slip movement. In addition, three extensional basins (SUR, CAS, and GD) show-
ing features resembling continental pull-apart basins (e.g., Aydin & Nur,  1982; Mann et  al.,  1983) might 
represent short intra-transform spreading centers (e.g., Fornari et al., 1989; Grevemeyer et al., 2013; Pickle 
et al., 2009), as long-lived extensional tectonics should favor the formation of new oceanic crust (van Wijk 
et al., 2017).

The eastern BTFS (Figure  5) consists of the BR and the GT as transform segments and the extensional 
basin GD. The CAS, located in the middle of the BTFS, is generally defined as a short spreading segment 
(Braunmiller & Nábělek, 2008; Embley & Wilson, 1992), but it also shows some characteristic features of a 
pull-apart basin (Figure 6). The western BTFS (Figure 7) includes three transform segments running along the 
SUR, EBD, and WBD (Figure 4). The SUR also shows pull-apart-basin-like features, bounded by two trans-
form segments on its northern and southern sides. Detailed local seismicity, bathymetric, and aeromagnetic 
surveys reveal profound variations in seismotectonic behaviors along the entire BTFS, which will be discussed 
in detail below.

Figure 4.  Distribution of local events (color-coded circles) along the entire Blanco transform fault system (BTFS). (a) Local 
seismicity of the BTFS. The gray circles show the hypocenters from Braunmiller and Nábělek (2008). (b) Along-strike 
vertical profile showing the focal depth distribution. Error bars indicate focal depth uncertainties (68% confidence). The 
light blue line shows the complexity of seafloor bathymetry. Dashed purple line shows the Moho discontinuity inferred from 
our minimum 1D velocity model. Brown and green lines indicate the 600°C isotherms calculated from a half-space cooling 
model and a numerical model incorporating hydrothermal cooling (Roland et al., 2010), respectively. Histogram on the right 
shows the focal depth distribution of local events derived in this study.
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5.1.  Local Seismicity and Tectonic Segments

5.1.1.  Eastern Transform Segments

A number of multidisciplinary surveys were conducted to investigate the active tectonics of the eastern BTFS. 
The easternmost GT was identified from the bathymetry (Embley & Wilson,  1992). However, neither the 
hydro-acoustic T-wave events (Dziak et al., 2000) nor the JED locations (Braunmiller & Nábělek, 2008) could 
provide detailed seismological evidence for this active transform segment. However, we find that the local seis-
micity along the GT fits nicely with its fault trace observed morphologically, supporting the GT is an active 
transform fault segment bounding the southern side of GD (Figure 5). Near the RTI, earthquakes occurred close 
to the chron 1 (Brunhes magnetic chron) (Figure 5), indicating the seismotectonic behavior of the GT is related  to 
recent magmatic activity since ∼780 kyrs.

We observed seismic activity along both sides of the fault scarps of GT and BR (Figure 5). Previous seismicity 
studies (Braunmiller & Nábělek, 2008; Dziak et al., 2000) suggested that the fracture zone east of the GD might 
be seismically active, as a few events were identified (gray dots in Figure 4; Figure S12c in Supporting Informa-
tion S1) using teleseismic analysis and/or JED technique. However, our local catalog shows that the seismicity 
didn't extend beyond the GD (Figure 5), indicating that the extending troughs and fracture zone east of the GD are 
aseismic. Furthermore, extensional strike-slip and normal faulting dominate this region, which is consistent with 
previous indications that the GD shows features of a pull-apart basin (Embley & Wilson, 1992). Alternatively, it 
may represent a rather magmatically starved short-spreading segment as found at the Mid-Atlantic Ridge at the 
Ascension (Grevemeyer et al., 2013) or in the southern segment of the Charlie Gibbs transform system (Skolotnev 
et al., 2021).

