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Oceanic transform faults, which accommodate strike-slip motion 
between offset mid-ocean ridge segments, have long been 
viewed as conservative plate boundaries dominated by simple 
shear and largely devoid of magmatic input. This two-dimensional 
(2D) paradigm, established since the advent of plate tectonic the-
ory (1), has been increasingly challenged by observations of pro-
nounced structural heterogeneity, magmatic intrusions, and 
active hydrothermal circulation at ridge-transform intersections 
(2–4). High-resolution geophysical images reveal that these faults 
are not simple planes but complex 3D damage zones, with fault 
architecture and material properties varying strongly along strike 
(5, 6). This structural complexity, particularly in the shallow crust, 
provides a hydrothermal plumbing system that links deep mag-
matic volatiles to the seafloor, suggesting a dynamic fault zone 
where fluids play a critical role in the seismic cycle (7, 8). 

A key to understanding these fluid‒rock interactions is 
tremor—a sustained, non-impulsive seismic signal characterized 
by narrow-band and often harmonic spectra that lasts from 
minutes to days (8–11). In subduction zones and volcanic sys-
tems, tremor is highly sensitive to kilopascal-level stress pertur-
bations, such as those from tides, and is commonly linked to 
pressurization and fluid flow within critically stressed fractures 
(8–11). The presence of tremor on mid-ocean ridges and subma-
rine volcanoes, as well as its synchronization with tidal cycles, in-
dicate that shallow fracture networks can amplify weak periodic 
stresses into observable tremor responses (12–15). However, it 
remains unclear whether comparable tidally modulated tremor 
occurs within oceanic transform faults, and how any such tremor 
relates to fault-zone properties and microseismicity. 

The Gofar transform fault on the East Pacific Rise (EPR) slips 
at ~14 cm yr−1. At its western G3 segment, M6 ruptures recur 
quasi-periodically every 5‒6 years on two ~15-km-long rupture 
patches separated along strike by a ~10-km-long seismic barrier 

that has prevented rupture propagation from M6 earthquakes on 
both sides but hosts abundant microseismicity extending to the 
uppermost mantle (16) (Fig. 1). Various evidence from wide-angle 
seismic refraction imaging (17, 18), seismicity analysis using local 
dense arrays (19–23), controlled-source electromagnetic inver-
sion (24), and dynamic source modeling (21) indicate that ele-
vated deep fluids and/or intensified fault damage most likely 
generate and sustain this seismic barrier zone. 

Here, we report the discovery of tidally modulated harmonic 
tremor in the seismic barrier zone of the Gofar transform fault, 
using data from a dense array of ocean-bottom seismometers 
(OBS). We show that the tremor amplitude closely tracks semidi-
urnal tides, although this coupling abruptly breaks down follow-
ing moderate M4 earthquake ruptures. The period of strong 
tremor‒tide correlation coincides with lower seismicity rate and 
a gradual drop in Vp/Vs. In contrast, when the correlation breaks 
down, we observed an increase in microseismicity and a rapid re-
bound in Vp/Vs. We interpret these observations as evidence for 
cyclic sealing and drainage processes occurring within the oceanic 
transform fault, governed by the coevolution of fault-zone per-
meability and pore pressure: progressive hydrothermal sealing 
traps volatiles, amplifying tidal stresses and sustaining tremors 
until earthquake rupture reconnects fluid pathways, drains fluids, 
and resets the system. This valve-like mechanism recasts trans-
form faults from passive shear boundaries into active, fluid-con-
trolled 3D systems where energy release is paced by the interplay 
of tidal loading, fluid migration, and variations in fault-zone per-
meability. 
 
Tidal modulation of harmonic tremor 
We identified persistent, harmonic tremor signals characterized 
by emergent onsets (signals begin gradually and increase in am-
plitude slowly) and durations from tens of minutes to hours (Fig. 
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2, A and B) from continuous waveforms of a dense OBS array de-
ployed at the G3 segment of the Gofar transform fault (25). The 
tremor exhibited a stable spectral structure with a fundamental 
frequency range of ~2‒8 Hz (Fig. 2, B, D, and E), consistent with 
the narrowband signature typical of fluid-induced resonance (9, 
12). The tremor signal weakened markedly following an M4.0 
earthquake on 8 September 2020 (marked as event E2 in Fig. 1; 
Fig. 2, A to C), indicating a natural subsurface origin rather than 
ship or oceanic noise. The OBS array indicates a mixed tremor 
origin produced by the superposition of shallow, complex, small-
amplitude sources (fig. S1). Its narrowband, intermittent energy 
release and variations among stations reflect localized sources re-
lated to oscillations of fluid-filled cracks or boiling-induced cavi-
ties, with multiple weak radiators superposed in the near field 
rather than a single compact source. Resonance of these radiators 
can be sensitively modulated by small external stress perturba-
tions by opening/closing cracks and altering fluid pathways (9, 
26), consistent with observations at the 9°50′N EPR and Brothers 
volcanic hydrothermal systems (12, 14). 

We located tremor sources using a waveform-migration 
method with a semblance-based imaging condition, well suited 
for detecting and locating continuous narrowband tremor signals 
(27, 28). The inferred sources lie within ~4.5 km below the sea-
floor and nearly coincide with the previously inferred barrier re-
gion along the G3 segment of the Gofar transform fault (Figs. 1B, 
S2-S5; see Methods). 

