
Geophysical Journal International Royal

Society
Astronomical

Geophys. J. Int. (2024) 239, 1287–1312 https://doi.org/10.1093/gji/ggae318 
Advance Access publication 2024 September 05 
GJI Seismology 

Shear -w av e v elocity structur e of the Blanco oceanic transf orm fault 

zone 

Nicholas Irabor Adimah, 1 Yen Joe Tan 

1 and Joshua Berryman Russell 2 

1 Department of Earth and Environmental Sciences, The Chinese University of Hong Kong, Hong Kong S.A.R. 0000 , China. 
E-mails: nickydof@gmail.com ; yjtan@cuhk.edu.hk 
2 Department of Earth and Environmental Sciences, College of Arts and Sciences, Syracuse University, Syracuse, New York 13244 , United States 

Accepted 2024 September 2. Received 2024 August 14; in original form 2024 April 29 

S U M M A R Y 

Oceanic transform faults (OTFs) facilitate hydrothermal circulation which can modify the 
fault zone materials and affect their rheolo gical e volution. Howe ver, the depth extent and vari- 
ability of fluid infiltration, degree of mineral alteration and their relationship with earthquake 
behaviour has only been characterized along a few OTFs globally. Here, we use first-overtone 
Ra yleigh wa v es e xtracted from seismic ambient noise to estimate the shear-wav e v elocity 

structure beneath the Blanco Transform Fault Zone (BTFZ). Compared to the adjoining nor- 
mal oceanic plates, relati vel y v ariable and slow velocities reduced by at least ∼0.2–0.4 km s −1 

( ∼4–8 per cent) are observed from the crust down to ∼22 km depth along some segments 
of the BTFZ. The crustal slow velocities can be explained by enhanced fluid-filled poros- 
ity of ∼0.4–10.9 per cent caused by intense fracturing associated with abundant seismicity. 
Slow uppermost mantle velocities are predominantly consistent with ∼1.2–37 per cent ser- 
pentinization and ∼9 per cent hydration, indicating variable and deep fluid infiltration that 
exceeds 15 km depth. For instance, shear-wave velocities ( ∼4.3–4.4 km s −1 ) in the upper- 
most mantle beneath the Blanco Ridge suggest e xtensiv e serpentinization ( ∼13–25 per cent), 
which might explain the recently documented earthquake swarms linked with aseismic creep. 
In comparison, within the vicinity of the ridge-transform intersections at depths ∼> 16 km, 
low velocities ( ∼4.1–4.2 km s −1 ) that are consistent with the presence of up to ∼1.6 per cent 
partial melt suggest intratransform magmatism which would contradict the long-held simple 
conserv ati ve strike-slip characterization of OTFs. 

Key words: Crustal imaging; Seismic noise; Seismic tomography; Surface waves and free 
oscillations; Oceanic transform and fracture zone processes. 
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 I N T RO D U C T I O N  

ceanic transform fault (OTF) systems are a plate boundary type
hat offset segments of mid-ocean spreading centres (Bird et al.
002 ). OTFs, alongside their inactive fracture zones, are ubiqui-
ous along the entire length of the mid-ocean ridge system, making
hem one of the most abundant linear features on the ocean floor.
s first identified by Wilson ( 1965 ), they play a crucial role in the

volution of the lithosphere by creating room for the lateral mo-
ions of tectonic plates and providing connections between ridges
nd trenches (Hensen et al. 2019 ). OTFs can also host large earth-
uakes (e.g. the 2015 M w 7.1 earthquake on the Charlie–Gibbs
TF along the Mid-Atlantic Ridge, the 2008 M w 6.4 earthquake in

he BTFZ and the 1994 M w 7.0 Romanche earthquake; McGuire
t al. 1996 ) and trigger tsunamis (Hensen et al. 2019 ). Ho wever ,
espite their geological impor tance, large por tions of OTFs and
racture zones are still underexplored compared to their continental
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ounterparts. Consequently, their detailed origin, characteristics,
volution and dynamics which are pertinent to potentially better
nderstanding the mechanisms of plate tectonics remain poorly
nderstood. 

According to plate tectonic theory, OTFs are conserv ati ve 2-D
trike-slip plate boundaries where the lithosphere is neither cre-
ted nor destroy ed w hile it cools and deepens as a function of the
ge of the plate. This should result in fracture zones that are deeper
han their parent transform faults. Ho wever , global bathymetric data
how a contradicting pattern where seafloor beneath fracture zones
s systematically shallower than their parent OTFs (Grev eme yer
t al. 2021 ). With numerical simulation, Grev eme yer et al. ( 2021 )
xplained this observation by proposing: (i) a two-stage crustal ac-
retion process at both ridge-transform intersections (RTIs) and (ii)
ectonic extension as the crust moves along the transform plate
oundary. This implies that the crustal structure beneath OTFs may
if fer significantl y from the crust found along fracture zones and
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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adjacent oceanic plates. Although sampling of fresh-looking 
basaltic rocks on the transform floor provide some evidence for 
volcanism along OTFs (e.g. Gaetani et al. 1995 ; Perfit et al. 1996 ; 
Tepley et al. 2004 ), a complete picture of their potential magmatic 
evolution that includes how melt is extracted requires seismic imag- 
ing of the subsurface structure which have only recently become 
available along a few OTFs. 

The availability of high quality seafloor bathymetric, magnetic 
and gravity data sets since at least the 1970s facilitated early mor- 
phological investigations of OTFs globally (e.g. Bonatti 1976 , 1978 ; 
Bonte et al. 1982 ; Karson & Dick 1983 ; Abrams 1986 ; Gallo et al. 
1986 , 1987 ; Pockalny et al. 1988 , 1997 ; Fornari 1989 ; Embley 
& Wilson 1992 ; Goff et al. 1993 ; Searle et al. 1994 ; Smith & 

Sandwell 1997 ; Dziak et al. 2000 ; Gregg et al. 2007 ; Gallo et al. 
2012 ; Sandwell et al. 2014 ). Contrary to classical interpretations of 
a very simple OTF structure, some of these morphological studies 
hav e rev ealed impor tant topog raphic anomalies, which indicate a 
more complex fault structure that reflect significant vertical tec- 
tonism (Bonatti 1976 ; Thompson & Melson 1972 ) and shearing 
along discrete transform fault segments (Fornari 1989 ). In many 
cases (e.g. Blanco, Siqueiros, Clipperton, Gofar and Quebrada in 
the Pacific, Doldrums, St Paul and Ascension in the mid-Atlantic 
and the Andrew Bain in the Southwest Indian ocean), the trans- 
form domains are segmented, comprising in a first-order sense a 
series of strike-slip faults offset by small intratransform spreading 
centres (ITSCs) or pull-apar t g rabens (For nari 1989 ). The develop- 
ment of ITSCs, initiated by small changes in the pole of rotation 
of the bounding plates (Menard & Atwater 1968 ), is integral to the 
evolution of OTFs. Although ITSCs are distinguished by the mor- 
phologies and structural features of seafloor that flank their spread- 
ing centres which are mostly similar to those of mid-ocean ridges, 
observations of fresh lava flows and young basaltic rocks within 
the basin floor provide stronger constraints for their characteriza- 
tion. The absence of such e xtrusiv es at some proposed ITSCs (e.g. 
the Cascadia depression along Blanco) weakens the case for an ac- 
tive spreading ridge, thereby, protracting the debate about their true 
nature. 

OTFs are also known to be structurally weak zones that facilitate 
the transmission of seawater into deeper parts of the oceanic litho- 
sphere (Caine et al. 1996 ) where their interactions with crustal and 
uppermost mantle rocks exert some control on the composition and 
rheology of the fault zone (R üpke et al. 2004 ; Faulkner et al. 2010 ). 
This has important implications on the ability of OTFs to host earth- 
quakes and can be better understood by illuminating the relationship 
between the fault zone architecture and observed distribution of slip 
modes. Although some microstructural analysis of high strain peri- 
dotite mylonites recovered from Vema (Cipriani et al. 2009 ) and 
Prince Edwards OTFs (Kohli & Warren 2020 ), and deep seismicity 
in Romanche (Yu et al. 2021 ) and Blanco (Kuna 2020 ) indicate 
seawater may percolate to great depths, the true depth extent and 
variability of hydrothermal circulation beneath OTFs globally is 
still not well-quantified. 

The structural complexities of OTFs that document their hy- 
drothermal, tectonic and magmatic evolutions can be apparent in lo- 
cal to regional scale investigations using seismic tomography. Much 
of what we currently know about the nature of the crust and upper- 
mantle structure beneath them come from previous active-source 
seismic refraction and reflection surv e ys in both fast- and slow- 
slipping transform environments (e.g. Bonatti 1976 ; Ibach 1981 ; 
Detrick et al. 1982 ; White et al. 1984 ; Calvert & Potts 1985 ; Ambos 
& Hussong 1986 ; Calvert et al. 1990 ; Vera et al. 1990 ; Detrick et al. 
1993 ; Van Avendonk et al. 1998 ; Muller et al. 2000 ; Van Avendonk 
et al. 2001 ; Marjanovi ́c et al. 2011 ; Roland et al. 2012 ; Maia et al. 
2016 ; Gregory et al. 2021 ; Growe et al. 2021 ; Thomas et al. 2022 ; 
Wang et al. 2022 ). For instance, in the Atlantic and southwestern 
Indian Ocean dominated by slow-slipping transforms, the general 
consensus from these studies is that the subsurface structure is char- 
acterized by relatively thin, intensely fractured and hydrothermally 
modified crust, with a nearly absent gabbroic layer (e.g. Detrick 
et al. 1982 , 1993 ; Muller et al. 2000 ). Ho wever , a recent study by 
Gregory et al. ( 2021 ) using wide-angle seismic data observed a 
thick ( ∼6 km), likely mafic crust at the slow-slipping Romanche 
O TF. Along strike, O TFs can be highly heterogeneous, especially 
slow-slipping ones with large offset lengths (e.g. ∼880 km for Ro- 
manche) so that isolated seismic reflection profiles may not be able 
to fully capture the complete underlying structure. The few studies 
that exist for fast-slipping OTFs of the Pacific Ocean (e.g. Bonatti 
1976 ; Tr éhu & Purdy 1984 ; Van Avendonk et al. 1998 , 2001 ; Roland 
et al. 2012 ) reveal a relatively uniform thick crust [e.g. ∼5.7 km in 
Clipperton; Van Avendonk et al. ( 2001 ), ∼5.4 km in Orozco; Tr éhu 
& Purdy ( 1984 )] and low seismic velocities that extend throughout 
the crust interpreted as regions of severe fracturing and hydrother- 
mal alteration associated with strike-slip faulting along active trans- 
form fault segments. Although acti ve seismolo gical studies do well 
in resolving small-scale seismic velocity heterogeneities expected 
along OTFs, they provide limited information about the broader 
lateral variation of the velocity structure and lithospheric structure 
below the Moho. 

Since its first application (Shapiro et al. 2005 ), ambient noise to- 
mography has shown to be an effective tool for imaging the crust and 
upper-mantle with relati vel y high resolution (e.g. Yang et al. 2007 ; 
Luo et al. 2012 ; Goutorbe et al. 2015 ; Adimah & Padhy 2019 ). It has 
already been applied at the Blanco Transform Fault Zone (BTFZ) 
situated in the nor theaster n Pacific ocean but in regional (e.g. Por- 
ritt et al. 2011 ; Gao 2016 ; Janiszewski et al. 2019 ) and continental 
(e.g. Zhang et al. 2021 ) frameworks that precluded a detailed char- 
acterization of the crust and upper most-mantle str ucture beneath 
the transform fault. Also, most of these studies used relati vel y long 
period ( ∼> 10 s) fundamental mode surface waves that are barely 
sensitive to the oceanic crust (sensitivity peaks at depths ∼> 12 km 

for a starting oceanic model that consists of 3 km water and 0.1 km 

sediment overlying the crust and mantle). In this study, we analyse 
∼1-yr of seismic ambient noise data recorded by 67 OBSs deployed 
within the vicinity of the BTFZ to obtain short period ( ∼4.0–8.0 s) 
first-overtone Ra yleigh wa ve phase velocity dispersion curves. With 
the dispersion curves, we perform ambient noise tomography and 
then invert for a 3-D shear-wave velocity model down to a depth 
of 22 km which includes the crust and uppermost mantle. The 
robustly resolved seismic velocity structures observed along and 
around the BTFZ provide new and interesting insights into its crustal 
and uppermost mantle structural characteristics, evolution and 
dynamics. 

2  O R I G I N,  T E C T O N I C  E V O LU T I O N  

A N D  S E T T I N G  

The BTFZ is a ∼350-km-long intermediate-slipping ( ∼56 mm yr −1 ; 
W ilson 1993 ) O TF located off the southern Oregon coast in the 
northeast Pacific ocean. It is bounded by ∼NE–SW trending Juan 
de Fuca and Gorda ridges to the northwest and southeast, respec- 
ti vel y (Fig. 1 ). Its detailed origin and evolution like those of other 
OTFs have remained relati vel y controversial. Using existing plate 
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Figure 1. Topographic map of the study area showing the Blanco Transform Fault Zone (BTFZ) and broad-band stations of the Blanco experiment (Nabelek & 

Braunmiller 2012 ), the Cascadia initiativ e (Toome y et al . 2014 ) and the Gorda project (Nabelek & Braunmiller 2013 ). The red rectangle in the inset indicates 
the study region. The different segments of the BTFZ shown include WBD: Western Blanco Depression, EBD: Eastern Blanco Depression, SD: Surv e yor 
Depression, CD: Cascadia Depression, PP: Parks Plateau, BR: Blanco Ridge and GT: Gorda Transform. The broken black lines outline approximate locations 
of pseudofaults (Wilson et al. 1984 ). 
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inematic models developed from magnetic surv e ys (He y & Wil-
on 1982 ; Wilson et al. 1984 ) as a framework, Embley & Wilson
 1992 ) presented a model for the development of the BTFZ, support-
ng plate boundary reorganization by ridge propagation in response
o changes in the direction of relative plate motion. A clockwise
hift of ∼ 15 ◦ in the direction of the Juan de Fuca/Pacific relative
late motion occurring at ∼5 Ma produced a major reorganiza-
ion of the Juan de Fuca–Gorda spreading system that initiated the

art/ggae318_f1.eps
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formation of the BTFZ and established its location (Wilson et al. 
1984 ; Wilson 1993 ). Subsequent series of ridge propagation events 
further reoriented and integrated the resulting transform fault and/or 
non-transform offset segments into the present day morphotectonic 
features of the BTFZ. Based on the lack of evidence for a stable 
transform fault segment before ∼2 Ma within the BTFZ, in a re- 
cent modification to this model, Ren et al. ( 2023 ) argued that the 
earl y e volution of the BTFZ precluded discrete transform faults and 
instead involved the reorientation of non-transform offsets orches- 
trated by ridge propagation. 