The occurrence of the BR as a prominent ridge-like structure represents a rare case as over 90% of OTFs 
revealed transform valleys instead of ridge-like morphology (Wolfson-Schwehr & Boettcher, 2019). Consistent 

Figure 5.  Close-up view of the eastern Blanco transform fault system (BTFS). (a) Local seismicity and focal mechanisms. 
Dark blue lines indicate the magnetic isochrons as in Figure 1c. Shaded polygons outline propagator wakes. Solid black lines 
show the interpreted transform fault traces. Dotted lines represent fracture zone traces identified from seafloor bathymetry. 
(b) Along-strike vertical profile showing the focal depth distribution. All other lines are as in Figure 4.
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with previous seismicity studies (Braunmiller & Nábělek, 2008; Dziak et al., 2000; Kuna et al., 2019), our 
results indicate that the seismic activity occurs along the BR (Figure 5), and that the seismicity of eastern 
BR is significantly higher than the western BR (west of 128°W) (Figures 5 and 6). Pockalny et  al.  (1997) 
suggested that such ridge-like features may form by compression caused by changes in plate motion. However, 
our seismic record provides little evidence to support such a scenario. As observed in our study (Figure 5), 
strike-slip and dip-slip faulting dominate the BR, supporting the proposed formation mechanism that simple 
shear motion with a small component of extension, which may have nurtured uplift along the fault (Dziak 
et al., 2000). Furthermore, a negative Bouguer anomaly over the BR (Dziak et al., 2000) may suggest that a 
low-density body, probably related to serpentine intrusions, caused further uplift of the BR. The occurrence 
of serpentinization in the mantle below the BR has also been inferred by Kuna et al. (2019) from the character 
of earthquakes and seismic swarms. The deviation from the characteristic valley-like morphology of OTFs 
(Grevemeyer et al., 2021; Wolfson-Schwehr & Boettcher, 2019) may suggest that the BR has not yet established 
its final structure.

5.1.2.  Cascadia Depression

The CAS is seismically active (Johnson & Jones,  1978), and marked by normal faulting (Braunmiller & 
Nábělek,  2008). Consistently, we also observe normal faulting dominating the axis of the CAS (Figure  6), 
supporting it is a spreading segment (Braunmiller & Nábělek, 2008; Embley & Wilson, 1992). Strike-slip events 
close to the spreading axis might be related to magma movement. The transtensional strike-slip faulting observed 
near both ends of the short spreading segment indicates the transition from transform shear stress to tensile ridge 
axis stress. The focal depth ranges primarily from 4 to 10 km below seafloor, fitting into the focal depth ranges 
of mid-ocean ridge seismicity (Grevemeyer et al., 2019), suggesting that the magma source is deep. A positive 
magnetization (Figure  1b) supports the occurrence of the chron 1 (Brunhes magnetic chron) along the short 
spreading axis (Figure 6a), supporting magma-poor spreading at the CAS.

5.1.3.  Western Transform Segments

The western segments reveal the most complex tectonic structures within the BTFS (Embley & Wilson, 1992). 
Active faults are hard to interpret (Embley & Wilson, 1992) as too many scarps are observed near the bathymetric 

Figure 6.  Close-up view of the Cascadia Depression (central Blanco transform fault system [BTFS]). (a) Local seismicity 
and focal mechanisms. (b) Vertical profile perpendicular to the strike of the BTFS showing the focal depth distribution. 
Symbols, lines, and labels are as in Figure 5.
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features (i.e., PP, WBD, EBD, and SUR). The kinematic model of Embley and Wilson (1992) suggested that the 
western BTFS was recently formed to accommodate far-field stress change. They speculated the main transform 
motion had been shifted from the PP to its northeastern troughs and each lineation on the seafloor might be an 
active fault. Dauteuil (1995) performed a more detailed bathymetric analysis, supporting the existence of a recent 
jump of the western transform plate boundary and a 15° rotation of the active direction. However, most OTFs 
generally run along prominent valleys (Ren et al., 2022; Wolfson-Schwehr & Boettcher, 2019), and therefore, it is 
difficult to understand which processes should have caused a prominent volcano-like feature.

Unfortunately, routine teleseismic event locations along the BTFS are scattered and systematically shifted from 
the bathymetric features (e.g., Dziak et al., 1991). With significantly improved precision, hydro-acoustic T-wave 
locations (Dziak et al., 2003; Géli et al., 2014) observed seismic activity near the northern boundary of PP and 
the southern wall of WBD. However, Braunmiller and Nábělek (2008) doubted the location uncertainties of the 
hydro-acoustic locations, which might involve systematic biases. In addition, they claimed that their relocated 
events are too scattered to identify the active faults of the western BTFS (Braunmiller & Nábělek, 2008).