The root-mean-square (RMS) amplitude of tremor in the 2‒8 
Hz band varies systematically with the calculated total tidal vol-
ume strain including contributions from solid Earth tide (or body 
tide referred to in ref. 29), regional ocean-mass loading, and di-
rect water-column loading (fig. S6; see methods). The M2 tidal 
constituent (~12.4 hours) is the dominant contributor to the total 
tidal volume strain in the study area, and the two are almost co-
incident except for some slight differences in amplitude (fig. S7). 
Thus, we used the M2 tidal constituent to analyze the correlation 
between tidal and RMS time series. Before the E2 rupture, the 
RMS amplitude exhibited an evident semidiurnal modulation with 
a slight but resolvable phase lag (Fig. 2C). In contrast, after the 
M4.0 E2 earthquake this modulation broke down, and the RMS 
amplitude was dominated by short-lived, high-amplitude spikes 
related to local microearthquakes (Fig. 2C). Amplitude spectral 
densities (after excluding detected earthquake signals) show ele-
vated 2‒8 Hz energy during the tremor-tide correlation interval 
but strongly reduced 2‒8 Hz power during the decorrelation in-
terval (Fig. 2D). The 2-hour time series before the M4 earthquake 
further reveals more sustained narrowband, harmonic energy 
versus weaker, intermittent tremor-band energy afterward (Fig. 
2E). This tremor-tide correlation is observed across the array, and 
is generally stronger in station clusters A1 and A2 than in A3 (fig. 
S8), indicating lateral heterogeneity in tremor source strength. 

Semidiurnal periodicity is clearly expressed in both the 

frequency and phase domains (Fig. 3; see methods). After remov-
ing time windows containing detected earthquakes, periodogram 
of the tremor RMS time series during the tremor‒tide correlation 
interval displays a dominant spectral peak precisely at the M2 pe-
riod in the station-averaged spectrum (Fig. 3A and fig. S8A). 
Weaker but distinct diurnal peaks at K1 and O1 are also present. 
During the correlation interval, pairwise correlations of RMS time 
series are high (fig. S9A). In the decorrelation interval, these tidal 
peaks are strongly reduced (Fig. 3A and fig. S8B), and pairwise sta-
tion correlations drop markedly (fig. S9B). During the correlation 
interval, the tremor RMS series traces a harmonic curve fitting the 
M2 tidal signals, with a high cross-correlation coefficient of 0.92 
and a phase lag of -21.0°, whereas the decorrelation interval is 
nearly flat with low similarity to the tidal curve (Fig. 3B). Similar 
disruption-and-recovery cycles occurred during three additional 
intervals associated with M~4 earthquakes in 2020, and the in-
ferred phase lags vary among episodes (figs. S10 and S11). 
 
Breakdown and recovery of tremor-tide correlation after rup-
ture 
The tremor‒tide correlation breaks down after the M4 earth-
quake rupture, revealing a dynamic valve-like mechanism. The 
system's response to the M4.0 earthquake rupture on 8 Septem-
ber 2020 (E2) provides a sensitive test of the tidal coupling frame-
work. Across the array, tremor‒tide correlation collapses (Fig. 3 
and fig. S8B). Concurrently, the inter-station correlation across 
the array breaks down (fig. S9B), indicating a fundamental change 
in tremor-generating processes. 

We detected and relocated the events during the observation 
period (fig. S12; see methods). Before event E2, seismicity rate 
dropped together with b-values and in-situ Vp/Vs ratios (Fig. 4; 
see methods). The decrease of Vp/Vs can be interpreted as a tran-
sition toward a more gas-rich pore system. Gas is highly com-
pressible, so it lowers the effective fluid bulk modulus and 
preferentially reduces P-wave speed, thus lowering Vp/Vs, 
whereas liquid-dominated cracks yield higher Vp/Vs (30, 31). This 
interpretation is consistent with sustained, deep-magma degas-
sing feeding the shallow hydrothermal network, and similar gas-
liquid control on Vp/Vs has been reported in volcanic-hydrother-
mal settings (32). The gas-rich state of the fracture network sug-
gests that the system is in a sealing stage. The decreasing trend in 
b-value, along with lower seismicity rate, also indicates a progres-
sive buildup of shear stress as the shallow fracture network tight-
ens and sealing advances. After the E2 rupture, this pattern 
reversed abruptly: seismicity intensified, b-value rebounded, and 
Vp/Vs rose transiently (Fig. 4), marking rupture-driven opening of 
the sealed system. The increase in b-value suggests more distrib-
uted cracking, whereas the Vp/Vs jump indicates rapid hydraulic 
reconnection and fluid recharge, with gases escaping in newly 
opened fractures. Together, these features indicate a transient, 
stress-driven increase in permeability that disrupted the tidal 
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coupling at the tremor sources. Alternative explanations for ele-
vated Vp/Vs, such as crack closure, pore collapse, or thermal tran-
sients, are unlikely because they cannot simultaneously account 
for the contemporaneous rise in both b-value and seismicity on 
this timescale. 

This breakdown of the tremor-tide correlation after the E2 
rupture is a direct manifestation of the anticipated “valve-open-
ing” event. The coseismic rupture and subsequent fracturing from 
aftershocks transiently increased fault-zone porosity and perme-
ability, enhancing hydraulic connectivity and accelerating pore-
pressure equilibration, thereby reducing pore-pressure retention 
and weakening the transmission of tidal loading to the crack sys-
tem. Consequently, the tremor, while sometimes present, lost its 
tidal correlation. In fact, the correlation of tremor RMS and tidal 
signals started to decrease about 3 days before the E2 mainshock 
(Fig. 2A), indicating the system may have already experienced 
some aseismic slip to facilitate the drainage of fluid and gases. 