The BTFZ was first described by McManus ( 1967 ) as a series 
of ridges and troughs, striking at an azimuth of 118 ◦. Recently 
acquired high resolution bathymetric data show the BTFZ to be 
highly segmented and morphologically marked by depressions and 
bathymetric highs (Embley & Wilson 1992 ). From the analysis of 
regional seismicity recorded by seismic stations deployed along 
the coast of Oregon, Braunmiller & N áb ělek ( 2008 ) divided the 
BTFZ into a number of segments: eastern BTFZ which consists 
of the Gorda Depression (GD) and Blanco Ridge (BR); central 
BTFZ which comprises the Cascadia Depression (CD) and western 
BTFZ which consists of the Surv e yor Depression (SD), Eastern 
Blanco Depression (EBD) and Western Blanco Depression (WBD, 
Fig. 1 ). With high resolution local seismicity data set, some recent 
studies (e.g. Kuna 2020 ; Ren et al. 2023 ) have further proposed 
additional segments such as the Gorda Transform (GT) and oth- 
ers in the western half that were poorly constrained by earlier re- 
gional scale studies. The BTFZ is highly seismically active and 
several studies (e.g. Braunmiller & N áb ělek 2008 ; Kuna 2020 ; 
Ren et al. 2023 ) have reported a complex distribution of seis- 
micity along its different segments. While the BR appears to be 
full y seismicall y coupled, plate motion in the western segments is 
mostly accommodated by aseismic creep (Braunmiller & N áb ělek 
2008 ). 

The western BTFZ comprising of WBD, EBD and SD is the 
younger half of the BTFZ. It is structurally more complex and 
believed (on the basis of the difference between its average slip 
vector azimuth and the Pacific/Juan de Fuca relative plate mo- 
tion) to be presently undergoing plate boundary reorganization. 
The WBD is a 60-km-long triangular ∼E-SE trending depression 
(Kuna 2020 ) located between the BTFZ-Juan de Fuca RTI and the 
EBD (Fig. 1 ). It is the deepest basin in the BTFZ (depth ∼5 km; 
Ryan et al. 2009 ) intersected b y three acti ve sub-parallel trans- 
form fault strands with strikes between 290 ◦ and 296 ◦ (Kuna 2020 ). 
Between the WBD and SD is the 10x30 km 

2 ∼NW-SE trending 
rhombohedral EBD, having a depth of ∼3.7 km. Alongside three 
sub-parallel ∼NW–SE trending strike-slip fault strands, a series of 
335–350 ◦ oriented ridges likely representing scarps of normal faults 
cut across the basin (Kuna 2020 ). The 5 km × 20 km 

2 rhombohe- 
dral SD bounded in the south by the nar row scar p Parks Plateau 
fault (Fig. 1 ) is the easternmost segment of western BTFZ (Kuna 
2020 ). It is the smallest and shallowest basin (depth of ∼3 km; Em- 
bley & Wilson 1992 ) in the BTFZ, dominated by normal faulting 
(see Fig. S1 in the Supporting Information for focal mechanism 

of a few main earthquakes along the BTFZ) with T -axes orienta- 
tion oblique to the relative plate motion direction, indicating the 
pull-apart nature of deformation (Braunmiller & N áb ělek 2008 ). 
The centrally placed CD roughly divides the BTFZ into two halves. 
Extending up to 50 km from its centre to the northwest and south- 
east, the CD is the largest depression in the BTFZ (Embley & 

Wilson 1992 ). It consists of a series of inward-facing back-tilted 
normal-faulting blocks oriented about 10 ◦–15 ◦ from orthogonal to 
the bounding transform faults (Dziak et al. 2000 ). Evidence of 
igneous intrusions within the basin’s sediment fill and orientation 
of the T -axes of the normal faults suggest the CD represents a 
short ITSC, interpreted to be the remnant of a southward growing 
ridge segment that dates back to ∼5 Ma (Embley & Wilson 1992 ; 
Kuna et al. 2019 ). 

The older eastern BTFZ comprises of the BR, the GD and the 
easternmost GT segments (Fig. 1 ). The ∼150-km-long BR sand- 
wiched between the CD and GD is the most prominent bathymetric 
feature of the BTFZ. It consists of a transform fault that runs along 
the narrow ( ∼4–7 km) ridge and trends at ∼ 111 ◦, reaching heights 
of ∼600–1700 m above the surrounding sea level (Braunmiller & 

N áb ělek 2008 ; Kuna et al. 2019 ). Likely formed around ∼1.6 Ma 
(Ren et al. 2023 ), several hypothesis have been proposed to ex- 
plain the ridge uplift at BR that range from serpentine intrusions 
emanating from the lower crust and upper mantle (Bonatti 1976 ; 
Dziak et al. 2000 ) to dipslip component in the fault motion due to 
spreading direction changes (Thompson & Melson 1972 ) and com- 
pressional tectonism (Ibach 1981 ) have been proposed to explain 
the ridge uplift at BR. The geology of the BR is scantily known 
with only suites of greenstone and greenstone breccias collected 
from the eastern section (Hart et al. 1986 ) and a fragment of car- 
bonate dredged from the western end near CD (Embley & Wilson 
1992 ). The GD is a ∼4.4 km deep rhombohedral basin that separates 
the BR and GT. It is the only identified basin in the eastern BTFZ 

(Fig. 1 ). Like the CD, the GD has been suggested to be a remnant 
spreading ridge that was almost replaced by the northward growing 
Gorda ridge about ∼1–2 Ma (Embley & Wilson 1992 ; Ren et al. 
2023 ). Ho wever , based on its rhombo-shaped geometry, it has also 
been interpreted to have probably formed by an extension between 
the nor ther n and souther n bounding strike-slip faults, making it ap- 
pear like a mature pull-apart basin (Embley & Wilson 1992 ). The 
easternmost segment of the BTFZ is the GT. It was first identified 
from bathymetric data (Embley & Wilson 1992 ) and connects the 
BTFZ-Gorda ridge RTI and the GD. 

3  DATA  A N D  M E T H O D  

3.1 Data 

In the last fe w decades, se veral seismolo gical experiments that de- 
ployed tens to hundreds of broadband seismic stations have been 
conducted in the NE Pacific. In this study, we collect approximately 
eight to twelve months of three component continuous seismic data 
recorded by 67 OBS stations from three different seismological ex- 
periments conducted in and around the BTFZ (Fig. 1 and Table S1 in 
Suppor ting Infor mation ). We also collect corresponding lengths of 
pressure records from colocated differential pressure gauge for each 
OBS. The Blanco experiment (Nabelek & Braunmiller 2012 ) pro- 
vided 30 stations (Fig. 1 ) that operated approximately from Septem- 
ber , 2012 to October , 2013. The Cascadia Initiative Community 
Experiment (Toomey et al . 2014 ) and the Gorda Project (Nabelek 
& Braunmiller 2013 ) provided 17 and 20 stations (Fig. 1 ), respec- 
ti vel y. The Cascadia Initiati ve stations used in this study were in 
operation from September, 2012 to October, 2013 apart from two 
(J23C and J21C) that operated from September, 2013 to August, 
2014 contemporaneously with the Gorda Project. Therefore, a to- 
tal of 45 stations operated from September, 2012 to August, 2013 
while the other 22 stations operated from September, 2013 to Au- 
gust, 2014. We retrieve all data from the Incorporated Research 
Institutions for Seismology Data Management Center (IRIS-DMC) 
where they are archived. Some sensors recorded data at 1 Hz while 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
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Figure 2. All bandpass filtered ambient noise CCFs. (a) Without suppres- 
sion of tilt and compliance. Fundamental and higher mode Rayleigh wave 
energies are present. Group velocities of 3.6 and 0.9 km s −1 are indicated 
by the red and blue dashed lines, respecti vel y. (b) Tilt and compliance noise 
suppressed before calculating the CCFs resulting in the dominance of the 
Ra yleigh wa v e first-ov ertone energy. 
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thers at higher rates of 50 and 100 Hz. We collect 1 Hz records
 here availab le and downsample those with higher sampling rates to
 Hz. 

.2 OBS data corrections 

he retrie v al of reliable empirical Green’s functions in ambient
eismic noise tomography is contingent on the coherent wavefield
hat propagates between two seismic stations. OBS data contain

ore local noise compared to land-based stations, including those
aused by tilting of seismometers due to ocean currents (tilt noise)
nd seafloor deformation caused by surface gra vity wa ves (compli-
nce noise, e.g. Webb & Crawford 1999 ; Crawford & Webb 2000 ).
o improve the chances of extracting accurate and meaningful sig-
als from OBS records, previous studies (e.g. Bell et al. 2014 ;
ian & Ritzwoller 2017 ; Adimah & Padhy 2019 ; Janiszewski et al.
019 ; Yang et al. 2020 ; Russell & Gaherty 2021 ) have developed
nd/or applied different techniques to suppress these disruptive sig-
als in the vertical component OBS data before using them for
mbient noise tomography. Compliance and tilt noise corrections
re achie ved b y removing coherent pressure and horizontal signals
rom the v ertical channel, respectiv ely. Although the pressure cor-
ection is typically applied at longer periods ( ∼> 25 s) where linear
urface gravity waves (infragravity waves) are dominant, its appli-
ation at shorter periods ( ∼< 15 s) within the microseism band has
een shown to suppress fundamental mode energy, isolating the
igher-mode Rayleigh wave information in the cross-spectra (Bow-
en et al. 2016 ; Yang et al. 2020 ; Russell 2021 ). As both the vertical
nd pressure channels in the ∼3–10 s period band strongly record
he fundamental mode Rayleigh interface waves sensitive to the
ater column, removing coherent pressure signals from the vertical

hannel in this band suppresses this water column arrival (Bowden
t al. 2016 ). With the objective of extracting first-overtone Rayleigh
aves in the ∼3–11 s period band that are sensitive to our target
ceanic crustal and uppermost mantle structures, we explore and
ake advantage of these observations. First, we remove the instru-

ent responses from the raw data then remove coherent pressure and
orizontal energy from the vertical component records broadly fol-
owing the transfer function technique presented by Bell et al. ( 2014 )
hich is somewhat similar to that of Crawford & Webb ( 2000 ). It

ntails calculating a transfer function of the vertical component,
or non-vertical components, representing the tilt and compliance
 < 25 s) or water-seafloor interface wave ( ∼3–11 s) noise. They are
hen systematically subtracted from the vertical component records
o give the noise-corrected vertical component data. A more de-
ailed step-by-step description of how we implement the correction
an be found in Adimah & Padhy ( 2019 ). An example of raw- and
oise-corrected vertical component records at OBS BB070 (Fig. 1 )
hown in Figs S2(b ) and (c ) in the Suppor ting Infor mation demon-
trates significant reduction in the noise levels after denoising. The
ower spectrum densities (PSD) of the raw and denoised records in
ig. S2(d) also show decrease in noise levels in the cleaned record
cross the entire time period. 

.3 Ambient noise cross-correlation analysis 

o obtain high quality cross-correlation functions (CCFs) from the
oise-corrected vertical component OBS data, we follow the well
stablished noise processing routine described by Bensen et al.
 2007 ). We deploy a high-performance python tool for ambient-
oise seismology (Noisepy; Jiang & Denolle 2020 ) that provides
ost of the processing techniques for ambient noise data. These
rocessing steps are briefly recounted here. First, we perform basic
reprocessing on individual station ∼8–12 months continuous data
uch as downsampling into 1 Hz for higher sampled data, cutting
nto small window lengths of 8 hr, demeaning, detrending and taper-
ng using a Tukey window with 5 per cent cosine taper on both ends.
his is followed by 2.5–25 s (0.04–0.4 Hz) bandpass filtering before

he application of temporal normalization (running-absolute-mean
ethod used) and spectral whitening. The time-domain normal-

zation suppresses the effects of earthquakes and other transient
ignals which act to obscure the noise signal, while spectral whiten-
ng helps to broaden the band of the ambient noise signal in the CCF
Bensen et al. 2007 ). Next, we perform 8-hourly cross-correlations
ollowed by stacking over the entire ∼8–12 months period to obtain
he final stacked CCF cross-spectrum for each seismic station pair.
ross-correlation is performed separately for the two different sta-

ion operating windows of 2012–2013 (45 stations) and 2013–2014
22 stations), giving a total of 1221 CCF cross-spectra. 

To highlight the effects of tilt and compliance noise correction
n the CCFs, we also process and analyse the raw OBS data in a
imilar fashion. Due to the non-uniform azimuthal distribution of
oise sources, the CCFs are asymmetric (Roux et al. 2005 ). We
verage the positive and negative time lags of each CCF to min-
mize this effect. In Fig. 2 , we plot the raw and denoised stacked

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
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terstation phase velocity dispersion measurements. The color bar repre- 
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CCFs for all station pairs bandpass filtered in the 3–11 s period 
band. The denoised stacked CCFs (Fig. 2 a) are dominated by the 
first-overtone Ra yleigh wa ves with the fundamental mode informa- 
tion almost completely absent. For the raw cross-spectra (Fig. 2 b), 
the fundamental and first higher modes are present with compa- 
rable strengths. Clearly, the application of the pressure correction 
contributes to the isolation of the first-overtone information in the 
short period band as also observed by Bowden et al. ( 2016 ) and 
Yang et al. ( 2020 ) in regions offshore California and in the central 
P acific, respectiv ely. Mode isolation is an important step in surface 
w ave anal ysis as ear th str ucture retrieved using data in which the 
different modes are not properly separated could be biased. 