Our results reveal for the first time the stress patterns of local seismic activity along the western BTFS, coincid-
ing with bathymetric features (Figure 7). Between the WBD, EBD, and SUR, seismicity is sparse. At the SUR, 
two strands of earthquakes align well with the northern and southern walls identified from seafloor morphol-
ogy, providing robust evidence for the exact location of active faults (Figure 7) and hence can be interpreted as 
pull-apart tectonics dominated. At the EBD, seismic activity was sparse during the OBS deployment, except 
for an earthquake swarm from October 2 to 3, 2012 (Figure 7 and Figure S11 in Supporting Information S1). 
Seismicity along the adjacent WBD occurs in the deepest parts of the central valley, with one extensional event on 
the northern wall, indicating tectonic extension near the RTI. Therefore, the WBD shows characteristic features 
on OTFs (Grevemeyer et al., 2021; Ren et al., 2022), while the SUR and EBD are short segments and comparable 

Figure 7.  Close-up view of the western Blanco transform fault system (BTFS). (a) Local seismicity and focal mechanisms. 
(b) Along-strike vertical profile showing the focal depth distribution. Symbols, lines, and labels are as in Figure 5.
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to non-transform offsets (e.g., Macdonald et al., 1988). Although the SUR shows similar pull-apart features in 
seafloor morphology, like the CAS and GD, it is worth noting that the SUR does not show typic seismological 
pull-apart features as no extensional faulting occurred within the central basin and instead reverse faulting is 
notable (Figure 7a). Furthermore, the PP is an aseismic tectonic feature, suggesting that the active transform plate 
boundary runs northward of PP.

5.2.  Focal Depth and Thermal Structure of the Eastern and Western Transform Segments

Most previous seismicity studies of the BTFS (e.g., Dziak et al., 2003; Géli et al., 2014) did not provide focal 
depth determination except for the JED event locations procedure of Braunmiller and Nábělek (2008) and the 
microseismicity survey along the BR (Kuna et al., 2019). Braunmiller and Nábělek (2008) suggested that focal 
depths near RTIs are slightly shallower (4–6 km) than in the central transform system (4–9 km) (Figure 4). In 
contrast, our local seismicity distribution does not support their observation. We observed deep events near the 
RTIs exceeding 14 km (Figure 4), which were also noticed by a recent microseismicity study of the eastern 
RTI of the Romanche transform fault (Yu et al., 2021). More interestingly, focal depths of the eastern BTFS are 
systematically deeper (4–10 km) than those of the western BTFS (0–8 km) (Figures 5 and 7), suggesting different 
modes of slip at the eastern and western segments of the BTFS. To constrain the maximum depth of faulting, we 
further extracted the 600°C isotherms (Figures 4, 5, and 7) from a half-space cooling model and a geodynamic 
model incorporating hydrothermal cooling (Roland et al., 2010).

At the eastern BTFS (Figure 5), more than half of the earthquakes occurred in the uppermost oceanic mantle 
below 8 km. The other crustal events peak between 4 and 7 km, indicating an aseismic upper oceanic crust. 
Between 7 and 8 km in depth, it seems to be a 1-km-wide aseismic band around at Moho depth, which was 
first observed by Kuna et al. (2019). Hydrothermally altered gabbros, diabases, and basalts were dredged from 
the site between the GD and the BR, supporting active hydrothermal fluid activity at the eastern BTFS (Hart 
et al., 1990). Therefore, hydrothermal cooling is a critical process affecting the thermal structure of this region 
(Roland et al., 2010). The local events are mostly constrained by the 600°C isotherm from the hydrothermal cool-
ing model (green lines in Figures 4 and 5), except for a cluster of deep events at the central BR and two events 
below 14 km near the GR. Braunmiller and Nábělek (2008) suggested the eastern BTFS seems fully coupled; 
thus, the relative plate motion accounted for brittle deformation in the lower crust and uppermost mantle of the 
eastern BTFS. The existence of serpentinite peridotite in the uppermost mantle (Dziak et al., 2000; Embley & 
Wilson, 1992; Kuna et al., 2019) might result in the velocity-strengthening mode that inhibits earthquake nuclea-
tion of the upper crust (0–4 km) (Boettcher & Jordan, 2004). Furthermore, deep earthquakes (higher than 600°C) 
up to ∼16 km were observed at central BR and near GR, supporting the semi-brittle deformation in the mantle 
(Prigent et al., 2020; Yu et al., 2021).