In the weeks following the E2 rupture, as aftershock activity 
decays, tidal modulation gradually re-emerges (fig. S15, A to E). 
This recovery occurred on a timescale controlled by chemical‒
mechanical sealing processes, such as pressure solution and min-
eral precipitation (e.g., silica, carbonates), which reduce permea-
bility (7, 33). As the system resealed, pore pressure rebuilt and 
the gas fraction increased, leading to a gradual reduction in 
Vp/Vs. Strengthening tremor‒tide correlation thereby tracks the 
progressive reloading process. The fault zone returned to a near-
critical state with near-lithostatic pore pressure, where the semi-
diurnal tide could again efficiently pump the tremor sources. Fol-
lowing a later M4.3 rupture on 27 November 2020 (E4), tremor‒
tide correlation again diminished, indicating a renewed permea-
bility increase that weakened the tidal coupling (fig. S15F). 

We further evaluated the behaviors of the system during 
other nearby M4 earthquakes within the observation period and 
found that the 11 August 2020 M4.1 earthquake (event E1) only 
caused a negligible effect on the tremor-tide coupling (Fig. 2 and 
fig. S16) compared to event E2. Seismic waveforms of both E1 and 
E2 (fig. S17) exhibit low-frequency or mixed-band characteristics, 
indicating fluid involvement and longer source durations (34). The 
key difference is that E2 occurred within the tremor source zone 
and ruptured the shallow damage zone (Fig. 1 and fig. S10), 
thereby producing much stronger disruption of tremor‒tide cor-
relation than E1. By contrast, E1 was located farther away from 
the tremor zone and may have primarily affected deeper mag-
matic depressurization and degassing, with little effect on the 
tremor zone. The other three earthquakes (D1, D2 and E4) occur-
ring within the tremor zone also produced stronger disruption of 
the tremor‒tide correlation (fig. S11) comparable to event E2. 

This observed sequence—(i) sealed conditions with tremor-
tide correlation, low seismicity and Vp/Vs; (ii) rupture-associated 
loss of tremor-tide correlation, a microseismicity surge, and in-
creased Vp/Vs; and (iii) gradual resealing and recovery of tremor-

tide correlation—captures a complete cycle of shallow transient 
permeability and pore pressure evolution in the barrier zone of 
the Gofar transform fault. It reveals that the oceanic transform 
fault zone dynamically toggles between two states: a sealed, pres-
surized, tremor-prone state and a ruptured, high-permeability, 
small earthquake-prone state. 
 
Pore pressure response of the transform fault to tides 
Within a poroelastic framework, tidal loading perturbs pore pres-
sure through coupled skeletal volume change and pore-fluid com-
pression/transport (35, 36). Combining mass conservation with 
Darcy's law and linearizing for small perturbations yields a first-
order evolution equation for the pore pressure response (see 
methods). We constructed a physically reasonable model in 
which the mainshock rupture briefly reconnects fractures or fluid 
pathways, represented as a step increase in permeability k  (fig. 
S18A). Permeability then gradually recovers as chemical sealing, 
mineral precipitation, and particle re-bridging proceed, as ob-
served and experimentally demonstrated (37, 38). Using the tidal 
volume strain as input, we forward modeled the pore-pressure 
response and compared it with the observed M2 modulation (fig. 
S18, B and C). 

The model reproduces two key observations. Before rupture, 
the fault is relatively sealed (low k ), and pore pressure responds 
to the semidiurnal cycle in a regime dominated by local pore 
spaces with limited diffusion, producing strong modulation rela-
tive to the tidal volume strain with a cross-correlation coefficient 
of 0.97 and phase lag of -21.0°, consistent with the observed 
phase lag (Fig. 3B). The negative phase lag arises from the model’s 
diffusive flow component: as the strain rate decreases, the re-
sponse becomes more drainage-dominated, causing pore pres-
sure to peak before the tidal volume strain and producing a phase 
lag of -90° to 0°, which is controlled by a characteristic diffusion 
timescale. After rupture, increased permeability allows pore-
pressure perturbations to diffuse and equilibrate more readily 
within the connected fracture network, thereby reducing the am-
plitude of tidal modulation (fig. S18B). This change also alters the 
relative contribution of the instantaneous loading and time-de-
pendent flow components of the pore-pressure response, yield-
ing a more negative phase lag relative to the volume strain (fig. 
S18C). 

We further connected the pore-pressure response to fluid-in-
duced resonance of the tremor energy. As the fault approaches a 
near-critical state with fluid/gas enrichment, the progressive 
buildup of pore pressure reduces the effective normal stress, al-
lowing semidiurnal tidal perturbations at about 10 kPa level to 
strongly modulate whether resonance is excited and how effi-
ciently it radiates (11). Near this excitation threshold, kPa-level 
tidal stressing can slightly open or clamp fractures and change 
how easily fluid moves through them, so the crack or cavity oscil-
lations can turn on and off and their amplitude can vary strongly, 
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while the dominant frequency changes little because it is mainly 
set by fracture length and shape as well as fluid viscosity (9, 26). 
This process explains the pronounced semidiurnal modulation in 
the pre-rupture tremor energy that we observed on the Gofar 
transform fault and is comparable to observations of tremor be-
ing highly sensitive to small tidal stresses on weak faults in sub-
duction settings (39). After rupture, the near-critical state is 
disrupted. The increase in permeability allows pore-pressure per-
turbations to equilibrate more readily within the connected frac-
ture network, thereby reducing the amplitude of tidal pore-
pressure modulation and weakening tremor-tide correlation; as 
sealing progresses and stress accumulates, the system gradually 
returns toward a near-critical state and tidal coupling recovers. 
 