3.4 Phase velocity dispersion measurement 

Only noise-corrected cross-spectra in which the first-overtone 
Ra yleigh wa ves are conspicuous and dominant are used for further 
analysis. We adopt the cross-spectra waveform fitting technique of 
Menke & Jin ( 2015 ) to measure the interstation phase velocities 
from 3 to 11 s periods. The technique involves fitting a Bessel 
function to the observed cross-spectra based on the cross-spectra 
formulation of Aki ( 1957 ): 

ρ( ω, r ) = AJ 0 

(
ωr 

c ( ω ) 

)
with A = 1 , (1) 

where ρ is the real part of the cross-spectra, c ( ω) is the interstation 
phase velocity at frequency ω, r is the interstation distance, J 0 is 
the Bessel function of order zero and A is the amplitude factor 
added to model attenuation and errors in normalization of the cross 
spectrum (Menke & Jin 2015 ). This method performs well for low 

SNR and short interstation distance cross-spectra that generally 
characterize OBS deployments as used in this study. The Bessel 
fitting has been observed to be sensitive to the starting dispersion 
model (e.g. Janiszewski et al. 2019 ) so that the use of an arbitrary 
a priori starting dispersion curve may bias the result. To avoid this 
pitfall, we first obtain the average phase velocity dispersion curve 
of the first-overtone Rayleigh wave to be used as the starting model. 
The high-resolution linear Radon transform (LRT) technique (Luo 
et al. 2008 , 2015 ) whose detailed procedure is well documented in 
Luo et al. ( 2008 , 2009 , 2018 ) is applied. The technique leverages 
seismic array observations to extract dispersion information from 

multimode surface waves that may interfere in the time domain. 
Through the solution of an inverse problem, the LRT transforms 
the seismograms in the time–distance domain to the period-phase 
velocity domain where the different modes have distinguishable 
branches. With the suit of 1221 CCFs bandpass filtered in 3–10 s, 
here, we use the conjugate gradient algorithm to solve the inverse 
problem, setting the model and residual weighting as described by 
Ji ( 2006 ). The resulting LRT panel is shown in Fig. 3 . Although we 
see traces of the fundamental mode at periods ∼> 9 s and the second 
higher mode at periods ∼< 4 s, the first-overtone energy dominates 
as expected. 

We perform the Bessel fitting twice for each cross-spectrum, us- 
ing a nonlinear least squares algorithm. For the first, the average 
phase velocity dispersion measurement (red line in Fig. 3 ) is used 
as the starting model. In the second, the result from the first inver- 
sion is used as starting dispersion model. This approach appears 
to reduce the degree of cycle skipping in the final Bessel fits and 
has a more physical basis compared to the grid search approach of 
determining a starting model. Examples of this procedure showing 
the cross-spectra, Bessel fits and obtained dispersion curves for a 
variety of interstation distances and SNR are shown in Figs 4 and 
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Figure 5. (a) SNR distribution of the CCFs with interstation distance and average station pair depth. SNR = RMS ( signal) 2 / RMS ( noi s e) 2 , where signal is 
defined as any arrival with group velocity > 1.5 km s −1 . The horizontal red line indicates the SNR cutoff of 5 passed by 952 measurements. (b) Misfit between 
the observed and predicted cross-spectra. To ensure only the highest quality measurements are used for tomographic inversion, we use misfit cutoff of 1.0 
shown by the horizontal red dashed line after testing different cutoffs ranging from ∼0.7 to 1.5. (c) The suite of all dispersion curves. (d) Number of interstation 
dispersion measurements used for tomography at six continuous time periods. 
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3 . As a result of decrease in signal strength at the extreme peri-
ds ( ∼> 9 and ∼< 3.5) as reflected by the relati vel y poor Bessel
ts (middle panels of Figs 4 and S3 ), we decide to only consider
ispersion measurements in the period range 3.5–8.7 s as windowed
y the vertical green lines in the middle and bottom panels of
ig. 4 . 
To ensure that only high quality and reliable phase velocity dis-

ersion measurements are selected and used for tomographic inver-
ion, we impose several quality control measures (e.g. Figs 5 a and
). The time-domain surface wave dispersion measurement methods
equire interstation distance of at least three wavelengths (Bensen
t al. 2007 ) to extract a reliable dispersion measurement at a given
eriod. Ho wever , frequency-domain methods like the cross-spectra
aveform fitting technique we have used give reliable measurements

ven at one wa velength. Here, w e conservatively apply interstation
istance of at least two w avelengths. Secondl y, we set signal-to-
oise ratio (SNR) ≥5, so that dispersion measurements obtained
rom CCFs with SNR less than 5 are rejected (Fig. 5 a). Here, SNR is
efined as the ratio of the root-mean-square of the signal window to
he root-mean-square of the noise window, where the signal window
s defined by arrival times corresponding to group velocities greater
han 1.5 km s −1 , and the remaining window represent the noise win-
ow. Third, we reject measurements where the misfit between the
essel and real cross-spectr um cur ve is > 1.0 (Fig. 5 b). Finally, we
isually inspect the results to discard obviously bad measurements
hat may have passed the quality control measures. The suite of
60 phase velocity dispersion curves that passed the quality control
 W  
easures and available for surface wave tomography is shown in
ig. 5 (c). It shows velocity variation of up to 20 per cent which indi-
ates substantial structural heterogeneity in the region. A similar sig-
ificant amount of velocity variation is also observed for the suite of
ispersion curves strictly sampling the BTFZ ( Fig. S4a ), suggesting
 relati vel y complex cr ust and upper most mantle str ucture beneath
he transform plate boundary that reflect its various morphotectonic
eatures. 

.5 Phase velocity tomography 

he ultimate goal of this research work is the estimation of a
-D isotropic shear-wave velocity model of the crust and up-
ermost mantle, spanning the entire BTFZ and adjacent oceanic
ithospheres. To achieve this, we follow a two-step approach
hat includes (1) inversion for first-overtone Rayleigh wave
hase velocity maps at discrete periods between 4.0 and 8.0 s
shorter and longer period measurements conserv ati vel y dis-
arded) and (2) extraction and inversion of local nodal first-
vertone Rayleigh wave dispersion curves for isotropic 1-D
hear-wav e v elocity structures that will be thereafter compiled
o give the final 3-D shear-wave velocity model of the study
egion. 

In this section, we describe the first step in which we use reliable
ispersion curves to invert for 2-D first-overtone Rayleigh wave
hase velocity maps at 11 distinct periods between 4.0 and 8.0 s.
e implement the widely used ray theory that assumes the seismic
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surface waves as rays that propagate along great circle paths con- 
necting sources and receivers (in this case station pairs). Expressed 
in terms of phase-slowness, the forward problem is conveniently 
linear with each frequenc y-dependent trav el time measurement ob- 
tained by integrating the phase-slowness along the wave path. We 
adopt a linearized iterative least-squares inversion scheme (Menke 
2012 ) with regularization deli vered b y data-uncertainty-weighted 
second deri v ati ve smoothing. Based on a series of checkerboard 
resolution tests discussed in the subsequent subsection, we param- 
eterize the study area into a uniform grid system of 0.1 ◦ × 0.1 ◦

and apply optimal regularization strengths across all investigated 
period. To further identify and weed out bad measurements, the 
inversion is performed twice in a systematic manner. In the first 
run, the inversion is performed for all selected dispersion data with 
associated estimated measurement uncertainties as obtained from 

the cross-spectra waveform fitting. Data residual for each datum 

including its mean and standard deviation at each period are cal- 
culated. In the second step, data with absolute residual ≥2 times 
the standard deviation of all residuals at each investigated period 
are discarded before performing the inversion. Fig. 5 d shows the 
final number of phase velocity dispersion measurements used for 
the tomographic inversion at six selected periods between 4.0 and 
8.0 s. Examples of distributions of phase travel time misfits cal- 
culated as the difference between the observed phase times and 
predictions from the final estimated Rayleigh wav e v elocity maps 
at selected periods are shown in Fig. S5 . Apart from the 5.0 s period 
( Fig. S5c ), the standard deviation increase with period to a maxi- 
mum of about 1.32 s at the 7.2 and 7.9 s periods ( Figs S5e and f ). 
This trend can be attributed to decreasing SNR with increase in pe- 
riod, indicating relati vel y poorer data quality at the longer periods. 
Ho wever , the mean misfit is generally < 1 s across all investi- 
gated periods, capturing how well outliers were removed from the 
data. 

The straight-ray method we have used in this study does not 
correct for finite-frequency effects like scattering, multipathing, 
diffraction, etc. unlike other sophisticated methods (e.g. eikonal 
and Helmholtz tomography) that also deliver robust uncertainties 
alongside the resulting group or phase velocity maps. Ho wever , 
some studies that have compared tomographic maps from straight- 
ray and eikonal methods (e.g. Lin et al. 2009 ; Shen et al. 2016 ; 
Feng & Ritzwoller 2019 ) found similar velocity variations in both, 
with the straight-ray tomographic maps, as expected, only slightly 
faster than eikonal ones. In a study to investigate the influence of 
different assumptions about the propagation of surface waves in 
seismic tomography, Godfrey et al. ( 2019 ) favoured great-circle 
ray approximation based on similar tomographic results obtained 
using ray and finite-frequency theories. Notwithstanding, we made 
efforts to further examine the robustness of our straight-ray to- 
mographic maps by applying the finite-frequency kernels method 
of Lin et al. ( 2009 ) to our dispersion data. Although the analyt- 
ical sensitivity kernels we used (eq. 11 in Lin et al. ( 2009 )) do 
not account for ray bending away from the great circle, it takes 
care of finite-frequency effects. In any case, short interstation dis- 
tances that dominate our dispersion measurements suggest negligi- 
ble amount of ray bending. The results displayed in Fig. S6 of the 
Suppor ting Infor mation , overall, show similar features as those of 
our straight-ray tomography (Figs 6 and S7 ) but slower across all in- 
vestigated periods. Therefore, we conclude that straight-ray tomog- 
raphy is reliab ly applicab le and suffices in instances like this where 
data quantity and quality inhibits the use of more sophisticated 
techniques like the eikonal method, which requires reconstructing 
the phase-delay surface for each virtual source. The slight differ- 
ence in absolute velocity between both methods will be taken into 
consideration when interpreting our straight-ray tomographic maps 
(Fig. 6 ). 

3.6 Synthetic recovery tests and sensitivity kernel analysis 

Prior to phase velocity tomographic inversion, we performed a se- 
ries of checkerboard resolution tests to determine the ability of our 
data to resolve structural anomalies of different sizes and the opti- 
mum inversion parameters. We construct synthetic models having 
anomaly sizes of 0.25 ◦, 0.4 ◦, 0.5 ◦, 0.6 ◦, 0.7 ◦, 0.9 ◦ and 1.0 ◦ with 
alternating velocities of ±10 per cent from the mean velocity of 
3.5 km s −1 . For each synthetic model and at each period, using iden- 
tical paths available for the real data, we compute the travel times for 
each path. With the same tomographic inversion scheme used for 
the real data, the synthetic travel times are inverted using different 
model parameterizations and inversion parameters. Analysing the 
multitude of results, in general, the checkerboard patterns are well 
retrieved using model parametrization of 0.1 ◦ × 0.1 ◦ and smooth- 
ing weights lying between 1 and 5. Fig. S8 shows the recovered 
checkerboard patterns for the different anomaly sizes at 4.0, 5.0 and 
7.9 s periods. Along the BTFZ and the immediate adjacent Juan de 
Fuca and Pacific oceanic plates, checkerboard sizes of 0.5 ◦ × 0.5 ◦

to 1.0 ◦ × 1.0 ◦ are relati vel y well recovered, although with reduced 
amplitude, especially for the ≤ 0 . 5 ◦ × 0.5 ◦ pattern ( Figs S8a –i ). 
While not the focus of the current study, nor ther n and central sec- 
tions of the Gorda ridge are similarly fairly retrieved. Towards the 
peripherals of the study area, especially the nor ther n and southern 
edges, the recov ery de grades and smearing is observed. For the 
smallest anomaly size of 0.25 ◦ × 0.25 ◦ shown in Figs S8(a )–( c ), 
the recovery is relati vel y poor. On the basis of these tests, we focus 
on interpreting seismic velocity anomalies along the BTFZ and its 
immediate adjacent regions where our data show optimal resolution 
of ∼55 km. 

At virtually all investigated periods of our phase velocity tomo- 
graphic maps (Fig. 6 ), sev eral re gions along the BTFZ are delineated 
by slower velocities compared to the immediate adjacent oceanic 
lithopsheres. To ascertain the robustness and reliability of this 
feature, we perform a synthetic recovery test for the geometry of the 
BTFZ. A test model in which the BTFZ is represented by a ∼350 km 

long slow velocity structure ( −5, −8 and −10 per cent perturbation 
from the background velocity of 3.0 km s −1 ) with a variable width 
that has a maximum value of ∼30 km ( Figs S9.1a , S9.2a and S9.3a ) 
is constructed. Based on the test model, synthetic data is computed 
and inverted using the same model parameterization and inversion 
parameters used for the real data. As shown in Figs S9.1(b )–(g) , 
S9.2(b )–(g) and S9.3(b )–( g ), the input slow velocity structures are 
fairly well retrieved across the selected periods with some lateral 
smearing. Overall, results from both synthetic tests are encourag- 
ing, confirming that our data and parameterization are sufficient to 
recov er seismic v elocity anomalies of ∼40–50 km but with dimin- 
ished amplitudes across all periods of interest beneath the study 
region. 