In contrast, at the western BTFS (Figure 7), most events occurred in the oceanic crust (0–8 km). Like the eastern 
segment, the 600°C isotherm from the hydrothermal cooling model limits the depth of seismicity and brittle 
faulting, as Roland et al. (2010) predicted. Compared to the fully coupled eastern BTFS, we suggest a different 
seismotectonic behavior of the western BTFS; thus, relative plate motion is accommodated mainly via brittle 
deformation shallower than the 600°C isotherm, while creep dominates in the uppermost mantle.

5.3.  Two End-Members of Ridge-Transform Interaction

RTIs endure the most prominent interaction between transform faults and the truncated spreading segments, repre-
senting the transition from transform shear stress to tensile stress (Distortions, 1989; Morgan & Parmentier, 1984). 
Furthermore, RTIs show prominent features, including J-shaped ridges, hummocks, and small volcanic cones 
extending across the RTI, often covering the outside corner-fracture zone region terminating in the older plate 
(Grevemeyer et al., 2021). These J-shaped ridges appear to be formed by the progressively oblique prolongation 
of the adjacent spreading axis across the transform fault.

Here, we observe different types of morphologic features at the western and eastern RTIs as well as along 
the transform domains. J-shaped ridges occur at both RTIs but are much more prominent at the western 
RTI where the JdFR surpasses the WBD and curves into the PP (Figures 1a and 7a), indicating that the PP 
may represent a “rooster comb” as observed at a number of fast spreading OTF. Thus, at the East Pacific 
Rise, J-shaped ridges are often associated with shallower bathymetry (rooster combs) where the older lith-

 21699356, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026045 by H
G

F G
E

O
M

A
R

 H
elm

holtz C
entre of O

cean, W
iley O

nline L
ibrary on [09/03/2023]. 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

REN ET AL.

10.1029/2022JB026045

12 of 19

osphere and the opposing ridge tip are juxtaposed (Barth, 1994; Fornari et al., 1989; Gallo et al., 1986). As 
a result, the adjacent WBD shows typical OTF features, running along a deep valley with tectonic extension 
(Grevemeyer et al., 2021; Ren et al., 2022). However, at the eastern RTI, the northern GR is truncated by the 
GT, and the J-shaped ridges occur, but do not run across the deep GD (Figures 1 and 5a). Furthermore, the 
negative magnetic anomaly north to the truncated GR suggests that its seabed was formed before the chron 1 
(Brunhes magnetic chron) at least 780 kyrs ago (Figures 1 and 5a), which supports a lack of recent magmatic 
activity near this region and a weak interaction between the GR and the eastern BTFS. Although both RTIs 
show characteristic features of OTFs, it is reasonable to suggest that the impact of spreading episodes of 
the adjacent spreading ridges on the transform faults is weaker in the east than in the west, resulting in a 
different mode of slip at the western and eastern BTFS.

5.4.  Evolution of the BTFS Revisited

Structurally, the BTFS shows strong similarities with other segmented OTFs in the Pacific, like the Siquei-
ros transform system on the East Pacific Rise (Fornari et al., 1989). At the Siqueiros transform, a documented 
change in spreading direction caused a single transform fault to be subjected to a series of extensional events that 
led to the formation of an intra-transform spreading segment (Pockalny et al., 1997). The configuration of the 
BTFS also resulted from plate reorientation at ∼5 Ma (Embley & Wilson, 1992). However, the BTFS developed 
from at least two transform faults (Embley & Wilson, 1992) or non-transform ridge offsets (Cowan et al., 1986; 
McKenzie, 1986; D. S. Wilson, 1990) rather than from a single transform fault. The CAS in the central BTFS, an 
intra-transform spreading center observed today, is a remnant of a rift segment shortened due to a series of rift 
propagation events (Embley & Wilson, 1992) instead of extensional events as described at the Siqueiros trans-
form (Pockalny et al., 1997).