A Conceptual model for tidal-sensitive sealing‒rupture cycles 
The temporal variation of observed tremor, microseismicity, and 
Vp/Vs maps onto a conceptual model of tide-regulated, valve-like 
behavior in the shallow oceanic transform fault zone (Fig. 5). This 
model unifies the co-evolution of fluid/gas supply, permeability, 
pore pressure, and tidal coupling gain into a repeatable, three-
stage cycle. 

Stage 1: Sealed and pressurized (Fig. 5B). With the shallow 
fracture network sealed, the continuous supply of magmatic vol-
atiles (e.g., CO2, as evidenced by the low Vp/Vs strip in Fig. 5A) 
and hydrothermal fluid from depth gradually elevates fault zone 
pore pressure. As the gas fraction increases, it drives a systematic 
decrease in Vp/Vs. As the resonance source approaches a near-
critical state with near-lithostatic pore pressure, the tidal volume 
strain is sufficient to modulate tremor excitation and radiation in-
tensity, producing tidally modulated harmonic tremor. Permea-
bility further controls the hydraulic response time, leading to a 
phase lag between tidal forcing and tremor energy. During this 
stage, microseismicity is relatively low. 

Stage 2: Rupture opens pathways (Fig. 5C). When the escalat-
ing pore pressure and differential stress exceed the strength of 
the sealed fractures, earthquake rupture occurs. This “valve-
opening” event breaks seals and creates new cracks, increasing 
porosity and permeability. The porosity gain drives transient dila-
tancy strengthening and a local decrease in pore pressure. In par-
allel, Vp/Vs increases as compressible gas is expelled, and liquid 
reinfiltrates along the newly connected pathways, enabling rapid 
pore-pressure equilibration. The increase in permeability short-
ens the hydraulic response time and breaks down the sealed con-
ditions needed to sustain pore-pressure retention, so tremor 
energy no longer tracks the tidal cycle, and the tremor‒tide cor-
relation collapses. Meanwhile, the M4 rupture and subsequent 
stress transfer trigger a transient swarm of microearthquakes. 

Stage 3: Fluid infiltration and progressive sealing (Fig. 5D). Fol-
lowing a rupture that re-opens pathways, hydrothermal circula-
tion promotes healing and mineral precipitation within the 
fracture network (7, 33). This chemical‒mechanical sealing 

reduces permeability, progressively lowering hydraulic connectiv-
ity and increasing pore pressure, typically accompanied by abun-
dant small earthquakes. The system resets to Stage 1 as sealing 
isolates volatile-rich fluids and restores strong tidal coupling. 

In this framework earthquake rupture in the presence of fluid 
acts primarily by increasing permeability and reconnecting frac-
ture pathways. The observed breakdown in tremor-tide correla-
tion thus marks a transient “valve-opening” event, in which 
enhanced hydraulic connectivity weakens tidal coupling (37, 40). 
At the laboratory scale, short-period pore-pressure oscillations 
reproducibly increase the permeability of fractured rock, produc-
ing step-like gains followed by gradual recovery toward the pre-
perturbation state. This behavior is consistent with reversible un-
clogging of fracture pathways and provides a mechanistic link be-
tween dynamic stressing and transient hydraulic opening (41). 
 
Global implications 
Our work recasts oceanic transform faults from conservative 
shear boundaries into active, tide-fluid-magma coupled systems. 
The observed self-sealing cycles demonstrate that the energy 
budget on oceanic transform faults is not solely a function of elas-
tic strain accumulation/release but is also paced by the internal 
dynamics of volatile supply and permeability evolution modu-
lated by periodic tidal loads and moderate earthquake ruptures. 
This paradigm is supported by growing global evidence of first-
order magmatic control in transform domains. Two-stage crustal 
accretion, intra-transform spreading centers, and pervasive mag-
matism provide the sustained volatile flux and geometric path-
ways that enable cyclic sealing, pressurization, and drainage (2, 4, 
42, 43). Fault zone architecture, shaped by this magmatic‒tec-
tonic interplay, creates the necessary plumbing for the valve-like 
behavior. 

We propose that the phenomenon of tremor‒tide correlation 
and sealing‒rupture cycles is not unique to Gofar but likely wide-
spread, particularly in settings with high slip rate and high volatile 
flux (44), such as the Marie Celeste Fracture Zone offsetting the 
Central Indian Ridge (45), the Garrett transform fault with intra-
transform volcanism (46), the Chain transform with a broad fluid-
transporting fault zone (47), and other segments of the Que-
brada-Discovery-Gofar system (48). Transform segments near 
ridge‒transform intersections, areas with faster spreading rates, 
or regions influenced by mantle hotspots should exhibit more 
pronounced tremor‒tide correlation and more frequent valve-
like resets. This observed tremor‒tide correlation is similar to 
tidal modulated tremors in subduction zones (11) and the deep 
San Andreas fault zone (8), and tidal modulation of slow slip in 
Cascadia (49), suggesting that analogous tide-sensitive behaviors 
may emerge in other tectonic settings when faults approach near-
critical, fluid-pressurized conditions. The diagnostic fingerprints—
synchronized transitions in tremor‒tide correlation, microseis-
micity rate, and Vp/Vs—provide a template for identifying and 
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quantifying these dynamic processes and potential hazard at oce-
anic transform faults. 
 