To estimate the depth ranges of sensitivity of our first-overtone 
Ra yleigh-wa ve phase velocity maps at the different periods which 
will serve as a guide for their interpretations, we calculate their sen- 
sitivity kernels using surf96 (Herrmann & Ammon 2004 ). Firstly, 
we perform a linearized iterative inversion (Herrmann & Ammon 
2004 ) of the arra y-a v eraged phase v elocity dispersion curv e (Fig. 3 ) 
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Figure 6. First-overtone Rayleigh wave phase velocity tomographic maps at six discrete time periods of 4.0, 4.5, 5.0, 6.1, 7.2 and 7.9 s. The black lines indicate 
the approximate location of the Blanco Transform Fault. Peripheral regions with poor raypath coverage are masked out. 

t  

l  

l  

s  

P  

I  

b  

t  

o  

s  

6  

a  

s  

m  

o  

u

3

B  

l  

o  

s  

a  

i  

i  

i  

m  

B  

b  

s  

k  

h  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/2/1287/7750053 by Syracuse U

niversity C
ollege of Law

 user on 31 O
ctober 2024
o obtain the arra y-a veraged 1-D shear-wa ve velocity profile (red
ine in Fig. 7 a). The starting 1-D shear-wave velocity model (blue
ine in Fig. 7 a) including P -wave velocity and density for the inver-
ion are obtained from pre vious tomo graphic studies over the NE
acific (e.g. Gao & Shen 2015 ; Bell et al. 2014 , 2016 ; Gao 2018 ).
t is parametrized with a 3.5 km water layer, 0.5 km sedimentary
asin and a 5-km-thick crust overlying the upper mantle. In general,
he sensitivity kernels (Fig. 7 b) show that our investigated periods
f 4.0–8.0 s are sensitive to shear-wave velocity structure from the
eafloor to a depth of ∼25–30 km. Peak sensitivities of the 4.0, 5.0,
.0, 7.0 and 8.0 s periods are at approximate depths of 5, 9, 12, 15
nd 17 km, respecti vel y. In par ticular, the shor test period of 4.0 s is
trongl y sensiti ve to the near surface structures while the 5 s period
ap is sensitive to crustal shear-wav e v elocity. The longer periods

f 6.1, 7.2 and 7.9 s are sensitive to the deeper structures in the
ppermost mantle. 
.7 Inversion for shear-wave velocity 

efore inverting for the shear-wave velocity model, the phase ve-
ocity tomographic maps are further smoothed into a coarser grid
f 0.3 ◦ × 0.3 ◦ which results in a total of 238 gridpoints for the
tudy area. At each gridpoint of the smoothed phase velocity maps,
 local first-overtone Rayleigh wave phase velocity dispersion curve
s extracted for eleven distinct periods between 4.0 and 8.0 s, then
nv erted for 1-D shear-wav e v elocity structure using a linearized
terative least-squares inversion scheme ( surf96 – Herrmann & Am-

on 2004 ). We tested several model parameterizations that include
-splines and stack of horizontal layers with varying thicknesses
efore adopting a 3-D layered model that consists of water and
ediment layers, a 6-km × 1-km-thick crust, a 10-km × 2-km, 4-
m × 5-km and 4-km × 10-km-thick upper mantle, overlying a
alf-space. Crustal and upper mantle shear-wave velocities in the
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Figure 7. (a) Linearized iterativ e inv ersion of the arra y-a veraged dispersion 
curve. The inset shows the fit between the observed (black solid circles) and 
predicted (red curve) phase velocity dispersion curves. The blue and red lines 
are the starting and final 1-D shear-wave velocity structures, respecti vel y. (b) 
first-overtone Ra yleigh wa ve phase velocity sensitivity kernels with respect 
to the arra y-a veraged shear-wa v e v elocity structure (red line in panel a) for 
time periods between 4.0 and 8.0 s investigated in this study. The horizontal 
black dashed lines indicate the 3.5 km water depth. 
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reference starting model are obtained from the average 1-D shear- 
wav e v elocity profile of the study area (Fig. 7 a). Corresponding 
P -wav e v elocities are scaled from the shear-wav e v elocities while 
density structure is obtained from P -wave velocities using empir- 
ical relations of Brocher ( 2005 ). Bathymetry in the vicinity of the 
BTFZ is complex and v aries relati vel y strongl y (contrast reaching 
up to ∼1600 m) as seen in Fig. 1 . The excitation and propaga- 
tion of surface w aves, especiall y high frequency/short wavelength 
Ra yleigh wa ves, ha ve been shown to be substantiall y af fected b y 
topograph y/bath ymetry and sediment thickness (Gualtieri et al. 
2015 ; Wehner et al. 2022 ), so that ignoring them in tomographic 
inversions could introduce some bias into the results. Although the 
wavelength of the shortest period (4 s) Rayleigh waves in our anal- 
ysis is much greater than the largest bathymetric contrast in the 
study area (assuming Ra yleigh-wa ve phase speed of 3 km s −1 ), we 
perform the inversion with true bathymetry. We use bathymetry 
data from Tozer et al. ( 2019 ) as shown in Fig. 1 and sediment 
thicknesses from NOAA’s global map (Divins 2003 ). To stabilize 
the shear-wave velocity inversions, we apply a 16-point linear in- 
terpolation to the eleven phase velocity measurements and mildly 
smoothen water depths at a few gridpoints where there is relatively 
strong variation in bathymetry of more than 1 km. 

Knowing that the inversion of surface wave dispersion data for 
shear-wav e v elocity using linearized iterativ e inv ersion techniques 
can be sensitive to the initial velocity model, we generated a suite 
of 50 starting models for each gridpoint by perturbing the reference 
starting model, following a uniform distribution within 25 and 15 
per cent in the crust and mantle, respecti vel y. The w ater depths 
and sediment thicknesses are kept constant. At each gridpoint, all 
50 starting models are then inverted for shear-wave velocity only. 
After 40 iterations, we observe relati vel y good fit between the syn- 
thetic and measured dispersion curves, signifying model conver- 
gence. During each inversion, minimal smoothing and damping 
are enforced systematically to avoid unrealistic variations in veloc- 
ity across layers. The fifty constrained models form an ensemble of 
1-D shear-wav e v elocity profiles whose mean and standard deviation 
are computed, representing the final shear-wave velocity structure at 
each gridpoint. Two examples of the inversion procedure are shown 
in F ig. 8 . F inally, all 238 mean shear-wave velocity structures are 
compiled into a 3-D shear-wave velocity model of the study region. 

4  R E S U LT S  

In this section, we present and describe the main results of the study 
that include the first-overtone Ra yleigh-wa ve phase velocity maps 
(Fig. 6 ) and the 3-D isotropic shear-wave velocity model (Figs 8 , 
9 , 10 and 11 ), down to a depth of ∼22 km. 

4.1 Phase velocity maps 

Our first-overtone Ra yleigh-wa ve phase velocity tomographic maps 
at periods of 4.0, 4.5, 5.0, 6.1, 7.2 and 7.9 s are shown in Fig. 6 . 
A summar y of tomog raphic maps at all eleven periods between 4.0 
and 8.0 s investigated in this study are shown in Fig. S7 . In general, 
sev eral re gions along the ∼10–40 km wide BTFZ are characterized 
by slow phase v elocities relativ e to the immediate adjacent Juan de 
Fuca and Pacific plates, across all investigated periods from 4.0 to 
7.9 s (Figs 6 and S7 ). The resolution of our data ( ∼55 km) is insuffi- 
cient to completely resolve the smaller segments like the SD where 
the observed slow velocities are less apparent. Nonetheless, this is 
an important feature of our tomographic model which is consisent 
with several lines of evidence that indicate transform fault zones 
to be significantly damaged in contrast to their surrounding normal 
oceanic lithosphere (Cox et al. 2021 ). The average phase velocities 
range from ∼3.55 ± 0.1 km s −1 at 4.0 s period to ∼4.2 ± 0.2 at 7.9 s 
period (Figs 6 a and f). At the shortest periods of 4.0–5.0 s (Figs 6 a–
c and Figs S7a –e ), phase velocity is mostly sensitive to sediments, 
the upper and lower crust (Fig. 7 ). The slowest velocities ( ∼3.5–
3.7 km s −1 ) along the strike of the BTFZ at these periods roughly 
coincide with the locations of the western and central BR, WBD and 
the BTFZ-Juan de Fuca ridge RTI. Moving towards eastern BTFZ 

from the WBD, the slow velocity zone becomes slightly faster and 
narro wer , especially around the SD and regions preceding the CD. 
Approximately within the CD and western BR, the slow velocity 
zone broadens and slightly intensifies. The slowest velocities off 
the strike of the BTFZ are observed in the southeastern section of 
the Juan de Fuca Plate bordering eastern BR, GD and GR to the 
north. These slow velocity structures are quite intense at periods 
∼< 5 s and become less apparent at longer periods. Overall, at these 
short periods, phase velocities within the Pacific Plate (south of the 
BTFZ) are generally faster than those on the Juan de Fuca Plate. 

The longer periods ( ∼> 5 s), especially 6.1, 7.2 and 7.9 s (Figs 6 d–
f and Figs S7f–k) are sensitive to the uppermost mantle structure, 
down to a depth of ∼22 km (Fig. 7 ). Similar phase velocity patterns 
as seen at the 5 s period map with slight variations are observed 
in the 6.1 s period map. Here, the distinct slow phase velocities 
along central BTFZ and western BR appear to elongate along strike 
into eastern BR and the GD. They also spread out into the adja- 
cent central Pacific Plate, southward. Just like at 4–5 s period, fast 
phase velocities ( ∼4–4.2 km s −1 ) dominate both adjacent oceanic 
plates with slightly varying intensities, typical for normal oceanic 
lithospheric mantle. At the longest periods of 7.2 and 7.9 s, the 
phase velocity variation patterns are identical. The slowest velocity 
anomal y mostl y along western BR at the 7.2 s period appears to 
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e narrowed, further elongated (compared to the preceding period
f 6.6 s in Fig. S7i ) and more aligned with the ridge. South of
his anomaly in the Pacific Plate, an isolated slow velocity zone
ersists into the 7.9 s period map with reduced intensity, spreading
ut towards the BR. At these periods, much of the Pacific Plate
s dominated by slower velocities compared to the Juan de Fuca
late. Although beyond the scope of this study, across some of

he investigated periods (e.g. 4.0, 4.2, 5.7 and 6.1 s), the nor ther n
nd central sections of the Gorda ridge are broadly delineated by
 s  

igure 8. Examples of 1-D Vs inversion at a node approximately within Gorda De
epth and sediment thickness, respecti vel y. The short vertical bars in the predicted 
lightly slower velocities compared to the bounding adjacent Pacific
nd Gorda plates ( Fig. S7 ). At ≥10 s periods, Zhang et al. ( 2021 )
lso observed a similar pattern in their phase velocity maps. 

.2 Shear -w av e v elocity model 

ig. 8 shows examples of 1-D shear-wave velocity structures and
ncertainties (represented by one standard deviation of the en-
emble of final shear-wave velocity profiles at each grid node) at
pression (a, b) and along the Blanco Ridge (c, d). H water and H sed are water 
mean dispersion curves indicate the range of the predictions. 
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Figure 9. The estimated shear-wave velocity model at selected depths of 2, 5, 8, 14, 18 and 22 km. The model is computed as the mean of the ensemble of 
final models from the linearized iterative inversion. The segments of the BTFZ are shown in (c) as: WBD – Western Blanco depression, EBD – Eastern Blanco 
depression, SD – Surv e yor depression, CD – Cascadia depression, WBR – Western Blanco ridge, BR – Blanco ridge, EBR – Eastern Blanco ridge and GD –
Gorda depression. 
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two representative grid nodes (latitude: 43.4 ◦, longitude: −127.7 ◦

and latitude: 43.1 ◦, longitude: −126.8 ◦) along the BTFZ. Un- 
certainties are remarkably large ( ∼0.3–0.5 km s −1 ) in the sedi- 
ment lay er (F igs 8 b and d) w here lack of short period dispersion 
measurements may have undermined their resolution. For this rea- 
son, in this study, we do not interpret velocities in the sediment layer 
and depth = 0 km in subsequent representations/manifestations of 
the shear-wave velocity model correspond to the top of the crust 
unless otherwise specified. At upper mantle depths of ∼24–30 km, 
there is a relati vel y sporadic increase in standard deviation to over 
∼0.1 km s −1 , indicating inconsistencies in the set of recovered mod- 
els. This observation is strongly consistent with the depth sensitiv- 
ity of our surface wave data (Fig. 7 ), thus, we conserv ati vel y onl y 
present shear-wave velocity structure from the crust to a depth of 

∼22 km. 
The final 3-D shear-wave velocity model is obtained by compil- 
ing all 1-D shear-wav e v elocity profiles derived for every 0.3 ◦ ×
0.3 ◦ grid node. Horizontal sections of the 3-D shear-wave velocity 
model at six representative depths are displayed in Fig. 9 while their 
corresponding uncertainties are shown in Fig. S10 . Uncertainties in 
the crust are fairly homogeneous ( Figs S10a and b ), ranging from 

around 10–60 m s −1 and averaging about 30 m s −1 across the study 
region. At the shallowest mantle depths of 6–8 km ( Fig. S10c ), un- 
certainties increase slightly, averaging about 50 m s −1 . Because the 
sensitivity of short period surface wave dispersion data decreases 
with increasing depth, uncertainties are larger and more variable at 
the deepest depths of ∼≥18 km ( Figs S8e and f ), reaching over 
100 m s −1 at some locations (mostly within the Juan de Fuca Plate 
with limited raypath coverage; Fig. S11 ) with a mean of about 
70 m s −1 across the study region. 
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Figure 10. (a) Outline of the study area with areas used to calculate segment average 1-D Vs structures shown in coloured boxes. (b) Average 1-D Vs profiles 
calculated for the segments of the BTFZ (WBD, WBR, CD, EBSD, GD and EBR), Pacific Plate (PA) and Juan de Fuca Plate (JdF) boxed in (a). (c) Per cent 
shear-wav e v elocity difference between 1-D Vs profiles in (b). Note: Depth = 0 km corresponds to the top of the crust. 
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The shear-wav e v elocity model broadl y shows v ariations simi-
ar to phase velocity which suggests robustness of the structural
eatures. To help further illustrate observations in our shear-wave
elocity model and compare structure beneath the different seg-
ents along the BTFZ, in Fig. 10 , we show averages of the shear-
av e v elocity profile for six segments along the BTFZ, two off-axis