However, we have little evidence for stable transform faults at ∼5  Ma as envisioned by Embley and 
Wilson  (1992). In plate tectonics, fracture zones mark the inactive trace of a transform fault (Grevemeyer 
et al., 2021; Morgan, 1968); hence, any mature transform fault should leave an adjacent fracture zone. However, 
seafloor morphology (Figure 8) does not provide evidence for fracture zone traces issuing from the western-
most BTFS, indicating that the western segment represents an immature transform system. In contrast, at the 
eastern BTFS fracture zone, traces of the BR and the GT extends 80 and 30 km to the east and the west of the 
GD, respectively (dotted lines in Figure 8), suggesting the BR and GT are reasonably mature features. Further-
more, if we idealize that the slip rate is constant (49 mm/yr; DeMets et al., 2010), the initial formation of the 
BR and GT could be traced at ∼1.6 and ∼0.6 Ma, respectively. Bathymetric and gravity data (Figure 8 and 
Figure S1 in Supporting Information S1; Matthews et al., 2011) provide no regional evidence of any transform 
fault or fracture zone between the JdFR and GR before 2 Ma. Therefore, we support the interpretation that the 
evolution of the BTFS was primarily controlled by ridge propagation (D. S. Wilson, 1993; Wilson et al., 1984) 
and hence the reorientation of non-transform offsets rather than discrete transform faults as depicted by Embley 
and Wilson (1992).

Ridge propagation is a temporary phenomenon and inconsistent with simple strike deformation (McKenzie, 1986). 
The migrating ridge tip may cause a large domain of bookshelf faulting between the propagator and the opposing 
“doomed” ridge (McKenzie, 1986; Morgan & Kleinrock, 1991), which has also been observed at the Sovanco 
transform deformation zone linking the northern JdFR and the southern Explorer Ridge (Cowan et al., 1986). 
We therefore revised the kinematic model of the BTFS (Figure 9), by replacing the simplified discrete transform 
model (Embley & Wilson, 1992; D. S. Wilson, 1988) with the broad transform zone model (McKenzie, 1986; 
Morgan & Kleinrock, 1991; D. S. Wilson, 1990) for rift propagation. We suggest that broad transform zones 
(i.e., bookshelf faulting domains) linked the propagating JdFR and GR before ∼5 Ma (Figure 9a). In response 
to the clockwise shift in the Juan de Fuca/Pacific pole of rotation at ∼5 Ma (D. S. Wilson, 1993), the book-
shelf faulting domain and the ridge segments rotated clockwise, except that the eastern rift segment roughly 
remained geographically anchored (Embley & Wilson, 1992; Figure 9b). As a result, the ridge segment in the 
middle was shortened (Figure 9b). Furthermore, a series of ridge propagation events (Embley & Wilson, 1992; 
D. S. Wilson, 1993) contributed to the complexity of the entire BTFS. The southward propagation of the JdFR 
integrated two transform deformation zone by eliminating the ridge segments in between, while the north-
ward propagation of the GR attached a small transform deformation zone in the easternmost and shortened the 
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doomed segment in the north (Figure 9c). At small offsets, the inward jumps of the failed rift cut across the 
inner-pseudofault into the material formed at the propagator (D. S. Wilson, 1990), which has been marked in the 
inside corners of the BTFS (Figure 8). Both propagation events of the JdFR and the GR stopped before ∼1.8 Ma 
(Figure 8; D. S. Wilson, 1993), and thereafter the relative plate motion between the Juan de Fuca and Gorda 
Plates became reasonably stable. After the propagation events, ridge-transform interaction accounted primarily 
for the nucleation of active transform faults (e.g., Gerya, 2012). In the eastern BTFS, the northward propagation 
of GR stopped ∼10 km before reaching the BR deformation zone (Embley & Wilson, 1992), hence the formation 
of the GD and its extending troughs north to the GR (Figure 9d). The BR and the GT became mature transform 
faults with the growth of fracture zones since ∼1.6 and ∼0.6 Ma, respectively (Figure 9d). South to the PP, 
rotated crustal features are notable (highlighted in Figure 8), supporting the rotated bookshelf faulting domain of 
the BR in response to plate rotation has been transported to the northwest due to seafloor spreading (Figure 9). 
However, unlike the intra-transform spreading centers CAS and GD, the SUR in the west BTFS does not show 
typical pull-apart feature, as no extensional faulting was observed within the deep basin (Figure 7a). We suggest 
that the EBD and SUR are remnant features developed from doomed ridge segments (Embley & Wilson, 1992) 
that already died during propagation (Figure 9e), leading to ongoing reorganization to accommodate relative 
plate motion.