Materials and Methods 
Data RMS time series and tidal correlation calculation 
We used continuous waveforms recorded on 33 three-compo-
nent broadband OBS stations (Fig. 1B) around G3 for the period 
of 2020-08-01 to 2020-12-31, which is a subset of an OBS seismic 
experiment consisting of 94 stations deployed across the Gofar 
during 2019–2022 (Fig. 1A) (25). Data preprocessing followed 
standard procedures: we de-meaned and de-trended the traces, 
removed instrument responses using the network inventory, and 
converted the waveform amplitudes to ground velocities (in 
μm/s). For each selected station, we bandpass-filtered the con-
tinuous velocity waveforms to the 2-8 Hz frequency band and 
computed the root-mean-square (RMS) time series using a 60 s 
sliding window with a 30 s step. We computed amplitude spectra 
of the RMS time series with a Hanning-window periodogram, con-
verted the frequencies to periods (hours), restricted the display 
to 10-30 h, and normalized by the peak amplitude (Fig. 3). To min-
imize contamination from local earthquakes, we masked time 
windows from 10 s before to 40 s after the earthquake origin time 
using our relocated earthquake catalog. 

Following the tidal calculation framework described in (29), 
the total tidal volume strain in the study area includes three com-
ponents: body tide (or solid Earth tide), regional ocean-mass load-
ing, and direct loading from the overlying water column. Positive 
strain denotes dilatation. 

We first used SPOTL (50) to calculate the horizontal strain 
components induced by body tide, BT

xxε  and BT
yyε . This software 

assumes an elastic, spherical Earth and computes tidal strain di-
rectly from the positions of the Moon and Sun. Under the plane-
stress assumption, the vertical strain was then recovered from 
the horizontal strain components as 

( )
1

BT BT BT
zz xx yy= − +

−
νε ε ε
ν

 (1) 

We used a Poisson's ratio ν  of 0.23, corresponding to Vp = 
5.4 km/s, Vs = 3.2 km/s , and ρ = 2800 kg/m3 based on previous 
seismic tomography studies in this area (5). The volume strain as-
sociated with body tide was then calculated as 

BT BT BT BT
v xx yy zz= + +ε ε ε ε  (2) 

For the ocean-tide contribution, we first predicted tidal height 
variations, ( )h t , for the eight principal short-period tidal constit-
uents (K1, K2, M2, N2, O1, P1, Q1, and S2) using the global ocean 
tide model EOT11a (51). We then separated the ocean-tide effect 
into two parts. The first is the elastic loading response caused by 
regional ocean-mass redistribution. For this component, we used 
SPOTL with mass-loading Green's functions to calculate the hori-
zontal strain components, BT

xxε  and BT
yyε , and again recovered the 

vertical strain under the plane-stress assumption as 

( )
1

ML ML ML
zz xx yy= − +

−
νε ε ε
ν

 (3) 

The corresponding volume strain from regional ocean-mass 
loading is 

ML ML ML ML
v xx yy zz= + +ε ε ε ε  (4) 

The second part is the direct pressure loading produced by lo-
cal changes in the overlying water column. The resulting vertical 
normal stress at the seafloor is given by 

WL
zz w gh= −σ ρ  (5) 

where wρ  = 1030 kg/m3 and g  = 9.8 m/s2. The negative sign 
indicates that an increase in water column height corresponds to 
a larger compressive stress. Under the uniaxial-strain assumption, 
the horizontal strains satisfy 0WL WL

xx yy= =ε ε , and the vertical strain 
is 

( )( )
( )

1 1 2
1

WL WL
zz zzE

+ −
=

−
ν ν

ε σ
ν

 (6) 

where E  is Young's modulus. The volume strain contribution 
from direct water-column loading is therefore 

WL WL
v zz=ε ε  (7) 

Finally, we summed the body-tide, regional ocean-mass load-
ing, and direct water-column loading contributions at each time 
step to obtain the total tidal volume strain time series: 

( ) ( ) ( ) ( )total  BT ML WL
v v v vt t t t= + +ε ε ε ε  (8) 

We bandpass-filtered the total tidal strain around the semidi-
urnal band and computed its unwrapped instantaneous phase. 
We then interpolated the tidal series at each RMS sampling time. 
For each station, we computed the mean RMS waveform value in 
each 0.5° phase bin, which is combined to form the array-mean 
RMS amplitude curve. We fitted the array-mean curve with a si-
nusoidal curve to measure the phase lag from the difference in 
peaks with the range −180° to 180°. In addition, we quantified 
phase-folded similarity by computing the maximum Pearson cor-
relation between the fitted sinusoidal curve and the M2 tidal 
curve over all circular phase shifts. 

To assess the spatial correlation of tremor energy, we com-
puted a pairwise correlation between stations with Welch's 
method (Hanning windows, 50% overlap) using a time segment 
length of 12.4 h to target the semidiurnal band. For each station 
pair, we calculated the average correlation over 2-8 Hz. For all 
stations, a N N×  correlation matrix is formed with N  the num-
ber of stations. The correlation matrices before and after 8 Sep-
tember 2020 show array-wide high correlation (CC > 0.4) before 
rupture and a breakdown after rupture (fig. S9). 
 
Tremor source locationWe located tremor sources using the 
waveform migration-based method with a semblance imaging 
condition, which is well suited for continuous, narrowband 
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tremor signals (52). We first constructed a 3D grid over the study 
area with 0.2 km spacing in all directions, and computed pre-
dicted travel times from each grid node to each station using the 
same shear-wave velocity model as (5). For each grid node, we 
time-shifted the station RMS time series (three-component) by 
the predicted travel times and stacked them to compute the sem-
blance. Within each sliding window, we scanned the entire grid 
and took the node with the maximum semblance as the most 
likely source location. 