egions and the differences between them. We also show seven ver-
ical cross-sections of the velocity model, running along and across
he strike of the BTFZ in Fig. 11 . A summary of our shear-wave
elocity model as horizontal slices from the crust to the maximum
epth at intervals of 1 km in the crust and 2 km in the upper mantle
s shown in Fig. S12 . From the crust to uppermost mantle depths
f up to ∼22 km, in general, w e observe slow shear-wa v e v eloci-
ies that are sometimes segmented along the BTFZ (Figs 9 , 11 and
2 ). In the shallow crust corresponding to the 2 km map (Fig. 9 a),
low shear-wav e v elocities ( ∼3.3–3.4 km s −1 ) trend the inside cor-
er of the BTFZ-Juan de Fuca RTI, nor ther n boundar y of wester n
TFZ and central BTFZ. Relati vel y faster velocities ( ∼3.5 km s −1 )

een in western BTFZ may represent several topographic highs
ike PP that bound the western basins. Slow velocities are also ob-
erved at depths of ∼4–8 km in a section of the Juan de Fuca Plate
djacent to the eastern BR. Gao ( 2016 ) and Gao ( 2018 ) in a large-
cale study of the Cascadia subduction system and VanderBeek &
oomey ( 2019 ) also imaged a similar feature at a depth of ∼9 km
nd in the lithospheric mantle, respecti vel y. Its location coincides
ith a pseudofault associated with the second of a series of ridge
ropagation events (Fig. 1 ) that culminated in the formation of the
TFZ (Wilson et al. 1984 ). Seismic reflection and gravity data

e.g. Calvert et al. 1990 ; Nedimovi ́c et al. 2008 ; Marjanovi ́c et al.
011 ) hav e rev ealed pseudofaults flanking the Juan de Fuca ridge
o be characterized by anomalous crustal structure and layer 2A
hickness. In particular, along this propagator wake, VanderBeek &
oomey ( 2019 ) imaged both relati vel y fast and slow P -wave upper-
ost mantle velocities that suggest a variable structure beneath the

ault characterized by distinct thermal and tectonic conditions. Con-
istent with Nedimovi ́c et al. ( 2008 ), we speculate that the reduced
hear-wav e v elocity is possibly caused by localized and enhanced
rustal shearing and fracturing which facilitate fluid infiltration and
ineral alteration in the uppermost mantle. In the 5 km map, the

low est shear-wa v e v elocities along the BTFZ ( ∼3.8–3.9 km s −1 )
re seen roughly around the central to western areas of the BR and
he inside corner of the BTFZ-Juan de Fuca RTI, stretching along
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Figure 11. (b–h) Depth cross-sections running along the seven profiles (A–A 

′ , B–B 

′ , C–C 

′ , D–D 

′ , E-E 

′ , F-F ′ , G-G 

′ ) identified in (a). The vertical white 
broken lines in (b–g) indicate the approximate locations of the segments of the BTFZ. The horizontal white lines in (h) indicate the approximate maximum 

depth of seismicity in each segment (Kuna 2020 ; Ren et al. 2023 ). The 350 ◦C, 600 ◦C and 800 ◦C isotherms calculated from a numerical model considering 
hydrothermal cooling (Roland et al. 2010 ) are shown in (h). Seismicity distribution plotted as grey circles in (h) are from Kuna ( 2020 ). 
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the nor ther n boundar y of the WBD , EBD and SD . At this depth, 

slightl y fast shear-w av e v elocities ( ∼4 km s −1 ) dominate the P acific 
Plate and some portions of the Juan de Fuca Plate approximately 
opposite the CD. Amongst all six segment a verage shear-wa ve ve- 
locity profiles along the BTFZ (Fig. 10 a), the WBD, eastern Blanco 
and Surv e yor depressions (EBSD) and western Blanco ridge (WBR) 
are the slowest (3.4–3.8 km s −1 ) in the crust while the CD, eastern 
Blanco ridge (EBR) and GD are the fastest (3.5–3.9 km s −1 ). 
At the uppermost mantle depth of 8 km (Fig. 9 c), two distinct 
slow velocity zones ( ∼4.3–4.4 km s −1 ) are seen along the BTFZ 

at locations roughly corresponding to the WBD and EBD, and the 
central to westernmost BR. Similar shear-wave velocity variations 
but slightly slower ( ∼4.1–4.2 km s −1 ) are observed along the BTFZ 

at the ∼18–22 km depths (Figs 9 e, f and S12l –n ). Here, the slow 

velocities along the BR appear to extend into the CD while velocities 
on the bounding Juan de Fuca and Pacific plates are generally faster 
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 ∼4.6–4.8 km s −1 ). Overall, the Juan de Fuca Plate appears faster
han the Pacific Plate at depths ∼> 14 km as also observed by Bell
t al. ( 2016 ), Byrnes et al. ( 2017 ) and Wu et al. ( 2023 ). In the
ppermost mantle along the BTFZ, shear-wave velocity variation
eaches ∼> 7 per cent (Fig. 10 b) and exhibits negative gradient
tarting from a depth of ∼10 km (Fig. 10 a). At these depths, the

BD that is adjacent to the western RTI and WBR constitute the
lowest segments. While the WBD is on average about 4 and 5 per
ent slower than the GD that is located close to the eastern RTI and
BSD, respecti vel y, the WBR is interestingl y ∼2 per cent slower

han the EBR (Fig. 10 b). To facilitate comparison with previous
omographic studies in the region, w e ha ve shown fairly resolved
ections of the Gorda ridge that reveal the tectonic feature as a broad
e gion of relativ ely slow v elocities (see summary of our shear-wave
elocity model in Fig. S12 ). 

.3 Comparison with pr e vious studies 

here have been some tomographic studies in the Cascadia subduc-
ion region encompassing the Juan de Fuca–Blanco–Gorda Plate
ystem using data set from similar seismic stations as this study
e.g. Wagner et al. 2010 ; Porritt et al. 2011 ; Gao 2016 , 2018 ;
yrnes et al. 2017 ; Rathnayaka & Gao 2017 ; Janiszewski et al.
019 ; VanderBeek & Toomey 2019 ; Wu et al. 2023 ). Here, we
riefly compare our study and results with the most recent ones of
ote. Gao ( 2016 , 2018 ) obtained a 3-D shear-wave velocity model
f the crust and upper mantle, spanning the Juan de Fuca and Gorda
preading centres to the Cascade back arc, using full-wave propaga-
ion simulation and joint inversion of ambient noise (fundamental
ode Rayleigh waves; 7–50 s) and regional seismicity (10–100 s)

ata. These periods are mostl y sensiti ve to the oceanic upper mantle
hear-wav e v elocity structure ( ∼9–75 km) which limits a direct and
omprehensive comparison with our short period (4–8 s) results.
t depths of 9, 14 and 22 km common to the studies, the BTFZ

s relati vel y poorl y constrained b y Gao ( 2016 ) as observed in their
heckerboard tests. Notwithstanding, we still observe some signif-
cant similarities in the variation of shear-wav e v elocity. In their
 km maps [figs 2d and 3a in Gao 2016 ) and Gao ( 2018 ), respec-
i vel y], a low velocity zone is imaged in the Juan de Fuca Plate,
djacent to the nor ther n wall of eastern Blanco. It extends into the
TFZ-Gorda RTI and the nor ther nmost to central parts of Gorda

idge in Gao ( 2016 ). We observe a similar feature at ∼4–8 km
Figs 9 a–c and S12b –i ) but faster (difference of ∼0.5 km s −1 ) at
epths ≥8 km in comparison with Gao ( 2016 ), and mostly focused
ithin the Juan de Fuca Plate. The raypaths of the fundamental
ode Ra yleigh-wa ves in Gao ( 2016 ) traverse significant sections of

he continental lithosphere, the accretionary wedge and the deep
cean (where the BTFZ is located) where depth sensitivity varies
t periods of ∼10 s. For instance, using starting models that consist
f true water depths and sediment thicknesses, at 10 s period, depth
ensitivity peaks at ∼15, ∼5 and ∼12 km in the continent, accre-
ionary wedge and deep ocean, respecti vel y. This implies that the
v erage v elocity of the medium between seismic stations in, say, the
ccretionary wedge and the deep ocean is influenced by the slower
r ustal str ucture of the accretionar y wedge and the faster uppermost
antle structure in the deep ocean. We, thus, believe that the shear-
av e v elocities in the vicinity of the BTFZ at ∼9 km in Gao ( 2016 )

nd Gao ( 2018 ) may have been significantly slowed by multiple ray-
aths that traverse the slower accretionary wedge and continental
rust across the Cascadia deformation front. At the 14 and 22 km
epths (figs 2e and f in Gao 2016 ) where our maps (Figs 9 d and
) show the slowest velocities red ( ∼4–4.2 km s −1 ) beneath west-
rn and central Blanco, Gao ( 2016 ) also observed similarly slow
 elocities ( ∼4–4.4 km s −1 ). Howev er, at 22 km where we observed
low velocities beneath the WBR ( ∼4.1 km s −1 ; Fig. 9 f), Gao ( 2016 )
ave imaged faster velocities ( ∼> 4.5 km s −1 ) that extend through-
ut eastern Blanco. It is important to note that Gao ( 2016 , 2018 ) did
ot utilize data from 30 seismic stations of the Blanco experiment
sed in our study which have provided more local constraints, facil-
tating a more accurate imaging of structures beneath the BTFZ. In
he most recent study over the region, Wu et al. ( 2023 ) developed
 3-D shear-wave velocity model of the region from fundamental
ode Ra yleigh-wa ve measurements (10–80 s). At their shallow est

epth range of 20–40 km (fig. 7b in Wu et al. 2023 ), the BTFZ and
orda ridge are revealed as regions of slow velocities broadly in

greement with our results (Figs 9 e and f). VanderBeek & Toomey
 2019 ) inverted Pn traveltimes for P -wave velocity structure of
he uppermost mantle beneath the Pacific northwest. Generally
onsistent with our results (Figs 9 d–f and S12g –n ), they im-
ged the uppermost mantle beneath the BTFZ and Gorda ridge
s relati vel y slow velocities. Another study b y Bell et al. ( 2016 )
sed fundamental mode Rayleigh waves extracted from teleseismic
arthquakes in the period band 20–143 s to model the shear-wave
elocity structure of the upper mantle beneath Juan de Fuca and
orda plates. The lack of short period ( < 10 s) surface wave mea-

urements restricted their study to greater than 24 km depth. At
5 km depth, they obtained the Gorda ridge as a low velocity zone
 ∼4.1 km s −1 ) broadly akin to our observation in the uppermost
antle ( Figs S12g –n ). Other tomographic studies in the Casca-

ia re gion hav e either not geo graphicall y covered the entire BTFZ
nd/or focused on the deeper ( > 30 km) mantle structure (e.g. Wag-
er et al. 2010 ; Porritt et al. 2011 ; Byrnes et al. 2017 ; Rathnayaka
 Gao 2017 ), thus, limiting comparison with our results. Overall,

t overlapping periods and depths, there is a fairly good agreement
etween our observations and those from previous studies. The few
bserved differences can be attributed to a number of factors that
nclude the use of different inversion methods, data types and station
istribution. 

 D I S C U S S I O N  

.1 Causes of slow velocities along the BTFZ 

o interpret the reduced seismic velocities ( ∼0.2–0.45 km s −1 ; ∼4–
 per cent) we observe along the BTFZ from crust to uppermost
antle depths of ∼22 km, it is important to first consider the mech-

nisms and types of material variations that are likely responsible.
e note here that significant lateral smoothing has been applied

o the tomographic inversions, and therefore, the true fault zone
ocks should hav e ev en slower seismic velocities within a nar-
ower zone than we have imaged. This makes our results a lower
ound on the magnitude of possible velocity reduction. Previous
tudies of continental and oceanic strike-slip faults have identi-
ed intense fracturing (e.g. Tr éhu & Purdy 1984 ; Chester et al.
993 ; Van Avendonk et al. 1998 , 2001 ; Roland et al. 2012 ) and
ineral alteration (e.g. Bonatti 1978 ; Detrick et al. 1982 ; White

t al. 1984 ; Detrick et al. 1993 ; Faulkner et al. 2003 ) as the
wo most likely factors responsible for the significantly reduced
low velocities observed within the broad transform deformation
one. Globally, abundant seismicity has been reported along OTFs
McGuire et al. 2012 ; Wolfson-Schwehr & Boettcher 2019 ; Kuna
020 ; Yu et al. 2021 ), especially within the typical oceanic crustal
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Layer 3 that extends from ∼2 km beneath the ocean floor to the 
Moho. Slip during an earthquake induces brittle deformation in the 
broad transform fault zone that creates and sustains highly perme- 
able pathways for seawater infiltration, leading to enhanced crustal 
hydration that can be imaged as slow v elocities. For e xample, in 
the East Pacific Rise (EPR), alongside evidence from gravity data 
and ef fecti ve media anal ysis, Roland et al. ( 2012 ) interpreted the 
slow velocities imaged along the Gofar and Quebrada transform 

faults at depths of ∼3–9 km as dominantly due to intense fractur- 
ing. Also along the EPR, Van Avendonk et al. ( 2001 ) attributed 
the anomalously low compressional velocities from seafloor to the 
Moho to intense brittle deformation caused by transpression along 
the transform plate boundary . Similarly , in the Atlantic, e xtensiv e 
fracturing and faulting were invoked by White et al. ( 1984 ) to ex- 
plain the upper crustal slow velocities imaged in Kane, Vema and 
Oceanographer. 

Until recently, the depth extent of brittle deformation along OTFs 
has been a topic of intense debate. Although some earlier studies 
(e.g. McKenzie et al. 2005 ; Abercrombie & Ekstr öm 2001 ) have 
suggested a cut-off depth corresponding to the ∼600 ◦C isotherm, 
microstructural and textural analysis of peridotite mylonites recov- 
ered from Shaka, Prince Edwards and Romanche OTFs (Kohli & 

Warren 2020 ; Prigent et al. 2020 ), alongside recent records of deep 
OTFs seismicity [extending beyond and reaching depths corre- 
sponding to the ∼600 ◦C and > 1000 ◦C isotherms, respecti vel y; 
Kuna et al. ( 2019 ); McGuire et al. ( 2012 ); Wolfson-Schwehr et al. 
( 2014 )], indicate fluid infiltration and brittle to semi-brittle fractur- 
ing deep into the ductile upper mantle parts of OTFs. These condi- 
tions are expected to facilitate fluid-rock interactions that may result 
in serpentinization of mantle peridotite and/or formation of my- 
lonitic peridotites that will affect the structural, compositional and 
mechanical properties of OTFs and, inv ariabl y, reduce seismic ve- 
locities. Just as observed for other OTFs, especially in the Atlantic, 
at upper mantle depths from the Moho to ∼16 km in Romanche 
TF, Wang et al. ( 2022 ) obtained around ∼12.4 per cent reduction 
in seismic velocity which they interpreted as being caused by the 
serpentinization of mantle peridotite. The presence of small amount 
of partial melts at upper mantle depths have also been occasionally 
invoked to explain slow velocities along OTFs (Wang et al. 2022 ). 