Figure 8.  Tectonic interpretation of the Blanco transform fault system (BTFS). Solid black lines show active transform plate 
boundaries of the BTFS. Dotted lines show fracture zone traces. Dashed lines indicate the pseudofault traces in response 
to rift propagation and plate rotation. Shaded polygons outlined the narrow zone of the inner-pseudofault and failed rift 
suggested by D. S. Wilson (1990). Magnetic polarity time scale is as in Figures 1b and 1c.
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Relative azimuths between slip vector azimuths from focal mechanisms constrained by the OBS network and 
plate motion azimuths from MORVEL (DeMets et al., 2010) (Figure 10) support the scenario outlined above. 
As discussed, the pseudofault traces of the most recently active propagating rifts are identifiable at the inside 
corners from the airborne magnetic anomaly map (Figure 1), reaching the BTFS before chron 2 (∼1.86 Ma) 
(D. S. Wilson,  1993). Therefore, it is indicated that no significant plate rotation has occurred around the 
BTFS over the past 1.8 Ma, allowing a meaningful comparison between slip vector azimuths from local events 
and the plate motion azimuths that are averaged over the past 780 kyrs (DeMets et al., 2010). We observed 
systematic variations in the relative azimuths, which seem to decrease from west to east along the entire BTFS 
(Figure 10c). The transform segments in the west and the CAS show mostly positive values (i.e., clockwise 
skewed). At the same  time, the relative azimuths are scattered about the trend of plate motion in the east 

Figure 9.  Development of transform faults and ridge segments since the formation of the Blanco transform fault system 
at around 5 Ma due to the clockwise shift in the Juan de Fuca/Pacific pole of rotation. Modified from Embley and 
Wilson (1992).
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segment, though slightly negative values dominate. Therefore, stresses at the eastern segments, which estab-
lished at ∼0.6 Ma, roughly mimic plate motion, while the younger western segment may still adjust to the new 
stress regime.

Distributions of local events, strain partitioning, bathymetric features, magnetic data, and the tectonic evolution 
of the BTFS can be better interpreted in terms of two OTF systems instead of a single transform fault system. The 
CAS would represent the tectonic boundary separating both OTFs. The eastern BTFS is a relatively mature OTF 
system which was established at ∼0.6 Ma, suggested to be highly coupled (Braunmiller & Nábělek, 2008; Kuna 
et al., 2019), and plate motion is mainly accommodated by brittle deformation in the lower crust and uppermost 
mantle (4–10 km). In contrast, the western BTFS emerged after a series of ridge propagation events stopped at 
∼2 Ma. However, in the recent geological past, it has been affected by typical tectonic extension at OTFs (Furlong 
et al., 2001; Grevemeyer et al., 2021), causing the formation of deep troughs along the active WBD, which is in 
line with the observation that OTFs commonly run along deep valleys (Ren et al., 2022). Plate motions at the 
western BTFS are accommodated mainly by brittle deformation at temperatures below 600°C (0–8 km) and creep 
in the mantle. The clockwise skewed stresses of the western BTFS (Figure 10) suggest that the recent reorgani-
zation of the west segments (Braunmiller & Nábělek, 2008; Embley & Wilson, 1992) might still be active in the 
near future.