We validated this waveform-migration method for 56 se-
lected M3+ earthquakes. Earthquake waveforms were bandpass-
filtered to 5-10 Hz and a 2 s sliding window with a 0.2 s step was 
used to scan the first 8 s after the origin time. To enable a direct 
comparison between waveform-based and arrival time-based lo-
cations, we used only the stations included in the tomoDD relo-
cation. For one example earthquake, the semblance values from 
waveform-migration based location method are well focused 
around the tomoDD location (fig. S2). Overall, the waveform-
based locations agree with the arrival-based tomoDD locations, 
with the mean difference of ~1.5 km (fig. S3). However, there is a 
systematic shift with waveform-based locations are more slightly 
distributed to the north and deeper, which is due to that wave-
form-based location method only uses S waves and it gives the 
centroid locations instead of the initiation locations from arrival-
based location method. 

For the tremor-tide correlation interval, we scanned the pro-
cessed RMS time series using a 6 s window with a 6 s step. For 
each window, we retained the top 2% of grid nodes by brightness 
and obtained cumulative hit count and cumulative brightness dis-
tribution by stacking results over all windows (fig. S4). The domi-
nant tremor sources are concentrated near the transform fault 
within ~4.5 km below the seafloor, slightly shallower than the 
earthquake distribution. To further evaluate the reliability of lo-
cated tremor source zone, we constructed random noise series at 
the same set of stations and repeated the same analysis as de-
scribed above. In the absence of coherent sources, there is no fo-
cused energy (fig. S4). We also used the 2-hour RMS time series 
in the tremor-tide correlation interval to locate its tremor source 
and the result is almost identical to that located by using all RMS 
time series (fig. S5), suggesting that tremor sources are stable and 
persistent during the tremor-tide correlation interval. 
 
Seismic event detection for the OBS array data 
We followed the deep-learning-based AI–PAL workflow (53) to 
detect and locate earthquakes. We used the continuous data 
from 2020-01-01 to 2020-12-31 to generate region-specific high-
quality labels. PAL used an STA/LTA energy trigger with STA win-
dows of 0.35/0.12/0.12 s (detection/P/S), LTA windows of 
3/0.4/0.4 s, a trigger threshold of 12; an S-wave amplitude win-
dow of [1, 4] s; a minimum detection gap of 5 s; and a 5-25 Hz 
band-pass. Association required more than 18 stations, origin-

time deviation less than 0.6 s, and P-phase residual less than 0.8 
s; locations were obtained by grid search (0.01° lat/lon spacing 
with 10% lateral margin; depth 3.5-20 km with 1 km spacing) with 
mean Vp=5.9 km/s and Vp/Vs=1.85. Manual screening yielded 
slightly over 1,000 high-quality earthquakes for training (fig. 
S12A). 

We then self-supervised a Self-Attention RNN (SAR/LoSAR) 
picker on these PAL labels (100 Hz sampling; three components; 
10 s sliding windows with 4 s stride; 128 hidden units; 3 layers; 
0.2 s step with 0.04 s stride; 1,000 epochs; batch size 128). The 
trained model was applied to the continuous data from 2020-08-
01 to 2020-10-01 and from 2020-10-01 to 2020-12-31, using a 
per-phase probability threshold 0.9; association by the PAL re-
quired more than 6 stations with origin-time deviation less than 
0.6 s and P-residual less than 0.8 s. In total, we obtained 24,126 
and 34,594 events for two time periods, respectively, forming a 
high-quality earthquake catalog (fig. S12B). 
 
Earthquake relocation by the double-difference location method 
We first used the HYPOINVERSE method (54) to obtain absolute 
locations. The HYPOINVERSE method iteratively minimizes travel-
time residuals, with phase weights adaptively set by epicentral 
distance and residual. The 1D P-wave velocity profile was ex-
tracted from a 3D P-wave velocity model (5); the corresponding 
1D S-wave velocity model was derived by assuming Vp/Vs = 1.9 in 
the crust and Vp/Vs = 1.8 in the mantle with the Moho depth at 
6.85 km. 

We then refined the HYPOINVERSE locations with tomoDD 
(55). tomoDD jointly inverts velocity structure and event locations 
using both absolute and relative arrival times, which is an exten-
sion of the double-difference location method (56). Here we fixed 
the velocity model and solved for locations using the high-resolu-
tion 3D velocity structure constructed for the Gofar G3 segment 
(5). We first removed outliers based on traveltime-distance curve, 
and constructed event-pair differential arrival times. Waveform 
cross correlation was also used to calculate more accurate differ-
ential arrival times. We started from the HYPOINVERSE locations, 
and relocated events using the three types of travel times by the 
tomoDD with the 3D velocity model fixed. A two-stage strategy 
was adopted: (i) optimize absolute locations by having higher 
weights on absolute travel times; (ii) increase the weights on dif-
ferential catalog arrival times and cross-correlation times to 
sharpen relative event locations. Events spuriously located in the 
water were removed using seafloor bathymetry. In total, we ob-
tained 20,426 events for the period of 2020-08-01 to 2020-10-01, 
with the final RMS travel time residual of 11.1 ms for waveform 
cross-correlation times, and 29,741 events for the period of 2020-
10-01 to 2020-12-31, with the final RMS travel time residual of 9.7 
ms for waveform cross-correlation times. 
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In-situ Vp/Vs estimation 
We followed the method of (57) for the in-situ Vp/Vs estimation. 
We defined five spatial anchors A0-A4 (fig. S13) and around each 
anchor we expanded a 3-D neighborhood until we collected the 
80-90 earthquakes for in-situ Vp/Vs estimation. For the selected 
events around each anchor, we built high-quality P and S differ-
ential travel times for event pairs. For each event pair ( ),i j  and 

station k , we measured differential P and S arrival times 
( )Δ ; ,Pt k i j  and ( )Δ ; ,St k i j  using waveform cross correlation, 

and retained measurements with waveform cross-correlation co-
efficient 0.7cc ≥ . For each pair, Δ Pt  and Δ St  were then de-
meaned across stations (subtracting the station-mean for that 
pair) to remove pair-specific timing offsets and common terms. 
The resulting demeaned differentials from all qualified pairs at a 
given anchor were pooled for Vp/Vs estimation. Outliers were 
suppressed with a density filter in the (Δ ,ΔP St t ) domain 
(DBSCAN, eps ≈  0.03 s, min_samples ≈  20). 