The sharpest velocity contrasts in the average shear-wav e v eloc- 
ity profiles along the BTFZ (Fig. 10 a) are observed at depths of 
∼6 km (corresponding to the Moho) and ∼16 km in the uppermost 
mantle. On average, in the cr ust, the ver tical velocity g radient is 
∼83 m s −1 km 

−1 . 
It reduces drastically to ∼10 m s −1 km 

−1 at depths just below 

the Moho to ∼16 km and becomes ne gativ e ( ∼−50 m s −1 km 

−1 ) 
at the deepest depths from ∼16 to 22 km. Based on these varia- 
tions in shear-wave velocity in our models (Figs 9 , 10 and 11 h), 
predicted thermal structure of the BTFZ considering hydrother- 
mal circulation in the shallow lithosphere (Roland et al. 2010 ) and 
petrological constraints from OTFs, we divide the BTFZ into three 
depth ranges and suggest possible causes for their respective slow 

velocity anomalies. Here, we define the crust to extend from the 
seafloor to the Moho at ∼6 km which is roughly constrained by the 
∼350 ◦C isotherm (Fig. 11 h), representing the lower stability limit 
of antigorite (Ji et al. 2013 ). Low-temperature serpentine (lizardite 
and chrysotile) are stable at temperatures ∼< 350 ◦C (Ji et al. 2013 ) 
and exhibit significantly reduced density relative to unaltered mafic 
rocks. This should result in anomalously reduced gravity observa- 
tions not accounted for by bathymetry which is not observed along 
the BTFZ (Sandwell et al. 2014 ) just as in Gofar and Quebrada in 
the EPR (Roland et al. 2012 ). As such, we interpret the crustal slow 
velocities ( ∼3.3–3.9 km s −1 ) to be dominantly due to e xtensiv e frac- 
turing and hydration that result in fluid-filled pores, and possibly a 
small component of mineral alteration at the base of the crust. Rel- 
ati vel y hot and young basaltic rocks in the vicinity of the RTIs may 
also explain crustal slow velocities. 

We further divide the uppermost mantle into two layers: (i) Layer 
A, from the Moho to 16 km depth where there is a relati vel y sharp 
change in shear-wave velocity across all segments of the BTFZ 

(Fig. 10 a) and that is approximately constrained by temperature 
range of ∼350–700/800 ◦C (Fig. 11 h) and (ii) Layer B, from depth of 
16 km constrained approximately by the ∼700/800 ◦C isotherm (that 
roughly represents the upper thermal stability limit of antigorite 
(Ji et al. 2013 )) to the maximum depth of ∼22 km (Fig. 11 h). 
Abundant seismicity located at the shallowest depths ( ∼6–10 km) 
within Layer A along the BTFZ (Kuna 2020 ; Ren et al. 2023 ) can 
create and sustain pathways for deep hydrothermal circulation that 
results in the alteration of uppermost mantle rocks. Considering that 
serpentinization occurs over a wide range of temperature ( ∼350–
700 ◦C and even higher temperatures in the presence of a small 
amount of aluminium; Ji et al. ( 2013 ); Bromiley & Pawley ( 2003 )) 
consistent with these depths, we interpret the slow velocities in 
Layer A as mostly due to serpentinized mantle peridotite and/or 
the deformation (brittle and/or ductile) of the uppermost mantle. 
Although there is no record of serpentinites dredged from the BTFZ 

whose petrology is scantily known, a mylonite block was recovered 
along its eastern half during a dive series in 1994 (Dziak et al. 
2000 ), indicating deep fluid-rock interactions. 

At depths corresponding to temperatures above ∼700/800 ◦C 

isotherm consistent with our Layer B, the thermal stability limit 
of serpentine group minerals is perhaps exceeded (Ji et al. 2013 ). 
Slow velocities observed at these depths (Figs 9 e and f) are likely 
due to high temperature mylonitization caused by deeper extent of 
fluid infiltration and/or the presence of partial melts. Observations of 
seismicity extending to upper mantle depths corresponding to tem- 
peratures > 600 ◦C (Wolfson-Schwehr et al. 2014 ; Kuna et al. 2019 ) 
suggest a deeper depth for the transition from brittle to ductile defor- 
mation than earlier thought. Episodes of brittle deformation at these 
depths along the BTFZ can create short-lived cracks that enhance 
and drive the penetration of seawater-derived fluids to deeper depths. 
This facilitates hydration reactions that likely lead to the formation 
of hydrated mylonitic peridotites as in Romanche (Wang et al. 2022 ) 
in Layer B. The temperature range of ∼850- < 950 ± 50 ◦C which 
falls within this layer has been estimated for the development of 
hydrated mylonites (Dr ur y et al. 1991 ; Prigent et al. 2020 ). Also, in 
the presence of water at a temperature of ∼ 920 ◦C, the mantle will 
melt. Volcanic activities in the vicinity of the RTIs in Blanco, which 
have been inferred from dredged basaltic glass (Duncan 1968 ), may 
also explain the slow velocities at these depths. Mantle upwelling 
has also been proposed to be widespread beneath OTFs based on 
observ ations of mostl y near ver tical symmetr y axis from shear-wave 
splitting measurements (Eakin et al. 2018 ). 

5.2 Porosity, serpentinization, hydration, mylonitization 

and melt fraction estimates 

To e v aluate the degree of fracturing and quantitati vel y estimate the 
resulting porosity that can explain the slow velocities we observe 
within the crust along the BTFZ, we perform ef fecti ve media anal- 
yses assuming fluid-saturated porosity. Some theoretical models 
(Wu 1966 ; Walsh 1969 ) and experimental data on porous rocks 
(Nur & Simmons 1969 ) show that their ef fecti ve elastic moduli 
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nd velocities depend strongly on the shape of the inclusions rep-
esented by their aspect ratios ( α), which are generally not well
onstrained. First, we compute and show the Hashin-Shtrikman
HS) upper and lower bounds (Hashin & Shtrikman 1963 ) on the
hear-wav e v elocity for seawater-filled composite of basalt/gabbro
n the crust over a range of porosities (shaded region in Fig. 12 a),
epresenting a wide spectrum of possible pore geometries. The
odel of Kuster & Toks öz ( 1974 ) considered the effects of dif-

erent fracture geometries on the seismic wave velocities associ-
ted with porosity. We implement this model to estimate the elas-
ic moduli and shear-wave velocity for the composite medium as
 function of pore concentration, considering crack-like fractures
imilar to those that have been observed along continental strike-
lip faults (Savage & Brodsky 2011 ). For all pore geometries shown
s coloured curves in Fig. 12 a, shear-wave velocity decreases with
ncrease in porosity and all curves fall within the HS bounds. Con-
erv ati vel y assuming oblate spheroidal pores with aspect ratios,
, ranging from 5 to 100 (curves in Fig. 12 a), the slowest ve-

ocities ( ∼3.4–3.9 km/s) we observed within the crust along the
TFZ are consistent with porosity values of ∼10.9 per cent just
elow the seafloor to ∼0.4 per cent at the cr ust-upper most mantle
oundary. 

Lizardite and chrysotile, the low-temperature (LT) serpentines
re only stable at temperatures below ∼ 350 ◦C (Evans 2004 ) while
 e  

igure 12. (a) Ef fecti ve media anal yses assuming fluid-filled porosity in the cru
eawater-saturated porosity in basalt/gabbro is computed using the Hashin-Shtrikma
f Kuster & Toks öz ( 1974 ), considering oblate spheroidal pores with aspect ratios
btained from Carlson & Miller ( 2004 ). (b) Shear-wave velocity in Layer B as a fu
raction in Layer B using aspect ratio of melt, α= 50. The solid red lines indicate 
long the BTFZ. 

ji
ntigorite, the high-temperature (HT) form is stable over a wide
emperature range of up to ∼700–800 ◦C (Ji et al. 2013 ). Accord-
ngly, HT serpentinization is expected to be present in Layer A. Ji
t al. ( 2013 ) have provided an experimental relationship between
eismic velocities and degree of serpentinization: 

V s = 4 . 51 − 0 . 84 φH T , (2) 

here V s is the shear-wave velocity and φH T is the serpentine vol-
me fraction. In Layer A (6–16 km; 6 km depth excluded), we
bserv e shear-wav e v elocities of ∼4.2–4.5 km/s along the BTFZ.
sing eq. ( 2 ), these shear-wave velocities are consistent with ∼1.2–
7 vol per cent (0.13–4.0 wt per cent) of HT serpentinization. Thus,
ayer A is characterized as a ∼10 km-thick, partially serpentinized
ppermost mantle layer. 

In Layer B (16–22 km depth), since the thermal stability of the
erpentine group minerals is likely exceeded, the slow velocities
ay be explained by high-temperature mylonitization and/or the

resence of partial melts. The shear-wave velocity variation for
ncreasing amount of hydrous phases in Layer B is estimated us-
ng an ef fecti ve medium anal ysis (Eshelb y 1957 ; Berryman 1992 ;
aylor & Singh 2002 ). See Text S1 in the Supporting Information
or details. Melt-impregnated peridotite is assumed to be the dom-
nant peridotite at these depths as found in Romanche (Tartarotti
t al. 2002 ), comprising of approximately 58.8 per cent olivine,
st along the BTFZ. Seismic shear-w av e v elocity variation with respect to 
n (HS) mixing relations (shaded region) and the two-phase media relations 
 ( α) = 5, 10 and 100. Elastic moduli of the constituent rock minerals are 

nction of degree of hydration. (c) Shear-wave velocity as a function of melt 
the upper and lower bounds of shear-wave velocity in the respective layers 
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7.45 per cent orthop yrox ene, 23.85 per cent clinop yrox ene, 1.6 per 
cent spinel and 8.3 per cent plagioclase. Elastic moduli of the dif- 
ferent minerals are obtained from Collins et al. ( 1989 ), Carlson & 

Miller ( 2004 ) and Abers & Hacker ( 2016 ) as shown in Table S2 
in the Supporting Information , and used for our calculations, re- 
vealing that ∼9.7–37.5 per cent amphibole is required to account 
for shear-wave velocities of ∼4.1–4.4 km/s in Layer B (Fig. 12 b). 
Based on natural sampled high-temperature peridotite mylonites 
from Shaka and Prince Edward OTFs, comprising of ∼12.5 per 
cent amphiboles (Prigent et al. 2020 ), our calculated degree of hy- 
dration implies that ∼> 77 per cent of Layer B is mylonitic. We 
note that grain size reduction accompanying mylonitization would 
lead to strain localization (Bickert et al. 2023 ) and additional de- 
crease in the shear-wave velocities, thereby, making our estimates 
of uppermost mantle hydration the upper bounds. Considering that 
a ∼77 per cent degree of mylonitization is quite high, the slow 

velocities at these depths may be attributed to a combination of 
two or more physical mechanisms. Although mylonites have been 
recovered from the BTFZ (Dziak et al. 2000 ), there are no available 
records of their analysis. 

Several studies have interpreted the shear-wave velocity decrease 
at the base of the oceanic lithosphere to indicate the lithosphere- 
asthenosphere boundary (e.g. Burgos et al. 2014 ; Harmon et al. 
2020 ). Similarly, the velocity drop w e ha v e observ ed in Layer B 

(Fig. 10 b) suggests the beginning of the lithosphere-asthenosphere 
boundary, and thus possibly the presence of melt. If the presence of 
partial melts is dominantly responsible for the reduced velocities in 
Layer B, the fractions of partial melt that can explain the low shear- 
wav e v elocities (4.1–4.4 km/s) are estimated using the differential 
ef fecti ve medium theory (DEM) (Taylor & Singh 2002 ). We use 
the same composition of melt-impregnated mantle peridotites as in 
the degree of hydration computation. The density, shear and bulk 
moduli of melt are obtained from Clark et al. ( 2016 ). Assuming 
the melt inclusions are oblate spheroids with aspect ratio of 50 as 
adopted by Wang et al. ( 2022 ) in Romanche, the estimated melt 
fractions in Layer B that can explain the imaged slow velocities fall 
in the range of ∼0.43–1.6 per cent (Fig. 12 c). 

5.3 Crustal accretion along OTFs 

We observe the slowest crustal velocities along the BTFZ in the 
vicinity of the Blanco-Juan de Fuca RTI, extending into the WBD 

(Figs 6 a,b, 9 a and b). This is consistent with intense deformation 
and the presence of multiple fractures and cracks due to regional 
strain. Weakl y deformed lav as, breccias and dolerites have been 
observed and dredged from the north and south walls of the west- 
ernmost ∼40 km of the BTFZ (Melson 1969 ; Karson et al. 2002 ). 
The overshooting Juan de Fuca ridge tip that appears to slightly 
e xtend ov er the RTI into the transform fault (Fig. 1 ) indicates con- 
tinuation of the magma chamber that feeds the westernmost segment 
of the transform fault (Stakes et al. 2006 ; Ren et al. 2023 ). Similar 
observations have been made in the Sequeiros OTF where the ridge 
tips also form magma rich J-shaped abyssal hills (Fornari 1989 ). 
This appears to be consistent with the imaged uppermost mantle 
slow shear-wave velocities ( ∼4.1–4.3 km/s; Figs 9 e,f and 10 a) in 
Layer B in the westernmost BTFZ, which can be explained by the 
presence of up to 1.6 per cent partial melt (Fig. 12 c) that extends 
into Layer A at some locations. Similarly slow shear-wave velocities 
( ∼4.1 km/s) in the uppermost mantle ( ∼10–30 km) consistent with 
partial melt fraction somewhat smaller than 1 per cent have earlier 
been reported in the Juan de Fuca Plate, ∼15 km away from the 
ridge axis (Tian et al. 2013 ). 