Figure 10.  Strain partitioning at the Blanco transform fault system (BTFS). (a) Slip vector derived from 84 focal mechanisms. The blue and brown arrows indicate slip 
vectors from focal mechanisms and relative plate motion azimuths (DeMets et al., 2010) between the Pacific and Juan de Fuca Plates, respectively. (b) Rose diagrams 
of slip vector azimuths. The observed azimuths are binned in 5° intervals, and the solid black lines indicate the median azimuths of the western and eastern segments of 
the BTFS. (c) Variations of slip vector azimuths plotted relative to the plate motion azimuths from DeMets et al. (2010).
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6.  Conclusions
One year of local seismic activity recorded along the entire BTFS enabled us to reveal the local seismicity and 
focal mechanisms within a 350-km long and strongly segmented OTF system. Based on high-quality hypocenters 
of local seismicity together with bathymetric, magnetic, and gravity data sets, we revised the kinematic model of 
the BTFS for the last ∼5 Ma. Our results suggest that:

1.	 �Local events align perfectly with morphologic features of the BTFS, indicating the active transform plate 
boundaries consist of the GT segment, BR, two strike-slip fault strands of the SUR, EBD, and WBD.

2.	 �In the eastern BTFS, stresses are mainly accommodated by brittle deformation in the lower crust and upper-
most mantle (4–10 km below the seafloor). In contrast, plate motions at the western BTFS are accommodated 
primarily by brittle deformation at temperatures below 600°C (0–8 km) and creep in the mantle. Deep earth-
quakes were also observed near the RTIs and the BR, inferring semi-brittle deformation.

3.	 �Seafloor bathymetry reveals magma-robust features and J-shaped ridges surpassing the transform valley at the 
western RTI. However, at the eastern RTI, magma-poor features as well as truncated J-shaped ridges which 
stopped at the GD are observed. These different behaviors corresponding to strong and weak ridge-transform 
interaction, respectively, might account for the along-strike variation of the BTFS.

4.	 �Consistent with gravity field data, there is no clear trace of fracture zone of the BTFS, except for the newly 
developed fracture zones adjacent to BR and GT. We therefore exclude the existence of fracture zones or 
established transform faults of the BTFS before 2 Ma. Accordingly, our modified kinematic model suggests 
the BTFS developed from a number of broad transform deformation zones (Cowan et  al.,  1986; D. S. 
Wilson, 1990) linking ridge segments during rift propagation events before ∼2 Ma, rather than discrete trans-
form faults suggested by Embley and Wilson (1992);

5.	 �The BR and GT of the eastern BTFS were formed at ∼1.6 and ∼0.6 Ma, respectively. Although the EBD, 
SUR, CAS, and GD developed from ridge segments during the propagation events of the JdFR and GR, differ-
ent seismotectonics of each segment suggest the CAS and GD are intra-transform spreading centers, while 
neither EBD nor SUR is corresponding to the formation of oceanic crust, representing remnant features of 
doomed rifts that already died during propagation.

6.	 �Seismic slip vectors reveal that stresses in the eastern BTFS roughly coincide with the direction of plate 
motion, suggesting a mature transform fault system accommodating the plate motion. However, stresses to the 
west are clockwise skewed, indicating the re-organization of the western BTFS is still active now.

7.	 �Multidisciplinary observations support different seismotectonic behaviors of the western and the eastern 
BTFS, suggesting that the BTFS could be divided into two oceanic transform systems impacted by two 
end-members of ridge-transform interaction. The eastern BTFS became a mature transform plate boundary 
since ∼0.6 Ma. Although the westernmost WBD near the RTI shows the typical oceanic transform feature that 
active faults run along deep valleys, the other segments further away from the RTI may still develop over time. 
We therefore suggest the western BTFS is an immature transform system, which has been continually evolving 
to accommodate far-field stress change.

Data Availability Statement
The continuous seismological data are accessible from the IRIS under the network code X9 (2012–2013; https://
doi.org/10.7914/SN/X9_2012). Bathymetric data are available via https://www.gmrt.org/GMRTMapTool/. 
Airborne magnetic anomaly data are available from the USGS Mineral Resources Program (https://mrdata.usgs.
gov/magnetic/).
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