We estimated Vp/Vs by fitting (57), 
Δ ΔS Pt a b t= +  (9) 

using robust least squares inversion with multi-round 2σ  
clipping. In practice, we repeatedly linear fit by minimizing or-
thogonal misfit and removing points with orthogonal residuals 

2> σ ; the final slope b  is taken as in-situ Vp/Vs for the event 
cluster around each anchor. We computed a 95%  confidence in-
terval (CI) for b  by performing an orthogonal distance regression 
(ODR) on the final line and using the ODR slope standard error 

ˆSE
b

: 

5 ˆ0.97 , 2
ˆ SEn b

tb −±  (10) 

Repeating this procedure through time intervals yields the 
Vp/Vs series in Fig. 4B. 
 
Estimation of pore pressure response to tidal forcing 
Following (35), pore-pressure evolution in a poroelastic medium 
satisfies 

vpS
t t

∂∂
+∇ ⋅ = −

∂ ∂
ε

αq  (11) 

with Darcy flux ( )0
k p p= − ∇ −q
µ

 Here p  is pore pressure, 

vε  is volumstrain, 1 sK K= −α  is the Biot coefficient with K  
drained-frame bulk modulus and sK  solid bulk modulus; 

( )2
uS K K= −α  is the constrained storage compressibility 

with uK  undrained bulk modulus, k is permeability, μ is dynamic 
viscosity, and 0p  is  hydrostatic pressure. 

Integrating Eq. 11 over a representative volume V  and apply-
ing the divergence theorem yields, 

1 v
V

ddpS dA
dt V dt∂+ ⋅ = −q n

ε
α ∮  (12) 

where overbars denote volume averages and n  is the out-
ward normal. We parameterize net drainage to an external reser-
voir at pressure 0p  by a thin-layer Darcy approximation across a 
characteristic length  : 

( ) ( )0 0
1

V
k A kdA p p p p

V V∂ ⋅ ≈ − − ≡ −q n
µ µν

∮  (13) 

where A  is the effective draining area and /V A≡ ν  ab-
sorbs geometry. 

Substituting into Eq. 12 gives 

( )0
v

w
ddp kS p p S C

dt dt
+ − = − 

ε
α φ

µν   (14) 

Decompose ( ) ( )0p t p p t= + ′  and ( ) ( )0v vt t′= +ε ε ε . Eq. 14 
becomes 

vddp k p
dt S S dt

′
+ = −
′

′ εα
µν 

 (15) 

Finally, under the approximations of a nearly incompressible 
frame such that constrained storage is fluid-dominated,  (with 

1w fC K≡  the fluid compressibility, ϕ is porosity), 1α , then, 

1 1 ,   v w

w

d Cdp p
dt C dt k

′
+ − =
′

′ =
ε φ µν

τ
τ φ

 (16) 

The parameter τ is the characteristic diffusion timescale for 
pore-pressure equilibration, which governs the amplitude of the 
response to periodic volume strain loading and the associated 
phase lag for a given permeability and storage capacity. 

We use the predicted total tidal volume strain ( )total 
v tε  as the 

external loading. We define ( ) ( )0t t′= +φ φ φ , where 0φ  is the 

background porosity set to be 0.03 and ( )t′φ  is the tidal porosity 
perturbation converted from volume strain using the Biot coeffi-
cient. For simplicity we take α = 1.0. Fluid properties are pre-
scribed as a dynamic viscosity 31.0 10−= ×µ  Pa s and a high 

pressure water compressibility 102.0 10wC −= ×  Pa−1. The geomet-
ric factor ν  is set to 1 due to limited constraints, which mainly 
affects the absolute response amplitude and timescale but not 
the relative trends associated with the evolution of permeability 
( )k t . These parameter ranges refer to previous studies of the 

Gofar transform fault (21). 
To represent transient permeability enhancement by rupture 

and subsequent sealing/healing, we prescribe a time-dependent 
permeability ( )k t  that increases rapidly around E2 on 8 Septem-