The small patch of slow shear-wav e v elocities ( ∼4.1 km/s) in 
Layer B adjacent to the Blanco-Gorda RTI (Fig. 11 h) suggests a 
smaller volume of magma supply to the transform fault compared 
to at the Blanco-Juan de Fuca RTI. At these uppermost mantle 
depths, the WBD is over 6 per cent slower than the GD (Fig. 10 b). 
Bathymetry along both ridge axes (Fig. 1 ) provides further sup- 
port for this inferred difference in magma supply. Compared to 
the Juan de Fuca ridge axis marked by bathymetric high that sug- 
gests abundant magma upwelling, the Gorda ridge axis is marked 
by bathymetric low similar to magma starved slow-spreading cen- 
tres in the Atlantic. In addition, while the J-shaped ridges appear 
to extend into the transform valley at the Blanco-Juan de Fuca 
RTI, they are truncated at the Blanco-Gorda RTI. Nonetheless, the 
presence of basaltic glass in cores near the Blanco-Gorda RTI sug- 
gests recent submarine volcanism (Duncan 1968 ). Also, in 1996, 
its nor ther nmost segment was the site of a small volume eruption 
(Clague et al. 2020 ). Ov erall, the observ ed disparity in uppermost 
mantle seismic velocities (especially in Layer B) indicate varying 
degrees of magmatism at both RTIs consistent with magma supply 
at corresponding proximal ridge segments inferred from seafloor 
bathymetry. 

Fox & Gallo ( 1984 ) proposed that magmatic crust formed at the 
RTI and emplaced in its inside corner propagates along the trans- 
form fault zone unmodified before becoming part of the fracture 
zone. Seismicity studies (e.g. Engeln et al. 1986 ; Abercrombie & 

Ekstr öm 2001 ) have located predominantly strik e-slip earthquak es 
along OTFs, consistent with their conventional characterization as 
two-dimensional strike-slip plate boundaries where the lithosphere 
is neither created nor destroyed while it cools and deepens as a 
function of the age of the plate. Lately, with increasing number of 
studies on global OTFs, this simple characterization has received 
some pushbacks. Firstly, in an analysis of global high-resolution 
multibeam bathymatry data of OTFs that included all possible slip- 
ping rates, Grev eme yer et al. ( 2021 ) observ ed fracture zones to 
be systematically shallower than their parent transform faults by 
∼1.6 km, contradicting plate-cooling arguments. With numerical 
modelling, the y e xplained this observation by proposing a two- 
stage accretion process taking place at both RTIs separated in time 
by a period of horizontal extension that thins the lithosphere as it 
propagates along the transform fault. High-resolution 3-D seismic 
observations of fracture zones in S ˜ ao Tome and Pr ́ıncipe, eastern 
Gulf of Guinea presented by Thomas et al. ( 2022 ) broadly sup- 
port conclusions of this numerical model. The y observ ed thinned 
complex intra-transfor m str uctures associated with extr usi ve lav a 
flows and extensional transform processes that were covered by 
lav as deri v ed from trailing ridge se gments. Based on tomographic 
inversion of seismic refraction and wide-angle data collected for 
the St. Paul fracture zone in the equatorial Atlantic ocean, Growe 
et al. ( 2021 ) observed near-normal oceanic crust ( ∼5–6 km) and 
uppermost mantle (Vp = 8 km/s) along the fracture zone that may 
indicate a second stage of magmatic addition at the proximal RTI as 
proposed by Grev eme yer et al. ( 2021 ) before becoming part of the 
fracture zone. In western Blanco, our results can be explained by the 
presence of up to 1.6 per cent partial melt in the upper mantle within 
the vicinity of the RTI that extend ∼40 km into the transform valley. 
Because the solidus of dry mantle ( ∼ 1400 ◦C; Katz et al. ( 2003 )) 
is much higher than the predicted temperature of ∼800–1000 ◦C in 
Layer B (upper mantle depth of 16–22 km) within the transform 

fault zone (Fig. 11 h), the presence of water and/or carbon dioxide is 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
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ecessary to facilitate the formation of melt at these depths. Since
he mantle is known to melt in the presence of water at a temperature
f ∼ 920 ◦C, the partial melt in Layer B within the vicinity of the
TIs is likely water induced. In Romanche TF, Wang et al. ( 2022 )
imilarly interpreted the slow velocities at depths corresponding to
emperatures of ∼900–1300 ◦C ( ∼32–60 km) as due to the presence
f small amounts of water-induced partial melt. Compared to east-
rn Blanco that hosts several Mw > 6 earthquakes and whose crust
s characterized b y b-v alue of ∼0.7 (Kuna 2020 ), western Blanco
s dominated by small magnitude earthquakes (average b-value >
; Kuna ( 2020 )) that are less capable of creating and sustaining
athways for deep seawater infiltration. This suggests a relatively
hallower extent of seawater infiltration in this region which is cor-
oborated by its relatively faster crustal velocity (Fig. 11 h). Based
n the foregoing, the likely source of water in the vicinity of the
estern RTI is the sublithospheric water-bearing melt at the south-
rnmost section of the Juan de Fuca ridge that migrated into the
ransform fault zone via deep horizontal flux (Keller & Katz 2016 )
nd ascended into the lithospheric mantle. Beneath ridge axis, hor-
zontal flux is achieved through corner flows (Hirschmann 2010 ;

ehouachi & Singh 2018 ) which may have been complemented by
xtensional shear zones at depths in the vicinity of the RTIs (Greve-
eyer et al. 2021 ) and active plate boundary reorganization in the

ounger western BTFZ (Braunmiller & N áb ělek 2008 ; Ren et al.
023 ) characterized by parallel to subparallel multi-strand trans-
orm faults similar to what has been suggested in Quebrada (Gong
t al. 2022 ). In conjunction with evidence from bathymetric data,
ur tomog raphic obser vations at Blanco’s RTIs can be explained
 y w ater-induced melting facilitated b y lateral flux of sublitho-
pheric water-bearing melts from the adjacent Juan de Fuca ridge
egment. 

Beneath the CD, at uppermost mantle depths of ∼> 16 km cor-
esponding to Layer B, we observed similarly slow shear-wave ve-
ocities of ∼4.2 km/s (Figs 9 e,f, 11 e,f and h) as within the RTIs,
hich can be explained by the presence of ∼1.1 per cent partial melt

Fig. 12 c). This is consistent with the observation of deep seismicity
eaching depths of ∼15 km beneath the CD interpreted to be likely
ue to rapidly cooled intermittent dike intrusions into the seismo-
enic lithosphere (Kuna 2020 ), which suggests the presence of a
eep magma source beneath the region. The observed slow veloci-
ies can alternati vel y be explained b y uppermost mantle hydration.
o wever , this w ould impl y w ater content of ∼> 11.76 wt per cent

 ∼> 77 per cent mylonitization) in Layer B which is significantly
igher than the water content of ∼0.75 wt per cent ( ∼7.0 per cent
erpentinization) in Layer A. Therefore, we interpret the slow ve-
ocities in Layer B beneath the CD to be likely due to the presence
f decompression induced partial melts as opposed to uppermost
antle hydration. Similarly slow velocities in Layer B beneath the

djacent WBR suggest the presence of partial melt that potentially
igrated from the CD. 

.4 Seawater infiltration and seismicity distribution along 
he BTFZ 

TFs and their fracture zones that are ubiquitous along the ocean
oor are important components of the hydrologic cycle. In short,

hey are believed to be regions where large volumes of seawater
ransmit into the lithosphere, modulating the pore pressure and ef-
ective normal stresses, cooling the lithosphere, and interacting with
urrounding rocks which could lead to drastic changes in the rhe-
logy of the oceanic lithosphere (Hensen et al. 2019 ). Ho wever ,
he depth extent and along-strike variability of fluid infiltration be-
eath global OTFs have remained unknown. In contrast, seismicity
istribution have been relati vel y well observed along many OTFs,
specially in the EPR (Gong & Fan 2022 ; Gong et al. 2023 ) and
quatorial-Atlantic ocean (Yu et al. 2021 ; Schlaphorst et al. 2023 ).
 recent one-y ear -long local seismological experiment along the
TFZ (Nabelek & Braunmiller 2012 ) located ∼8000 earthquakes
ith local magnitude (ML) ranging from 0.6 to 5.5 (Kuna 2020 ).
arlier studies (e.g. Dziak et al. 1991 ; Braunmiller & N áb ělek 2008 )

eported the BTFZ to be seismically very active with more than ten
arge shallow earthquakes of moment magnitude (Mw) ≥6. They
re nearly periodic, rupturing mostly two major asperities along the
R, separated by a barrier region of ∼10 km approximately every
4 years (Boettcher & McGuire 2009 ). Although strike-slip motion
 ∼96 per cent of all mechanisms; Kuna ( 2020 )) overwhelmingly
ominates the BTFZ, it is characterized by complex patterns of slip
odes and seismicity distribution. These have been linked to the

long-strike variation in fault zone material properties as in the EPR
Roland et al. 2012 ), influenced by the lateral and depth extent of
ydrother mal circulation, deg ree of mineral alteration, magmatism,
tc. In the subsequent subsections, we explore these relationships
long different segments of the BTFZ using our seismic velocity
odels. We note that the resolution of our tomographic maps re-

trict a direct and detailed comparison with the fine-scale ( ∼< 5 km)
arthquake generation behaviour and seismicity distribution along
he BTFZ (Kuna et al. 2019 ; Kuna 2020 ; Ren et al. 2023 ), especially
n the western half that comprise of small pull-apart basins (Braun-
iller & N áb ělek 2008 ). Consequently, we focus on a macroscale

icture of slip behaviour and seismicity distribution along the trans-
orm fault. 

.4.1 Western BTFZ 

n the uppermost ∼4 km of the crust, some of the slowest shear-
av e v elocities ( ∼3.4–3.6 km/s) along the BTFZ are observ ed in

he western half, comprising of the WBD, EBD and SD (Figs 10 a).
hey are consistent with ∼> 2.5 per cent water-saturated poros-

ty (Fig. 12 a), indicating relati vel y strong hydrothermal circulation
n the crust. This can be explained by Western Blanco being the
ounger half of the BTFZ, believed to be currently undergoing
late boundary reorganization (Braunmiller & N áb ělek 2008 ; Ren
t al. 2023 ), which should result in highly fractured and permeable
aterials that enhance hydrothermal cooling. Fluid-filled porosity

as been demonstrated to weaken fault zones (Okazaki et al. 2021 ),
ith strong dilatancy strengthening that stabilizes along-strike seis-
ic rupture propagation hence favouring aseismic slip behaviour.
ogether with the relatively short lengths of the individual seg-
ents, this potentially reduces the tendency for the occurrence of

arge cr ustal ear thquakes in wester n Blanco. This is consistent with
he large seismic deficit of western Blanco (low seismic coupling of

15 per cent; (Braunmiller & N áb ělek 2008 )) and the earthquakes
eing predominantly of small magnitudes with an average b-value
f > 1 (Kuna 2020 ). 

The relati vel y faster shear-w av e v elocities ( ∼≥4.5 km/s;
ig. 10 a) in the uppermost mantle (Layer A), especially beneath

he SD are interpreted as due to ∼≤1.2 vol per cent degree of
erpentinization, suggesting relati vel y limited fluid content. A lack
f large crustal earthquakes capable of opening pathways for deep
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seawater infiltration by rupturing into the uppermost mantle may 
hav e prev ented deep e xtent of strong hydrothermal circulation at 
these segments. The western BTFZ hosts mostly crustal seismic- 
ity (not exceeding depths of ∼8–9 km constrained roughly by the 
∼ 600 ◦C isotherm predicted by the hydrothermal cooling model of 
Roland et al. ( 2010 )) (Kuna 2020 ). Overall, these observations sup- 
port shallow ( ∼8 km) extent of seawater infiltration that is strongly 
connected with the maximum depth of seismicity within the western 
BTFZ. 

5.4.2 Blanco ridge and Gorda depression 

Some of the slowest seismic velocities in our tomographic models 
from crust to uppermost mantle depths are observed beneath the 
BR (Figs 9 , 11 f and h), suggesting a strong and deep hydrothermal 
circulation beneath the fault segment. Crustal rocks dredged from 

the BR and GD show evidence of seaw ater-deri ved fluid infiltra- 
tion (Hart et al. 1990 ). Compared to western BTFZ, the uppermost 
crustal shear-wav e v elocity in the BR is slightly slower ( ∼3.4–
3.5 km/s) and consistent with fluid-filled porosity of ∼> 3 per cent. 
The crust beneath the ∼150-km-long BR is almost seismically fully 
coupled (Braunmiller & N áb ělek 2008 ; Kuna et al. 2019 ). Having 
a b-value of 0.78 (Kuna et al. 2019 ), it hosts the largest earthquakes 
( ∼≥Mw 6.0–6.4) along the BTFZ (Boettcher & McGuire 2009 ; 
Kuna et al. 2019 ), creating and maintaining pathways for strong sea- 
water infiltration into the uppermost mantle. The variation of shear- 
wav e v elocity along the BR rev eals an apparent dichotomy between 
the western to central and easternmost parts of the fault segment 
(Figs 9 d–f, 11 h and Fig. S12g –n in the Supporting Information ). 
The western to central region is relati vel y slower than the eastern- 
most by up to ∼2 per cent in the crust and Layer B, and ∼1.3 
per cent in Layer A (Fig. 10 ). This seems consistent with seis- 
micity distribution along the fault segment. The western to cen- 
tral region (asperity at ∼ 128 ◦W; Boettcher & McGuire ( 2009 )) 
hosts the largest crustal earthquakes ( ∼≥Mw 6.3–6.4) (Boettcher 
& McGuire 2009 ) which should result in a higher degree of porosity 
that can enhance deep hydrothermal circulation. Also, large events 
in the eastern segment rupture preferentially towards the northwest 
into the western part (Braunmiller & N áb ělek 2008 ). While in the 
western to central region, seismicity is consistent with a vertical 
fault cutting through the lithosphere, in the easternmost region, ap- 
proximately east of ∼ 127 . 92 ◦, uppermost mantle seismicity shifts 
slightl y southw ard with respect to cr ustal ear thquakes, suggest- 
ing a change in the fault geometry from west to east (Kuna et al. 
2019 ). This may have resulted in the obstruction of fluid transmis- 
sion pathways, leading to slightly reduced extent of hydrothermal 
circulation in the easternmost region imaged as relati vel y faster 
velocities. 