ber 2020 (within 1 day) from 19
pre  3.5 10k −= ×  m2 to 

16
peak  2.0 10k −= ×  m2, followed by an exponential recovery to-

ward the pre-event level, reaching a remaining fraction of 510−  by 
the end of the modeled interval (fig. S18A). Results in Figure S18 
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show that during the tremor-tide correlation window, the pore 
pressure traces the M2 tidal signals with a cross-correlation coef-
ficient of 0.97 and phase lag of -21°, consistent with the observed 
phase lag of -21° (Fig. 3B). Because pore pressure responds 
through diffusion, it does not follow volume strain instantane-
ously. As the volume strain rate decreases, the response becomes 
more drainage-dominated and pore pressure recovers earlier, so 
pore pressure leads volume strain, producing a phase lag of -90° 
to 0° that is controlled by a characteristic diffusion timescale (τ); 
in contrast, the pore pressure response to the tidal loading is ex-
tremely low during the decorrelation interval because of the high 
permeability. 
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Fig. 1. Tectonic setting and seismicity of the Gofar transform fault. (A) Map view of the East Pacific Rise (EPR) mid-ocean ridge 
and transform system, with the Gofar (sections G1, G2, G3), Discovery, and Quebrada fracture zones (FZ) taking up transform 
slip between EPR spreading centers. Blue triangles denote ocean-bottom seismometers deployed from 2019‒2022. Inset 
shows the regional plate boundary context. (B) Close-up of the study area on the Gofar transform fault (G3). Focal mechanisms 
show historical Mw ≥ 6.0 events from the Global Centroid Moment Tensor catalog (https://www.globalcmt.org/) (59, 60). Cyan 
and yellow ellipses show the M6 earthquake ruptures and barrier zone, respectively (22). Black dots are relocated earthquakes 
from this study. The red contour outlines the region enclosing the top 25% of tremor energy. (C) Depth (below sea surface) 
profile of seismicity along the G3 segment relative to the location of the 8 September 2020, M4.0 earthquake (E2). The 11 
August 2020 M4.1 earthquake (E1) is also marked. The profile defines three distinct domains: a shallow hydrothermal zone 
(seafloor to ~5 km), an intermediate brittle regime (~5-9 km), and a deeper magmatic-volatile domain (>9 km) rich in CO2, as 
evidenced by low Vp/Vs anomalies. The red dashed line indicates the approximate Moho depth. The Vp/Vs model is from ref. 
(5). 
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Fig. 2.  Semidiurnal tidal modulation of tremor energy and its post-mainshock loss of correlation. (A) Root-mean-
square (RMS) velocity amplitude at station A301 (2-8 Hz; red) from 2020-08-01 to 2020-10-01, overlaid with the total 
tidal volume strain (blue; extension positive). The gray and black vertical lines mark the 2020-08-11 M4.1 (E1) and 
2020-09-08 M4.0 event (E2) earthquakes, respectively. (B) Power spectral density (PSD) spectrogram, highlighting 
persistent narrow-band harmonic tremor energy at 2-8 Hz from August 20 to early September. (C) 5-day zooms for 
the correlation window from August 20 to 25 and the decorrelation window from September 13 to 18, illustrating the 
transition from clear tidal modulation to the breakdown of correlation after the E2 mainshock. (D) Amplitude spectral 
densities (ASD) computed for the time windows in (C) after removing earthquake signals. (E) Two-hour raw seismic 
waveform and spectrogram on August 21 and September 13, respectively. 
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Fig. 3. Tidal correlation and breakup before and after the M4 rupture (E2). (A) Mean periodogram of vertical RMS averaged over all 
stations for the correlation (red) and decorrelation (cyan) windows (defined in Fig. 2). Dashed lines mark the tidal constituents M2 
(12.4 hours), K1 (23.9 hours), and O1 (25.8 hours). (B) Phase-folded mean RMS across all available stations relative to the M2 tide, 
with tremor-tide cross-correlation coefficients 0.92 and 0.44 for correlation and decorrelation windows, respectively. The dashed 
black curve shows sinusoidal fit for the correlation interval. During this interval, the tremor energy (red) follows the M2 tide with a 
phase lag of -21.0°. 
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Fig. 4. Co-evolution of seismicity and fault-zone properties. (A) Temporal variation of relocated earthquakes. Circle size scales 
with earthquake magnitude. Three M4.0+ earthquakes (E1-E3) are highlighted by red stars. The red curve shows daily seismicity 
rate, and the dashed magenta curve shows the temporal evolution of the b-value. Only events above the completeness 
magnitude (Mc=0.3) are plotted and used to compute the seismicity rate and b-value. (B) Temporal variations in in-situ Vp/Vs at 
5 fixed spatial anchors (A0-A4). Error bars indicate the 95% confidence intervals of the Vp/Vs estimates, and each marker is 
plotted at the center of its estimation window. The thick red curve is the average Vp/Vs value from 5 anchors. Details of anchor 
locations, time window and data fitting are shown in the supplementary materials (figs. S13 and S14). 
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Fig. 5. Conceptual model for a shallow “sealing-pressurization-rupture” cycle on an oceanic transform fault. (A) Schematic 
cross section illustrating the relationship between subsurface seismicity (black dots), hydrothermal circulation (blue arrows), 
CO2 degassing (gradational arrows), and deep mantle melt supply (red arrows) along the western segment (G3) of the Gofar 
transform fault (Fig. 1). Volatile-bearing fluids can migrate upward along the fault zone and modulate conditions within the 
seismogenic layer. Red stars show two M4 earthquakes (E1 and E2) on 11 August 2020 and 8 September 2020, respectively. 
The red contour indicates the tremor source zone. (B to D) Three-stage evolution cycle on a representative patch of the fault 
zone with a major flow path and small cracks in surrounding rocks. The temporal response of the pore pressure (Δp) to the 
volumetric strain (εv) of the tidal loading (fig. S18) is illustrated schematically for each stage, with the upper inset 
corresponding to Stage 1 and the lower inset showing the evolution across Stages 2 and 3. (B) Stage 1 sealed and pressurized: 
local mineral sealing reduces permeability and isolates a volatile-rich fluid phase, resulting in near-lithostatic pore pressure, 
such that small tidal stress perturbations can trigger harmonic tremors (tremor-tide correlation). Most cracks are sealed with 
some gas/fluid at this stage, and the permeability is low. (C) Stage 2 rupture opens pathways: moderate M4 earthquake 
ruptures break seals, open cracks, and rapidly increase permeability and porosity, leading to transient dilatancy 
strengthening and a local pore-pressure drop. (D) Stage 3 fluid infiltration and progressive sealing: fluid reinfiltrates cracks 
in the fault zone resulting in abundant microseismicity and high Vp/Vs; then as pore pressure gradually builds up, sealing 
resumes and progressively lowers permeability and Vp/Vs. 
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