Seismic swarms dominate the uppermost mantle beneath BR 

(Kuna et al. 2019 ), especially around the central areas where the 
seismic velocities are relati vel y slower compared to easternmost 
region (Figs 6 c–f, 9 c–f and 11 h). Based on identical hypocentre 
migration rates of creep-triggered swarms in OTFs and continental 
strike-slip environments where seismic swarms have been associ- 
ated with geodetically observed creep (Lohman & McGuire 2007 ), 
Kuna et al. ( 2019 ) inferred the uppermost mantle swarms in the BR 

to be a direct response to aseismic creep caused by the serpentiniza- 
tion of peridotite. In Layer A of our shear-w ave tomo graphic model 
w here the s w arms are concentrated, the relati vel y slow shear-w ave 
velocities ( ∼4.3–4.4 km/s) along most areas in the BR are consistent 
with serpentinization of up to ∼13–25 per cent. This corresponds 
to a relati vel y high w ater content ( ∼2.7 wt per cent) some of which 
ma y ha ve reached La yer B. The serpentinization of the uppermost 
mantle is well known to result in a change of its rheology from 

v elocity-weakening to v elocity-strengthening frictional behaviour 
that limits earthquake nucleation and promote aseismic creep. Thus, 
our tomographic results advocate for e xtensiv e uppermost mantle 
serpentinization beneath the BR, especially within the western to 
central region, which can explain the documented mantle earth- 
quake swarms in this fault segment (Kuna et al. 2019 ). At uppermost 
mantle depths, similar slow shear-wave velocities ( ∼4.45 km/s) are 
observed in the easternmost BR and GD (Figs 9 c–f), suggesting a 
similar extent of fluid infiltration that is consistent with the observa- 
tion of deep seismicity ( ∼11–15 km) in both segments (Kuna 2020 ; 
Ren et al. 2023 ). 

5.4.3 Cascadia depression 

In the centrally located CD, slow shear-wav e v elocities in the up- 
per most cr ust ( ∼3.4–3.6 km/s; Fig. 10 a) can be explained by fluid- 
filled porosity of ∼2 per cent, indicating relati vel y strong crustal 
hydrothermal circulation. Just as in western BTFZ with a simi- 
lar upper most cr ustal str ucture, here, K una ( 2020 ) located mostl y 
small magnitude earthquakes (b = 1.36 ±.09; highest of all segments 
along Blanco) but reaching depths of ∼15 km. The relati vel y faster 
shear-wav e v elocities ( ∼4.45–4.5 km/s) in Layer A beneath the CD 

(Figs 10 a and 11 h) can be explained by ∼1.2–7 vol per cent (upto 
0.75 wt per cent) serpentinization suggest an uppermost mantle 
with sparse fluid content compared to the adjacent western part of 
the BR where ∼25 vol per cent serpentinization has been inferred. 
Although this may suf ficientl y explain the deep earthquakes in the 
CD, Kuna ( 2020 ) suggested quickly cooled sporadic vertical dike 
intrusions as an alternativ e e xplanation. This scenario seems rea- 
sonable considering our interpretation of a potential deep magma 
source beneath the depression in Section 5.3 . We, thus, speculate 
that possible interactions between seawater penetrating Layer A and 
the intermittent magmatic intrusions ma y ha ve slightly cooled the 
segment and increased the velocity in the CD relative to the adjacent 
western BR. Such deep seismicity that extends into the uppermost 
mantle has also been reported at ITSCs of the Quebrada transform 

fault in the EPR (Gong et al. 2022 ). 
In summary, there is a relati vel y strong relationship between 

structural variations and earthquake behaviour along the BTFZ. The 
slow seismic velocities (reduced by at least ∼4–8 per cent relative to 
the surrounding normal oceanic lithospheres) along the strike of the 
BTFZ extend virtually from the crust down to depths of ∼22 km. 
Their broad interpretations as due to active fracturing that results 
in ∼0.14–10.9 per cent fluid-filled porosity and possibly a small 
component of mineral alteration in the crust, ∼1.2–37 vol per cent 
(0.13–4.0 wt per cent) degree of serpentinization and deformation 
of the uppermost mantle in Layer A, and ∼> 9 per cent of mantle hy- 
dration and/or the presence of ∼0.43–1.6 per cent melt in Layer B, 
provide ample evidence for widespread and deep fluid infiltration, 
occasionally exceeding ∼15 km depth. Based on current oceanic 
models that restrict the depth extent of hydrothermal circulation to 
the maximum depth of seismicity, Kuna ( 2020 ) inferred a relati vel y 
simple pattern of hydrothermal circulation along the BTFZ. In the 
western segments that lack deep and large magnitude earthquakes, 
shallow extent of hydrothermal circulation was suggested. In con- 
trast, in central and eastern Blanco that host relati vel y large (up to 
Mw 6.5 along BR) and deep ( ∼11–15 km, especially beneath CD 

and BR) earthquakes, deeper reach of hydrothermal circulation was 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
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nferred. In a broad sense, our tomographic results and interpre-
ations reflect this pattern but appear to indicate a more complex
nd nuanced v ariation, especiall y along easter n Blanco. Microstr uc-
ural analysis of altered peridotite mylonites recovered from Shaka
nd Prince Edwards OTFs in the southwest Indian ridge (Kohli &
arren 2020 ; Prigent et al. 2020 ) indicate seaw ater-deri ved fluid

ercolate deep into uppermost mantle depths that correspond to
> 850 ◦C isotherm. Also, fairly recent local high-resolution seis-
icity studies along global OTFs (e.g. McGuire et al. 2012 ; Yu

t al. 2021 ; Gong et al. 2022 ) have consistently located earthquakes
t depths deeper than ∼10 km and/or the ∼ 600 ◦C thermal limit
n seismic slip (Abercrombie & Ekstr öm 2001 ; McKenzie et al.
005 ), suggesting that deep fluid infiltration along OTFs may be a
lobal phenomenon. The onl y 3-D surface-w ave deri ved shear-w ave
elocity model over an OTF we could find where deep seismicity
ave been reported (the Chain TF in the mid-Atlantic) just like the
TFZ, also imaged patches of slow velocities that suggest increased
ydrothermal circulation that extend to deeper depths, possibly
ooling regions beneath flower structures (Leptokaropoulos et al.
023 ). 

 C O N C LU S I O N  

n this study, we collected and analyzed seismic ambient noise
ata recorded by 67 OBSs deployed in and around the BTFZ. By
emoving the coherent pressure signal from the vertical channels
rior to cross-correlation, we are able to recover relati vel y strong
rst-overtone Ra yleigh-wa ve signals in the period band 3 to 11 s
hich are sensitive to the crust and uppermost mantle. With the
rst-overtone Ra yleigh-wa ves, w e compute reliable phase velocity
ispersion curves and perform tomographic inversion to obtain 2-D
hase velocity maps at eleven periods between 4.0 and 8.0 s. Local
hase velocity dispersion curves extracted from the phase velocity
aps were inverted for 1-D isotropic shear-wav e v elocity structures

sing a linearized iterative inversion scheme. They are compiled
nto a 3-D shear-wave velocity model of the study area, down to
 depth of ∼22 km. In general, both tomographic models (first-
vertone Ra yleigh-wa ve phase velocity and shear-wave velocity
odels) which are rare along global OTFs, especially in the crust

nd uppermost mantle depths exceeding ∼15 km, have resulted in
he following key findings: 

(i) Slow velocities relative to the bounding oceanic plates ( ∼4–
 per cent reduction) are observed at several segments along the
TFZ in the crust but mostly at uppermost mantle depths, exceed-

ng ∼20 km. Their interpretations as due to intense fracturing in
he crust explained by ∼0.4–10.9 per cent fluid-filled porosity, de-
ormation and ∼1.2–37 vol per cent (0.13–4.0 wt per cent) degree
f serpentinization in Layer A (6–16 km) and ∼> 9 per cent mantle
ydration and/or the presence of ∼0.43–1.6 per cent melt in Layer
 ( > 16 km), provide strong evidence for deep ( ∼> 15 km) and

elati vel y v ariable hydrothermal circulation along the BTFZ. 
(ii) The along-strike and depth variations in seismic velocities

ithin the seismogenic zone indicate important variations in fault
one material properties that affect the seismic behaviour of the
ransform fault. Specifically, in the BR where our tomography re-
ults suggest deeper extent of hydrothermal circulation and higher
eg ree of upper most mantle serpentinization (up to ∼25 per cent)
elative to other segments, the change in rheology of the upper-
ost mantle from velocity-weakening to velocity-strengthening

rictional behaviour that has long been associated with widespread
erpentinization may explain the dominance of aseismic slip ac-
ompanied by seismic swarms at depths ∼≥8 km (b-value = 1.13;
una et al. 2019 ). 
(iii) Low seismic velocities in Layer B within the vicinities of

he RTIs explained by the presence of up to ∼1.6 per cent partial
elt support our interpretation of intra-transform magmatism that

s potentially facilitated by water-induced melting. 
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igur e S1: Bath ymetry and fault-plane solutions of ten main
arthquake along the BTFZ showing normal (in CD and SD)
nd strike-slip motions (e.g. BR) obtained from Braunmiller &
 áb ělek ( 2008 ). From the WBD to the GT, the earthquakes in-

lude Mw4.7 11/10/1997, Mw5.8 03/11/1981, Mw5.5 12/02/1990,
w5.0 25/051995, Mw4.5 25/09/1995, Mw4.8 04/01/1998, Mw6.4

8/07/1977, Mw6.5 13/03/1985, Mw6.3 27/10/1994 and Mw4.3
2/02/1995. The size of the beach balls indicate the earthquake mag-
itude. The different segments of the BTFZ shown include WBD:
estern Blanco Depression, EBD: Eastern Blanco Depression, SD:

urv e yor Depression, CD: Cascadia Depression, BR: Blanco Ridge,
nd GT: Gorda Transform. 
igure S2: An examples of tilt and compliance noise correction

or one month (26/11/2012 - 26/12/2012) of continuous noise data
ecorded by seismic broadband station BB070 (Fig. 1 in the main
ext). (a), (b) and (c) are the pressure record, raw and corrected
ertical noise data, respecti vel y. (d) shows the power spectra den-
ity (PSD) functions of the raw and corrected vertical component
ecords. 
igure S3: Examples of interstation phase velocity estimation using

he cross-spectra waveform fitting technique for four station pairs
ith a wide range of interstation distances and SNRs. Top panels:

nterstation cross-correlation function with the vertical blue lines
arking the 2.0 km/s group velocity. Middle panels: Bessel function
tting where the red and black curves indicate the Bessel function
nd real part of the CCF, respecti vel y. Bottom panels: Dispersion
easurement with the red and grey lines indicating the extracted

nd starting phase v elocities, respectiv ely. The v er tical g reen lines
ndicate the period band of 3.5 and 8.7 s where measurements are
eliable. 
igure S4: (a) and (b), suites of dispersion curves sampling strictly

he BTFZ and the entire study re gion, respectiv ely. The v ertical
lack broken lines indicate period band of 4.0 and 8.0 s. 
igure S5: Examples of final histograms of misfit at selected peri-
ds: observed Ra yleigh wa ve phase times minus predictions from
he estimated phase velocity tomographic maps using straight ray

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae318#supplementary-data
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theory. The standard deviation of each misfit distribution is pre- 
sented in each panel. 
Figure S6: Phase velocity tomographic maps at 11 distinct time 
periods. The solid black lines outline the approximate location of 
the BTFZ and GR. Peripheral regions with zero raypath coverage 
are masked out. 
Figure S7: Phase velocity tomographic maps at 11 distinct time 
periods. The solid black lines outline the approximate location of 
the BTFZ and GR. Peripheral regions with zero raypath coverage 
are masked out. 
Figure S8: Checkerboard resolution test at periods 4.0, 5.0 and 
7.9 s, using anomaly sizes 0 . 25 ◦ × 0 . 25 ◦, 0 . 4 ◦ × 0 . 4 ◦, 0 . 5 ◦ × 0 . 5 ◦,
0 . 6 ◦ × 0 . 6 ◦, 0 . 7 ◦ × 0 . 7 ◦, 0 . 9 ◦ × 0 . 9 ◦ and 1 . 0 ◦ × 1 . 0 ◦,. The recov-
ered patterns are shown. 
Figure S9.1: Resolution testing for slow-velocity BTFZ. (a) The 
input velocity model represented by -5 per cent velocity perturbation 
from the backgroup phase velocity of 3 km/s. (b)-(g) Recovered 
models at six distinct selected time periods. 
Figure S9.2: Same as Fig. S6.1 but input velocity model is rep- 
resented by -8 per cent velocity perturbation from the background 
phase velocity of 3 km/s. 
Figure S9.3: Same as Fig. S6.1 but input velocity model is repre- 
sented by -10 per cent velocity perturbation from the background 
phase velocity of 3 km/s. 
Figure S10: One standard deviation of the population of final Vs 
model for depth slices shown in the main text. Due to the systematic 
enforcement of smoothing and damping, uncertainties are slightly 
lower in regions where ray coverage is minimum, especially at 
depths > 10 km. 
Figure S11: Path coverage at six selected time periods. The line 
colours indicate the average path phase velocity. The solid black 
lines show the approximate outline of the BTFZ. 
Figure S12: Horizontal slices from the 3-D shear-wave velocity 
model. 
Table S1: Seismic broad-band stations used in this study. 
Table S2: Summary of elastic properties of minerals used for the 
estimation of degree of hydration and fraction of partial melt in 
uppermost mantle Layer B. 

Please note: Oxford University Press is not responsible for the con- 
tent or functionality of any supporting materials supplied by the 
authors. Any queries (other than missing material) should be di- 
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